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Abstract: This study aims to assess the carrying capacity of the Wai Samal and Wai Eti watersheds on Seram
Island, Maluku Province, Indonesia, using an integrated multi-criteria approach adapted to small island conditions. A
quantitative method was employed using GIS-based land-unit analysis derived from the overlay of topographic,
geological, soil, and land-use maps, supported by 31 years of rainfall, hydrological, and socio-economic data. The
assessment followed the Indonesian National Watershed Monitoring and Evaluation Framework (Ministerial
Regulation No. P.61/Menhut-11/2014), integrating biophysical, hydrological, socio-economic, institutional, water
infrastructure, and spatial planning indicators. The results showed that the Wai Samal Watershed achieved a
carrying capacity index (DDD) of 78.75 (Good), whereas the Wai Eti Watershed obtained 93.25 (Moderate). The
higher carrying capacity of the Wai Samal Watershed was associated with lower critical land extent, lower erosion
and flood risk, lower water-use pressure, higher land availability, and stronger institutional performance. In contrast,
the Wai Eti Watershed experienced greater environmental and socio-economic pressures, characterized by higher
critical land extent, greater land degradation, and less favorable spatial land-use conditions, resulting in lower
watershed resilience. These findings demonstrate that the integrated indicator-based assessment provides a scientific
basis for identifying watershed-specific management priorities and supports adaptive watershed management and
evidence-based spatial planning to enhance long-term sustainability in small island watersheds.
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1. Introduction

A watershed is an integrated environmental
system in which hydrological, biophysical, ecological,
and socio-economic processes interact continuously to
regulate the movement, storage, and distribution of
water within the hydrological cycle [1,2]. The
sustainability of this system is essential for maintaining
water availability, ecosystem functions, agricultural
productivity, and human well-being. However,
increasing anthropogenic pressures, including land-use
change, population growth, and infrastructure
development, have substantially altered natural
watershed  processes, resulting in  declining
environmental quality and reduced watershed resilience.
These challenges are particularly pronounced in small
island environments, where watersheds generally
possess limited catchment areas, restricted water-
storage capacity, rapid hydrological responses, and high
sensitivity to environmental disturbances.

Watershed carrying capacity reflects the ability of
a watershed to sustain ecological functions while
supporting human activities. It is determined by the
interaction of multiple components, including land

condition, hydrological processes, socio-economic
characteristics, institutional capacity, infrastructure
investment, and spatial land-use planning [1].

Degradation in any of these components may disrupt
watershed functions, leading to increased runoff, soil
erosion, sedimentation, flood occurrence, water
shortages, and declining ecosystem services [3].
Consequently, watershed carrying capacity has become

an important indicator for evaluating watershed

sustainability and guiding integrated watershed
management.
Previous studies have demonstrated that

watershed degradation is influenced by various
environmental and socio-economic factors. Poor land
management has been shown to increase the extent of
critical land, reduce vegetation cover, and accelerate
erosion [4]. Likewise, unstable flow regime coefficients
indicate hydrological imbalance and increased flood
susceptibility [5], while rapid land-use conversion has
been associated with declining environmental carrying
capacity and deteriorating water quality [6]. In addition,
increasing population pressure intensifies land
exploitation and accelerates ecosystem degradation,
particularly in agricultural landscapes [7,8]. At the
global scale, land degradation affects approximately 3.2
billion people and contributes significantly to
biodiversity loss and climate change [9,10]. Institutional
arrangements, investment in water infrastructure, and
spatial planning policies have also been recognized as
key determinants of watershed performance because
they regulate land allocation, conservation practices, and
the protection of ecosystem functions [11-14].
Although these studies have substantially
advanced the understanding of watershed processes,
most have evaluated biophysical, hydrological, socio-
economic, or spatial components separately.
Consequently, the interactions among these components
that collectively determine watershed carrying capacity
remain insufficiently understood. This limitation is
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particularly evident in small island watersheds, where
limited land resources, low water-storage capacity, high
erosion susceptibility, and strong socio-economic
pressures require a more integrated evaluation
framework. Despite their environmental vulnerability,
empirical studies addressing watershed carrying
capacity in small island systems remain relatively
limited.

The Wai Samal and Wai Eti watersheds on Seram
Island, Maluku Province, represent important small
island watershed systems that support agriculture,
plantations, forests, settlements, and domestic water
supply [15,16]. These watersheds also exhibit
contrasting  environmental  characteristics  and
development pressures, making them suitable case
studies for evaluating watershed carrying capacity.
Population growth continues to increase in both
watersheds. In North Seram (Wai Samal), the population
increased from 10,458 in 2019 to 13,922 in 2024
[17,18], while in West Seram (Wai Eti), it increased
from 34,869 to 35,861 during the same period [19,20].
This increasing demographic pressure is expected to
intensify land-use change and place greater stress on
watershed resources.

Despite extensive watershed studies, limited
attention has been given to applying an integrated,
indicator-based watershed carrying capacity assessment
to small island watersheds. Existing studies have
generally examined individual watershed components
rather than adapting the Indonesian National Watershed
Monitoring and Evaluation Framework [1] to watershed
systems characterized by limited catchment areas,
restricted water-storage capacity, rapid hydrological
response, and high sensitivity to land-use change. This
study addresses this research gap by applying the
national framework through the integration of
biophysical, hydrological, socio-economic, institutional,
infrastructure, and spatial planning indicators within a
unified assessment framework. The proposed approach
provides a more comprehensive evaluation of watershed
carrying capacity and supports adaptive watershed
management and evidence-based spatial planning in
small island environments. Accordingly, this study aims
to assess and compare the watershed carrying capacity
of the Wai Samal and Wai Eti watersheds using this

integrated  framework across land  condition,
hydrological performance, socio-economic
characteristics, institutional capacity, water

infrastructure investment, and spatial land-use planning
indicators.

2. Methods

2.1. Location

The research was conducted in the Wai Samal
Watershed, Central Maluku Regency and the Wai Eti
Watershed, West Seram Regency, Maluku Province in
2023 (Figure 1).

2.2. Material

This study employed a combination of spatial and
secondary data to evaluate watershed carrying capacity.
The input datasets consisted of the Critical Land Map
(1:50,000) [21], Vegetation Cover Map (1:250,000)
[23], DEMNAS Map of Ceram Island (1:50,000; 5-8 m
spatial resolution) [24], Indonesian Topographic Map
(RBI) (1:50,000) [5], Geological Map of Maluku
(1:250,000) [26], Soil Classification Map of Wai Samal
and Wai Eti Watershed (1:50,000) [15, 16], Watershed
Boundary Map (1:50,000) [50], and the Regional Spatial
Planning (RTRW) Maps of Central Maluku Regency
and West Seram Regency (both 1:50,000) [27, 28]. The
combination of these datasets provided an appropriate
spatial basis for delineating watershed boundaries,
generating land units, evaluating watershed indicators,
and ensuring consistency throughout the GIS-based
analysis.
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Figure 1. Location Research Map

2.3. Data Processing and Analysis

The study utilized Geographic Information
System (GIS) techniques to process and analyze spatial
data, supported by ArcGIS 10.8 software. Spatial
analysis was integrated with hydrological calculations
and field observations to evaluate watershed carrying
capacity using an indicator-based assessment
framework.

2.3.1. Watershed Boundary Delineation

The watershed boundaries were derived from the
official Maluku Province Watershed Boundary Map
(scale 1:50,000), established under the [50]. The
boundaries were subsequently verified and refined
through DEMNAS-based hydrological analysis using
the Flow Direction, Flow Accumulation, and Stream
Order tools in ArcGIS 10.8, resulting in the final
watershed boundary maps for the Wai Samal and Wai
Eti watersheds.

2.3.2. Land Unit Map Generation

Land units were generated using a GIS-based
overlay procedure in ArcGIS 10.8 by integrating
DEMNAS (5-8 m spatial resolution), geological, soil,
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and land-cover maps. All spatial datasets were projected
to the UTM Zone 52S coordinate system (WGS 84
datum) to ensure spatial consistency. First, DEMNAS
raster data were processed to derive seven slope classes
(0-3%, 3—-8%, 8—15%, 15-30%, 30-45%, 45-65%, and
>65%). Second, the geological, soil, and land-cover
maps were clipped to the watershed boundaries and
converted into polygon feature layers. Finally, the
topographic, geological, soil, and land-cover layers were
overlaid using the Union tool to generate the final land-
unit maps. This procedure produced 361 land units for
the Wai Samal Watershed and 336 land units for the
Wai Eti Watershed, which served as the fundamental
spatial units for all subsequent watershed carrying
capacity analyses.

2.3.3.Critical Land and Vegetation Cover Classification

Critical land was classified in accordance with the
Technical Guidelines for Critical Land Spatial Data
Preparation issued under the [51]. Vegetation cover was
classified according to the Geospatial Data and
Thematic Geospatial Information Standards stipulated
in the [52] Decree of the Minister of Environment of the
Republic of Indonesia No. 398/2024. These
standardized classification systems were used to ensure
consistency and comparability in the spatial assessment
of watershed carrying capacity.

2.3.4. Soil Erosion Analysis

Soil erosion for each land unit was estimated
using a modified Revised Universal Soil Loss Equation
(RUSLE) adapted for small-island environments in
Maluku [53]: D=0.2547xRxKx LSxCP, where D is soil
erosion (t ha™! yr'), R is the rainfall erosivity factor
(Lenvain equation), K is the soil erodibility factor
derived from soil texture, organic matter, structure, and
permeability, LS is the slope length and steepness factor
derived from DEMNAS-based slope classes, and CP is
the combined land-cover and conservation practice
factor assigned according to [54].

2.3.5. Hydrological Analysis

Hydrological performance was evaluated using five
indicators: the Flow Regime Coefficient (KRA), Annual
Flow Coefficient (KAT), Sediment Load (MS), Flood
Frequency (FB), and Water Use Index (IPA). The KRA
was calculated as KRA=(Qmax/Qmin) X100%, where Qmax
was estimated using the Rational Method with rainfall
intensity derived from the Mononobe equation, while
Qmin Was obtained from field measurements using the
Castelli method. The KAT was calculated as
KAT=Qannvat/Pannua, Where Qamuai Was average annual
discharge and Pumnua was annual precipitation. Sediment
load was estimated as MS=AxSDR, where A4 is actual
soil erosion calculated using the modified RUSLE

model (Section 2.3.5). Flood frequency was determined
from annual flood events reported through interviews
with local communities and village authorities, and the
Water Use Index was calculated as IPA = Water
Demand/Water Availability. The analysis used 41 years
(1983-2023) of rainfall records, DEMNAS-derived
watershed morphometry, streamflow measurements,
soil properties, land-use data, runoff coefficients, SDR
values (Table 1), and standardized land-use water
demand data. Field verification included slope, geology,
soil, vegetation, hydrological, and sediment
observations, together with stakeholder interviews to
improve the reliability of the GIS analysis. All
hydrological analyses followed the procedures and
evaluation criteria of the Indonesian National Watershed
Monitoring and Evaluation Framework [1].

2.4. Watershed Carrying Capacity Assessment
Framework.

The evaluation of watershed carrying capacity
was conducted using an integrated multi-criteria
assessment framework adapted from [1]. This
framework enables a performance-based evaluation by
combining biophysical, hydrological, socio-economic,
and spatial planning indicators within a unified system.
The assessment consists of five main criteria, namely
land conditions, water system conditions, socio-
economic conditions, water infrastructure investment,
and spatial land-use utilization. Each criterion is further
represented by specific sub-criteria, including critical
land percentage, vegetation cover, erosion index, flow
regime coefficient, annual flow coefficient, sediment
load, flood index, water use, population pressure,
welfare level, regulatory enforcement, water
infrastructure classification, and spatial land allocation
(Table 2).

Table 1. Relationship between Watershed Area and
Sediment Delivery Ratio [1].

No. Watershed Area Sediment Delivery

(Ha) Ratio (%)
1. 10 53
2. 50 39
3. 100 35
4. 500 27
5. 1000 24
6. 5000 15
7. 10.000 13
8. 20.000 11
9. 50.000 8,5
10. 2.600.000 4,9
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Table 2. Parameter Weights and Values for Monitoring and Evaluation of Watershed Carrying Capacity [1].

CRITERIA/ WEIG VALUE / SCORE . .
SUB CRITERIA HT Very Low Low Moderate High Very High
(%) Score = 0.5 Score = 0.75 Score =1.0 Score = 1.25 Score=1.5
A. Land Condition 40
15<PLK <
1.Percentage of critical land (PLK) 20 PLK <35 ><PLK <10 10 <PLK <15 20 PLK >20
. 20<PPV<
2. Percentage of vegetation cover PPV >80 60 <PPV <80 40 <PPV <60 PPV <20
10 40
(PPV)
3.Index of eros (IE) 10 IE<0.5 0.5<IE<1.0 1.0<IE<1S5 1.5<IE<2.0 IE>2.0
A. Water System Condition 20
1.Flow regime coefficient (KRA) 5 KrRA<20 20° ?()RA S 50<KRA<80 80;%’* KRA > 110
2. Annual flow coefficient (KAT) 5 KAT <0.2 O'Z:OIEAT 03 <KAT<0.4 0'4<<OI§AT KAT > 0.5
3.Sediment load (MS) 4 MS<5 5<MS<10 10<MS<15 15<MS <20 MS > 20
4. Flood 2 Never 1 time in 5 1 time in 2 years 1 time in 1 More than 1 x in
years year 1 year
5.Water use index (IPA) 4 IPA<0.25 H())ii;s 0.5<IPA<0.75 0.75<IPA<1.0 IPA>1.0
B. Socio-Economic Conditions 20
1.Population pressure (IKL) 10 KL>40 20 <415<L S jo<iKL<20 09 ] {)KLS ICL<05
2.Level of population welfare 3 TKP <5 S<TKP<10  10<TKP <20 20 <TKP < TKP > 30
(TKP) 30
Exists. it is There are rules
3.Existence and enforcement of 7 wi dél Exists, limited Exists, but not There are no but they are
regulations (norms) Y practiced practiced rules against
practiced i
conservation
C. Building Investment 10
. . . There is no Small T L Metropolitan
1. City classification 5 city city/town Municipality Big city City
2. Classification of water S BASIS  15<IBA<30 30<IBA<4S  45<IBA<60  IBA>60 billion
structures (IBA) rupiahs billion rupiahs  billion rupiahs  billion rupiahs rupiahs
D. Utilization of Regional Space 10
1. Protected area (KL) 5 KL>70 45 <KL <70 30 <KL <45 15 <KL <30 KL<15
2. Cultivation area (KB) 5 KB > 70 45 <KB <70 30<KB <45 15 <KB <30 KB<15
2.5. Scoring and Classification Procedure
The assessment procedure was carried out No. Value Category
through a systematic scoring and weighting process. 1. DDD < 70 Very good
Initially, each sub-criteria value was calculated based on 2. 70 < DDD < 90 Good
the available data. These values were then classified into 3. 90 <DDD< 110 Moderate
performance categories according to predefined 4. 110 <DDD < 130 Poor
thresholds. Subsequently, scores were assigned to each 5 DDD > 130 Very Poor

sub-criteria and multiplied by their respective weights to
reflect their relative importance. The weighted scores of
all fifteen sub-criteria were aggregated to obtain a
composite index representing the overall carrying
capacity of each watershed. Finally, the resulting index
values were classified into watershed carrying capacity
categories to determine the performance level of each
watershed system (Table 3).

Table 3. Classification of Watershed Carrying
Capacity (DDD) [1].

3. Result and Discussion
3.1. Land Condition
3.1.1. Critical Land

The analysis of critical land conditions indicates
that the total area classified as critical and very critical
land in the Wai Samal and Wai Eti watersheds reaches
1,415.13 ha and 1,021.87 ha, respectively. Considering
the total watershed areas of 34,473.37 ha (Wai Samal)
and 14,452.44 ha (Wai Eti), the proportion of degraded
land remains relatively limited (Table 4). The calculated
percentage of critical land (PLK) is 4.10% for the Wai
Samal Watershed and 7.07% for the Wai Eti Watershed.
Based on the classification criteria, the Wai Samal
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Watershed falls into the very low (very good) category
(PLK < 5), with a score of 0.5, while the Wai Eti
Watershed is categorized as low (good) (5 <PLK < 10),
with a score of 0.75 (Figure 2, 3).

Table 4. Components of the Critical Land
Assessment in the Wai Samal and Wai Eti

Watersheds
. Wai Samal Wai Eti
No. Ig?ilgzgirt Oilgirel? Watershed Watershed
Y (ha) (ha)
1. Not Critical 9231.75 1395.50
2. Critical Potential 5666.09 113.48
3. Slightly Critical 18160.40 11921.59
4.  Critical 597.64 256.20
5. Very Critical 817.49 765.67
Total 34473.37 14452.44

Figure 2. Critical land conditions in the Wai Samal
Watershed showing sheet and rill erosion.

Figure 3. Critical land conditions in the Wai Eti
Watershed showing secondary shrub vegetation
following logging and shifting cultivation.

From a comparative perspective, the Wai Eti
Watershed exhibits a higher proportion of critical land
despite its smaller spatial extent, indicating greater

environmental pressure on the watershed system
(Figure 4, 5). This finding is particularly important in the
context of small island watersheds, where limited land
area and restricted ecological buffering capacity can
amplify the impacts of land degradation. Under such
conditions, even relatively small increases in critical
land may significantly alter hydrological responses by
increasing surface runoff, reducing infiltration capacity,
accelerating erosion processes, and decreasing overall
watershed stability. Although both watersheds remain
within acceptable carrying capacity categories, the
higher PLK value observed in the Wai Eti Watershed
indicates a greater susceptibility to environmental
disturbance and watershed degradation. This condition
is likely associated with differences in land-use
intensity, vegetation cover, and topographic
characteristics, which collectively influence watershed
performance and therefore require greater attention in
future watershed management strategies.

These findings are consistent with [29], who
reported that the expansion of critical land within a
watershed can accelerate erosion, reduce permanent
vegetation cover, and intensify land degradation
processes, ultimately threatening both the hydrological
and ecological carrying capacity of the watershed.
Similarly, [30] demonstrated that although the Bodri
Watershed had a relatively low proportion of critical
land (6.34%; good category), this indicator still played
an important role in determining overall watershed
carrying capacity performance.
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Figure 4. Map of Land Critical Map of Wai Samal
Watershed
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Figure 5. Map of Land Critical Map of Wai Eti
Watershed

3.1.2. Vegetation Coverage

The analysis of permanent vegetation cover
indicates that the Wai Samal Watershed has a total
vegetated area of 29,185.21 ha, consisting of secondary
dryland forest, primary and secondary mangrove forests,
primary swamp forest, plantations, shrubs, and
savanna/grassland. Similarly, the Wai Eti Watershed has
a vegetated area of 12,344.81 ha, including primary and
secondary forests, secondary mangrove forest, shrubs,
and savanna/grassland. Given the total watershed areas
of 34,473.37 ha (Wai Samal) and 14,452.44 ha (Wai
Eti), the proportion of permanent vegetation cover in
both watersheds is classified as very high (>80%),
placing them in the very good category with a score of
0.5 (Table 5; Figures 6 and 7).

Table S. Land Cover Components in the Wai Samal
Watershed and Wai Eti Watershed

Wai Samal Wai Eti
No. Land Cover Area (ha) Watershed Watershed
12, Iransmigration/ 359.26 0.00
Village
13.  Settlement 21.82 71.61
14.  Open Land 409.05 0.00
15. Lake 66.58 0.00
Total 34473.37 14452.44

Wai Samal Wai Eti
No. Land Cover Area (ha) Watershed Watershed
j,  Primary Dryland 0.00 476.59
Forest
p,  Secondary Dryland 17662.99  10136.82
Forest
3. Primary Mangrove 215 0.0
Forest
4 Secondary Mangrove 1192.12 3795
Forest
5. Primary Swamp 51.26 0.00
Forest
6.  Plantation 5048.12 0.00
7. Dryland Farming 118.35 1135.96
Mixed Dryland
8 Agriculture 2408.90 900.06
9.  Ricefield 1904.19 0.00
10.  Bush/Bush 3688.50 1638.44
11.  Savanna / Grassland 1540.07 55.01

The analysis results show that the percentage of
permanent vegetation cover (PPV) in the Wai Samal and
Wai Eti watersheds reached 84.66% and 85.42%,
respectively (Figures 6 and 7). Based on the watershed
carrying capacity classification, both watersheds fall
within the very good category (PPV > 80) with a score
of 0.5. These findings indicate that both watersheds still
maintain relatively extensive permanent vegetation
cover, which plays an important role in supporting

watershed stability and sustaining hydrological
functions.

High vegetation cover, particularly forest
vegetation, contributes significantly to improving

watershed carrying capacity by enhancing infiltration,
reducing surface runoff, and minimizing soil erosion. In
hydrological terms, greater forest cover reduces the
cover-management factor (C factor), thereby lowering
erosion rates and sediment transport. Conversely, the
expansion of non-permanent land uses, such as dryland
agriculture and mixed dryland farming, tends to increase
soil exposure and accelerate erosion processes,
particularly on sloping land. This condition is especially
important in small island watersheds, where limited
spatial extent and high environmental sensitivity can
intensify the impacts of land-cover change on watershed
performance.

These findings are consistent with the Regulation
of the [1], which states that uncontrolled land-use
change without adequate soil and water conservation
measures can increase erosion and sedimentation,
reduce vegetation cover, and accelerate land
degradation. Similarly, [31] reported in the Wai Tala
Watershed that vegetation and land-use factors
significantly influence erosion rates (p-value = 0.000; r
= 0.72), indicating that higher C-factor values are
associated with increased erosion intensity. [32] further
demonstrated that wider forest vegetation cover,
particularly primary forest, contributes to lower levels of
soil degradation due to erosion in Kairatu District. In
contrast, [33] found that mixed dryland agricultural
areas in the Wai Ruhu Watershed experienced high
erosion rates reaching 70.58 tons ha™ year using field
indicators and 106.29 tons ha™! year™ using the RUSLE
method, as indicated by exposed plant root systems
resulting from severe soil loss.
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3.1.3. Erosion Index

The analysis of erosion characteristics indicates a
significant disparity between tolerable erosion and
actual erosion rates in both watersheds. The average
tolerable erosion was estimated at 26.10 ton-ha™'-year™’
for the Wai Samal Watershed and 19.66 ton-ha™!-year™
for the Wai Eti Watershed. In contrast, the actual erosion
rates were substantially higher, reaching 290.26
ton-ha™'-year and 71.03 ton-ha™'-year™, respectively
(Table 6). As a consequence, the calculated erosion
index (IE), defined as the ratio between actual and
tolerable erosion, was 4.69 for the Wai Samal Watershed
and 7.08 for the Wai Eti Watershed. Based on the
classification criteria, both watersheds fall into the very
high category (IE >2.0), with a score of 1.5 (Figures
8—11). These values indicate that erosion rates in both
watersheds far exceed sustainable thresholds, reflecting
severe land degradation processes.

Table 6. Components of Erosion Index in Wai
Samal Watershed and Wai Eti Watershed

No Erosion Index Wai Samal Wai Eti
) Components Watershed =~ Watershed

Mean erosion

L tolerance (tons/ha/yr) 26.10 19.66
Mean actual erosion

2. (tons/ha/yr) 290.26 71.03

3 Average erosion 4.69 708
index

Figure 8. Land degradation due to soil erosion in
Wai Samal Watershed

Figure 9. Land degradation due to soil erosion in
Wai Eti Watershed

Despite both watersheds being classified within
the same erosion index category, the Wai Eti Watershed
exhibits a considerably higher IE value compared to the
Wai Samal Watershed. This suggests that the Wai Eti
Watershed is subject to more intense erosion pressure,
which contributes to a reduction in its overall carrying
capacity, categorized as moderate. In contrast, the
relatively lower erosion index in the Wai Samal
Watershed supports a better carrying capacity
classification.

These findings are consistent with [4], who reported that
an erosion index value of 2.00 in the Wanggu Watershed
was already categorized as high and contributed to poor
watershed carrying capacity. Similarly, [1] emphasizes
that uncontrolled land use without adequate soil and
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water conservation measures can accelerate erosion,
increase sedimentation, and degrade watershed
conditions. Therefore, the high erosion index observed
in both watersheds highlights the need for improved land
management practices, particularly soil and water
conservation strategies, to maintain and enhance
watershed carrying capacity. This is especially critical in
small island environments, where the threshold for
ecological degradation is relatively low and the recovery
capacity is limited.
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Figure 11. Map of Erosion Index of Wai Eti
Watershed

3.2. Water System Condition
3.2.1. Flow Regime Coefficient

The hydrological analysis reveals significant
differences in flow variability between the two
watersheds. The Wai Samal Watershed exhibits an
average maximum discharge (Qmax) of 212.71 m*-s™
and a minimum discharge (Qmin) of 3.79 m3s™. In
contrast, the Wai Eti Watershed shows a lower
maximum discharge of 79.18 m*-s™! but a slightly higher
minimum discharge of 3.85 m?-s™! (Table 7).

These values result in a flow regime coefficient
(KRA) of 56.12 for the Wai Samal Watershed and 20.57
for the Wai Eti Watershed. Based on the classification
criteria, the Wai Samal Watershed falls into the
moderate category (50 < KRA < 80) with a score of 1.0,
whereas the Wai Eti Watershed is classified as low (20
< KRA < 50) with a score of 0.75. The higher KRA
value in the Wai Samal Watershed indicates greater
variability between peak and low flows, suggesting a
less stable flow regime. This condition reflects limited
water retention capacity, where a significant portion of
rainfall is rapidly converted into surface runoff rather
than being stored within the soil or groundwater system.
As a result, the watershed tends to experience higher
peak flows during the rainy season and reduced water
availability during the dry season.

Table 7. Flow Regime Components in the Wai
Samal and Wai Eti Watersheds

No. Flow Regime Wai Samal Wai Eti
Components Watershed ~ Watershed

1. Average maximum
discharge (Qmax) 212.71 79.18
(m3/sec)

2. Average minimum
discharge (Qmin) 3.79 3.85
(m3/sec)

3. Average Flow 56.12 2057

Regime Coefficient

In contrast, the lower KRA value in the Wai Eti
Watershed indicates a relatively more stable flow
regime, with smaller differences between maximum and
minimum discharge. This suggests better water storage
and regulation capacity, allowing for more sustained
baseflow during dry periods. Consequently, despite its
smaller size, the Wai Eti Watershed demonstrates a
relatively better hydrological buffering capacity
compared to the Wai Samal Watershed. These findings
are consistent with [34], who reported that very high
KRA values (e.g., 175.46 in the Bulok Sub-watershed)
indicate severe land degradation, where most rainfall is
converted into surface runoff rather than being stored.
Similarly, [35] observed that high KRA values are
associated with steep slopes, reduced vegetation cover,
and inadequate soil conservation practices, leading to
extreme hydrological fluctuations such as flooding
during the rainy season and drought during the dry
season.

In small island watersheds, unstable flow regimes
pose a critical challenge due to limited catchment area
and water storage capacity. Under these conditions,
increases in KRA can rapidly reduce water availability
and intensify vulnerability to hydrological extremes.
Therefore, improving vegetation cover and
strengthening soil and water conservation are essential
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to enhance water retention and maintain watershed
stability.

3.2.2. Annual Flow Coefficient (KAT)

The analysis of annual hydrological balance
shows that the Wai Samal Watershed has an average
annual flow volume (Q annual) of 3.41 M m?® and an
annual rainfall volume (P annual) of 1.33 M m’
Similarly, the Wai Eti Watershed records an annual flow
volume of 0.94 M m® and an annual rainfall volume of
0.31 M m? (Table 8). Based on these values, the
calculated KAT, defined as the ratio between annual
flow and annual rainfall, is 3.63 for the Wai Samal
Watershed and 4.29 for the Wai Eti Watershed.
According to the classification criteria, both watersheds
fall into the very high (very poor) category (KAT > 0.5),
with a score of 1.5.

Table 8. Annual Flow Components in the Wai
Samal and Wai Eti Watersheds

No. Annual Flow Wai Samal ~ Wai Eti
Components Watershed Watershed
Average annual
1.  flow volume (Q 341 0.94

annual) (M m?)

Average annual
2. rainfall volume (P 1.33 0.31
annual) (M m?)

Average annual
3.63 4.29
flow coefficient

These high KAT values indicate that a large
proportion of rainfall is rapidly converted into surface
runoff, reflecting limited infiltration and low water
storage capacity. Consequently, both watersheds are
more vulnerable to flooding during the rainy season and
reduced water availability during the dry season. The
higher KAT value observed in the Wai Eti Watershed
further indicates lower hydrological regulation capacity
and greater susceptibility to runoff-driven processes,
which may contribute to declining watershed carrying
capacity. In contrast, the lower KAT value in the Wai
Samal Watershed reflects relatively better infiltration
and water retention capacity. The relatively high KAT
values reflect the hydrological characteristics of the
study watersheds, particularly their high annual rainfall
and rapid runoff response, which are typical of small
island watersheds characterized by relatively small
catchment areas and limited water storage capacity.

These findings are consistent with [35], who
reported that lower annual flow coefficient values are
associated with better infiltration capacity and more
stable hydrological conditions, thereby reducing
drought risk. Similarly, [36] found that a very low KAT
value (0.055) in the Dodokan Watershed reflects

minimal surface runoff and well-maintained watershed
conditions. [37] further emphasized that land use based
on soil and water conservation principles tends to reduce
KAT values, whereas land degradation increases surface
runoff and reflects declining watershed biophysical
conditions. A low KAT value indicates that the
watershed's biophysical condition is still in a good
category, and a high KAT value indicates that the
watershed's biophysical condition is damaged, resulting
in most of the rainwater flowing as surface flow.

In the context of small island watersheds, high
KAT can intensify vulnerability to hydrological
extremes and seasonal water scarcity. Therefore,
improving infiltration through vegetation management
and soil and water conservation practices is essential to
enhance watershed carrying capacity and sustain water
availability.

3.2.3. Sediment Load (MS)

The analysis of sediment dynamics indicates
substantial differences between the two watersheds. The
Wai Samal Watershed recorded a much higher actual
erosion total (42330.01 ton-ha™'-year™) with an SDR
value of 0.098, compared to 23866.78 ton-ha'-year
and an SDR of 0.12 in the Wai Eti Watershed (Table 9).
Consequently, the average sediment load (MS) in the
Wai Samal Watershed reached 4148.34 ton-ha'-year!,
classified as very high (MS > 20) with a score of 1.5,
similarly, Wai Eti Watershed recorded a very high
sediment load of 2864.02 ton-ha'-year™, classified as
very high (MS > 20) with a score of 1.5 (Figures 12 and
13).

Table 9. Sediment Load Components in the Wai
Samal and Wai Eti Watersheds

No Sediment Load Wai Samal Wai Eti
) Components Watershed Watershed
Total actual erosion
1. (tons/ha/yr) 42330.01 23866.78
Average sediment
2. delivery ratio 0.098 0.12
(SDR)
3 Total sediment load 4148 34 2864.02

(MS) (tons/ha/yr)
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Figure 12. Sedimen load condition in
the downstream of Wai Samal Watershed

Figure 13. Sedimen load condition in
the downstream of Wai Eti Watershed

These findings indicate that, despite being
classified within the good carrying capacity category,
the Wai Samal Watershed remains highly vulnerable to
sediment-related degradation processes. The high
sediment load reflects intensive erosion, suggesting that
soil loss remains a major challenge for watershed
sustainability. In contrast, the lower sediment load
observed in the Wai Eti Watershed indicates relatively
lower sediment transport pressure.

The results further suggest that erosion intensity
plays a more dominant role in controlling sediment yield
than the sediment delivery ratio. In small island
watersheds, where river systems and catchment areas are
relatively limited, high sediment loads can rapidly
accelerate river sedimentation, reduce water quality,
increase turbidity, and disrupt downstream ecosystem
functions and water resource utilization. Consequently,
the Wai Samal Watershed exhibits greater vulnerability
to sediment-related degradation despite its overall good
carrying capacity classification.

[35] also reported that high sediment loads in
tropical watersheds are closely associated with severe
erosion, steep slopes, and poor conservation practices,
which collectively reduce watershed performance.
Similarly, [38] found that high erosion, declining
vegetation cover, cultivation on steep slopes, settlement
expansion, and mining activities significantly increased
sediment loads and reduced watershed carrying capacity
in the Tallo Watershed. [39] further emphasized that
sediment deposition from surface runoff contributes
substantially to declining river water quality and
ecosystem

3.2.4. Flood
The results show that flooding occurs once per
year in the Wai Samal Watershed and more than once

per year in the Wai Eti Watershed. Based on the flood
classification criteria, the Wai Samal Watershed is
classified as high with a score of 1.25, whereas the Wai
Eti Watershed is classified as very high with a score of
1.5. These findings indicate that the lower flood
frequency in the Wai Samal Watershed contributes to
more stable hydrological conditions and better
watershed carrying capacity. In contrast, the higher
flood frequency in the Wai Eti Watershed reflects
greater hydrological pressure and reduced watershed
resilience, which collectively contribute to declining
watershed carrying capacity.

In small island watersheds, high flood frequency
represents a critical indicator of hydrological instability
because limited catchment area and storage capacity can
accelerate runoff concentration during intense rainfall
events. Frequent flooding also indicates reduced
infiltration capacity and weakened natural water
regulation functions, which may further increase
watershed vulnerability to environmental degradation.

These findings are consistent with [38], who
reported that frequent flooding significantly contributed
to declining watershed carrying capacity in the Tallo
Watershed. Similarly, [35] found that high flood
frequency in the Ambang Watershed was associated
with inundation and flash flood events linked to poor
watershed conditions. [40] further emphasized that land-
use change and the conversion of forested areas into
agricultural and urban land increase surface runoff and
reduce groundwater retention capacity, thereby
intensifying flood risk and hydrological disturbance.

3.2.5. Water Use Index (IPA)

The analysis of water availability and demand
indicates that the Wai Samal Watershed has a total water
demand of 411.62 million m*® and a water supply of
942.21 million m?. In comparison, the Wai Eti
Watershed has a water demand of 156.02 million m?® and
a water supply of 307.54 million m* (Table 10).

The calculated Water Use Index (IPA)
values for the Wai Samal and Wai Eti watersheds
are 0.44 and 0.51, respectively. Based on the
classification criteria, the Wai Samal Watershed is
categorized as low (0.25 <IPA < 0.50) with a score
of 0.75, whereas the Wai Eti Watershed is
categorized as moderate (0.50 <IPA <0.75) with a
score of 1.0. These results indicate that water
availability in the Wai Samal Watershed is still
relatively sufficient to meet water demand, while the
higher IPA value in the Wai Eti Watershed reflects
increasing pressure on water resources and lower
hydrological resilience.
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Table 10. Components of the Water Use Index in the Wai Samal Watershed and Wai Eti Watershed

Annual Water

Annual Water Supply

Requirements o Water Use Index (IPA
No. Land Use (miﬁion m?®/thn (million m*/thn) 1
Wai Samal ~ WaiEti  WaiSamal  Wai Eti WVal  \ai Eii
Samal

1. Primary Forest - 0.157 - 10.1416 - 0.015
2. Secondary Forest 90.499193 71.099 482.76 215.7075 0.18746 0.330
3. Primary Mangrove Forest 0.000001 - 0.06 - 0.00002 -

4. Secondary Mangrove Forest 0.412246 0.001 32.58 0.8076 0.01265 0.001
5. Primary Swamp Forest 0.000762 - 1.40 - 0.00054 -

6. Plantation 8.870679 - 137.97 - 0.06429 -

7. Dryland Agriculture 0.004876 1.071 3.23 24.1728 0.00151 0.044
8. Dryland Agriculture mixed scrub 2.272415 0.757 65.84 19.1529 0.03451 0.040
9. Rice field 2.524341 - 52.04 - 0.04850 -
10.  Scrub 5.327821 2.508 100.81 34.8653 0.05285 0.072
11.  Savanna/ Grassland 0.928819 0.003 42.09 1.1706 0.02207 0.002
12. Transmigration / Village 0.044928 - 9.82 - 0.00458 -
13.  Settlement 0.000166 0.004 0.60 1.5238 0.00028 0.003
14.  Bare Land 0.084939 - 11.18 - 0.00760 -

Total 411.62 156.02 942.21 307.54 0.44 0.51

The lower IPA value in the Wai Samal Watershed
indicates that water availability still exceeds demand by
a considerable margin, suggesting relatively favorable
conditions for sustaining water use and supporting
watershed carrying capacity. In contrast, the higher IPA
value in the Wai Eti Watershed reflects a narrower gap
between water supply and demand, indicating increasing
pressure on available water resources and reduced
hydrological resilience. In small island watershed
systems, this condition is particularly critical because
limited catchment area and water storage capacity can
accelerate the onset of water stress during periods of
prolonged drought or increasing water demand.

These findings are consistent with [4], who
reported that a moderate Water Use Index (IPA=0,69)
contributed to declining watershed carrying capacity in
the Wanggu Watershed. Similarly, [41] emphasized that
water availability exceeding water demand is a key
indicator of good watershed carrying capacity and
sustainable hydrological conditions.

However, it is important to note that water
availability alone does not fully guarantee water
security. In the context of the Wai Samal and Wai Eti
watersheds, previously identified hydrological
conditions such as high flow variability (KRA), elevated
annual flow coefficients (KAT), and frequent flooding
indicate that a significant portion of water is rapidly lost
as surface runoff. This suggests that although total water
supply appears sufficient on an annual basis, effective
water storage and distribution remain limited. This
condition is particularly critical in small island
watersheds, where limited storage capacity and high
hydrological variability can lead to temporal
mismatches between water availability and demand. As
a result, water surplus during the rainy season may not

translate into adequate water availability during the dry
season.

3.3 Socio-Economic Condition
3.3.1. Population Pressure (Land Availability Index)
The analysis of population pressure on land,
represented by the Land Availability Index (IKL), shows
notable differences between the two watersheds. In the
Wai Samal Watershed, the available agricultural land
area reaches 9,479.57 ha, supporting 934 farming
households. In contrast, the Wai Eti Watershed has a
significantly smaller agricultural land area of 2,036.02
ha with 708 farming households (Table 11). Based on
these values, the calculated IKL is 10.14 for the Wai
Samal Watershed and 2.88 for the Wai Eti Watershed.
According to the classification criteria, the Wai Samal
Watershed falls into the very high category (IKL > 4.0)
with a score of 0.5, indicating very low population
pressure on land. Meanwhile, the Wai Eti Watershed is
classified as high (2.0 < IKL < 4.0) with a score of 0.75,
reflecting relatively greater pressure on available
agricultural land and a lower capacity to support
population needs sustainably.

Table 11. Population Pressure Components (Land
Availability) at Wai Samal Watershed and Wai Eti

Watershed
No Population Pressure Wai Samal Wai Eti
) Components Watershed Watershed

Available

1. Agricultural Land 9,479.57 2,036.02
Area (Ha)
Number of Farmer

2 Households 934 708
Land Availability
Index (IKL) 10.14 2.88
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A higher IKL value indicates greater land
availability relative to population demand, thereby
reducing pressure on land resources and supporting
more sustainable land use. The very high IKL value in
the Wai Samal Watershed suggests that agricultural land
availability remains sufficient to support local
community needs, contributing positively to watershed
carrying capacity. In contrast, the lower IKL value in the
Wai Eti Watershed reflects increasing pressure on
available land resources, which may encourage more
intensive land use and expansion into environmentally
sensitive areas, potentially accelerating land degradation
and reducing watershed performance.

These findings are consistent with [42], who
reported that moderate population pressure reflects
relatively adequate land availability to support
community needs sustainably. Conversely, [8] found
that high population pressure indicates an imbalance
between population growth and land availability, which
may contribute to environmental degradation.

In small island watershed systems, population
pressure on land becomes particularly critical because
limited spatial capacity restricts opportunities for land
expansion. Increasing demand for land can therefore
intensify land-use pressure and negatively affect
hydrological functions through increased runoff,
reduced infiltration, and accelerated erosion. Therefore,
maintaining a balance between population demand and
land availability is essential for sustaining watershed
carrying capacity in small island environments.

3.3.2. Population Welfare Level (TKP)

The assessment of population welfare reveals
substantial disparities between the two watersheds. In
the Wai Samal Watershed, the number of poor
households (pre-prosperous and prosperous I categories)
is 156 out of a total of 1,000 households. In contrast, the
Wai Eti Watershed records 2,823 poor households out
of 3,002 households (Table 12). These figures
correspond to population welfare levels (TKP) of
15.60% in the Wai Samal Watershed and 94.04% in the
Wai Eti Watershed. Based on the classification criteria,
the Wai Samal Watershed falls into the moderate
category (10 < TKP < 20) with a score of 1.0, while the
Wai Eti Watershed is classified as very poor (TKP > 30)
with a score of 1.5.

Table 12. Components of Population Welfare Level
(Land Availability) at Wai Samal Watershed and
Wai Eti Watershed

No Components of Wai Samal Wai Eti
" Population Welfare Level ~ Watershed Watershed
Number of poor families
1. (pre-prosperous and 156 2823
prosperous families I)
2. Total number of families 1000 3002
3 Population Welfare Level 15.60 94.04

(TKP) (%)

The lower TKP values indicate better socio-
economic conditions and greater community capacity to
manage natural resources sustainably. The relatively
moderate TKP value in the Wai Samal Watershed
suggests that local communities still possess a better
ability to support environmental management and
maintain watershed functions. In contrast, the extremely
high TKP value in the Wai Eti Watershed reflects severe
socio-economic limitations and greater dependence on
natural resources, which may encourage unsustainable
land-use practices and increase pressure on watershed
systems. These findings are consistent with [43], who
reported that better community welfare is associated
with improved watershed carrying capacity due to
stronger  environmental = management  capacity.
Conversely, [30] found that high poverty levels
contribute to increased environmental vulnerability and
declining watershed conditions. In small island
watershed systems, socio-economic pressure becomes
particularly critical because limited land and economic
opportunities intensify dependence on natural resources.
Under such conditions, low community welfare can
accelerate land degradation, increase runoff and erosion,
and reduce watershed resilience. Therefore, improving
community welfare should be considered an integral
component of sustainable watershed management in
small island environments.

3.3.3. Existence and Enforcement of Rules

The analysis of institutional aspects reveals
clear differences in the effectiveness of soil and
water conservation regulations between the two
watersheds. Based on the classification criteria, the Wai
Samal Watershed is categorized as very good with a
score of 0.5, reflecting stronger institutional capacity
and more effective enforcement of conservation
regulations. In contrast, the Wai Eti Watershed is
classified as good with a score of 0.75, indicating that
although conservation regulations are present, their
implementation remains relatively limited. In the Wai
Samal Watershed, regulations governing soil and water
conservation are not only formally established but are
also widely implemented, particularly in the protection
of irrigation water sources (Figure 14). In contrast,
although similar conservation regulations exist in the
Wai Eti Watershed, their implementation remains
limited. One example is the sasi system, a traditional
community-based practice reinforced through local
church institutions, which regulates the harvesting
period of natural resources such as coconuts through
temporary harvesting restrictions (3—6 months).
Although sasi reflects strong local wisdom in resource
management, its implementation remains limited in
scope and has not yet comprehensively addressed
broader soil and water conservation issues (Figure 15).
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Figure 14. Local regulations for protecting irrigation
water sources in the Wai Samal watershed.

Figure 15. Church Sasi regulations protecting
coconut plantation areas in the Wai Eti Watershed.

This study shows that effective institutional
enforcement is essential for maintaining watershed
functions through land-use regulation, water resource
protection, and the implementation of conservation
practices. The stronger institutional performance in the
Wai Samal Watershed contributes positively to its
carrying capacity, whereas the weaker implementation
of conservation rules in the Wai Eti Watershed reduces
management effectiveness and watershed performance.
These findings are consistent with [43], who reported
that effective institutional performance and law
enforcement positively influence watershed carrying
capacity. Similarly, [30] emphasized that local cultural
practices and collective social systems strengthen
environmental management and community
participation in watershed conservation.

In small island watersheds, institutional capacity
and local governance are particularly important due to
limited natural resources and high environmental
sensitivity. Integrating formal regulations with local

wisdom systems such as sasi can support more adaptive
and context-specific watershed management. Therefore,
strengthening institutional effectiveness and community
participation is essential for improving watershed
carrying capacity and long-term environmental
sustainability.

3.4. Water Infrastructure Investment
3.4.1. Urban Classification

The results show that the population within the
Wai Samal Watershed is 3,001 people, whereas the Wai
Eti Watershed has a population of 13,239 people. Based
on the classification criteria, both watersheds are
categorized as small urban areas. After weighting and
scoring the wurban classification indicators, both
watersheds fall into the low category with a score of
0.75. Although both watersheds are classified within the
same urban category, differences in population size
indicate varying levels of anthropogenic pressure on
watershed systems. The smaller population in the Wai
Samal Watershed suggests relatively lower pressure on
land and water resources, which contributes positively
to watershed carrying capacity. In contrast, the larger
population in the Wai Eti Watershed may increase
pressure on natural resources and spatial utilization,
potentially reducing watershed performance.

These findings are consistent with [30], who
reported that increasing urban development contributed
to declining watershed carrying capacity in the Bodri
Watershed.  Similarly, [44] identified urban
development, together with high critical land extent,
flooding, erosion, and poor spatial planning, as
important factors contributing to degraded watershed
conditions.

In small island watershed systems, urban
expansion and population concentration can rapidly
intensify environmental pressure due to limited land
availability and restricted ecological carrying capacity.
Therefore, spatial planning and controlled urban
development are essential to maintain sustainable
watershed functions and long-term environmental
resilience.

3.4.2. Water Infrastructure Investment Value (IBA)
The assessment of water infrastructure
investment reveals contrasting conditions between the
two watersheds. In the Wai Samal Watershed, the total
investment value of water structures ranges from 1 to 5
billion IDR, primarily allocated to dam maintenance and
irrigation network repairs. In contrast, the Wai Eti
Watershed exhibits a substantially higher investment
value of approximately 22.5 billion IDR, including the
construction of check dams, riverbank protection
structures, and other water resource infrastructure.
Based on the classification criteria, the Wai Samal
Watershed is categorized as very low investment with a
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score of 0.5, whereas the Wai Eti Watershed is classified
as low investment with a score of 0.75.

The higher infrastructure investment reflects
increasing environmental degradation and greater
dependence on structural approaches to mitigate
hydrological risks. In contrast, the lower investment
value observed in the Wai Samal Watershed suggests
relatively better natural watershed functioning and lower
reliance on engineered interventions, which contributes
positively to watershed carrying capacity. According to
[45], water infrastructure investment reflects the
magnitude of watershed assets that require protection
from degradation. Similarly, [46] demonstrated that very
high infrastructure investment in the Upper Ciliwung
Watershed was associated with lower watershed
carrying capacity and increasing dependence on reactive
structural management approaches.

In small island watershed systems, excessive
reliance on structural infrastructure may indicate
declining ecosystem resilience and limited natural
hydrological regulation capacity. Therefore, watershed
management should prioritize preventive and
ecosystem-based approaches alongside infrastructure
development to improve long-term watershed
sustainability.

3.5. Regional Spatial Land Use
3.5.1. Protected Areas (KL)

Analysis of the 2013-2033 Regional Spatial
Planning Maps (RTRW) of Central Maluku Regency
and West Seram Regency indicates that the Wai Samal
Watershed contains 3,857.52 ha of protected area, of
which 3,834.35 ha are covered by permanent vegetation,
including primary mangrove forest, secondary dryland
forest, and shrubs. In contrast, the Wai Eti Watershed
has a much smaller protected area of 97.77 ha, entirely
dominated by shrub vegetation (Table 13). Despite the
large difference in absolute area, both watersheds
exhibit very high proportions of protected areas with
permanent vegetation (KL), reaching 99.40% in the Wai
Samal Watershed and 100% in the Wai Eti Watershed.
Based on the classification criteria, both watersheds are
categorized as very good (KL > 70) with a score of 0.5
(Figures 16 and 17). However, the contribution of
protected areas to watershed carrying capacity is
determined not only by their proportion but also by their
spatial extent, vegetation quality, and ecological
function. The Wai Samal Watershed benefits from a
larger protected area with more diverse and structurally
complex vegetation, which enhances hydrological
regulation, soil stability, and erosion control. In contrast,
although the Wai Eti Watershed exhibits a higher
percentage of protected area, its limited extent and
dominance of shrub vegetation likely provide lower
ecological protection capacity than forest-based

ecosystems. In small island watersheds, where land
resources and hydrological storage are inherently
limited, such differences can substantially influence
watershed stability and environmental resilience.

Table 13. Components of Protected Areas in the
Wai Samal Watershed and Wai Eti Watershed

No Protected Area Wai Samal Wai Eti
) Components Watershed  Watershed

1 Area of protected area 3857 52 9777
(ha)
Permanent vegetation

2. area in protected areas 3834.35 97.77
(ha)
Percentage of

3 Protected Areas (KL) 99.40 100.00

These findings are consistent with [47], who
reported that watersheds with a high proportion of
protected areas exhibit better carrying capacity due to
the maintenance of ecological and hydrological
functions. Similarly, [45] emphasized that protected
areas with steep slopes and erosion-sensitive soils
require strong protection to prevent ecosystem
degradation and maintain watershed stability.
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3.5.2. Cultivation Area (KB)

The analysis of cultivated areas based on the
Regional Spatial Plans (RTRW) of Central Maluku
Regency (2013-2033) and West Seram Regency (2013—
2033) shows notable differences between the two
watersheds. The Wai Samal Watershed has a cultivated
area of 10,006.99 ha, of which 9,937.16 ha is located on
land with slopes of 0-25%. In contrast, the Wai Eti
Watershed has a larger cultivated area of 14,354.66 ha,
but only 8,522.15 ha falls within the 0-25% slope
category (Table 14, Figure 18, Figure 19). These
conditions result in cultivated area percentages (KB) of
99.30% for the Wai Samal Watershed and 59.37% for
the Wai Eti Watershed (Figure 18, 19). Based on the
classification criteria, the Wai Samal Watershed is
categorized as very high (KB > 70) with a score of 0.5,
whereas the Wai Eti Watershed is classified as high (45
< KB < 70) with a score of 0.75.

Table 14. Components of Cultivation Areas in the
Wai Samal Watershed and Wai Eti Watershed

No. Cultivation Area Wai Samal Wai Eti
Components Watershed  Watershed
1. Cultivation area (ha) 10006.99 14354.66
Land area with a slope
2. 0f 0-25% in the 9937.16 8522.15
cultivation area (ha)
Percentage of
3 Cultivation Area (KB) 99.30 59.37
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Figure 18. Map of Cultivation Area of Wai Samal
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The higher proportion of cultivated areas on
gentle slopes (0-25%) in the Wai Samal Watershed
indicates better alignment between land capability and
land use, thereby reducing erosion risk and supporting
watershed carrying capacity. In contrast, the lower KB
percentage in the Wai Eti Watershed reflects greater
cultivation pressure on steeper and more erosion-prone
land, which may increase runoff, soil loss, and sediment
transport, ultimately reducing watershed performance.
However, high cultivation suitability alone does not
guarantee sustainable watershed conditions, as long-
term sustainability also depends on the implementation
of effective soil and water conservation practices. These
findings are consistent with [30] and [48], who reported
that cultivated areas located on suitable slopes
contribute positively to watershed performance and
carrying capacity when supported by appropriate land
management practices. In small island watersheds,
where cultivable land is inherently limited, optimizing
land use must be balanced with soil and water
conservation measures to prevent degradation and
maintain long-term watershed sustainability.

3.6. Carrying Capacity of Wai Samal
Watershed and Wai Eti Watershed

The carrying capacity of the Wai Samal and Wai
Eti watersheds was evaluated using an integrated
framework comprising five major criteria: land
condition, water system performance, socio-economic
factors, water infrastructure investment, and spatial
planning. The final watershed carrying capacity index
(DDD) was calculated by multiplying the score of each
of the 15 sub-criteria by its corresponding weighting
factor, as specified in the Indonesian National
Watershed Monitoring and Evaluation Framework [1].
The weighted scores were then summed to obtain the
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final DDD value for each watershed and classified into
the corresponding carrying capacity category according
to the criteria established in the regulation (Table 15).

The assessment shows that the Wai Samal
Watershed has a DDD value of 78.75, classified as good
(70 < DDD < 90), whereas the Wai Eti Watershed has
93.25, classified as moderate (90 < DDD < 110). These
results indicate that the Wai Samal Watershed has better
overall watershed performance and resilience than the
Wai Eti Watershed (Figure 20).

The higher carrying capacity of the Wai Samal
Watershed was associated with lower environmental
pressure and more favorable watershed conditions,
including a lower percentage of critical land (4.11%),
lower flood frequency (once per year), lower Water Use
Index (IPA = 0.44), higher Land Availability Index (IKL

= 10.14), lower poverty level (15.62%), more effective
implementation of conservation regulations, lower
water infrastructure investment (1-5 billion rupiah), and
a higher proportion of suitable cultivated land (99.30%).
In contrast, the Wai Eti Watershed exhibited greater
environmental and  socio-economic  pressure,
characterized by a higher proportion of critical land
(7.07%), more frequent flooding, higher IPA (0.52),
lower IKL (2.88), a higher poverty level (94.04%),
weaker implementation of conservation regulations,
higher water infrastructure investment (22.5 billion
rupiah), and a lower proportion of suitable cultivated
land (59.37%). These differences indicate lower
watershed resilience and greater dependence on
management interventions in the Wai Eti Watershed.

Table 15. Summary of watershed carrying capacity (DDD) assessment results for the Wai Samal and Wai Eti

watersheds
Criteria/Sub Criteria of WAI SAMAL WATERSHED WAI ETI WATERSHED
Watershed Carrying . Weighte Weight
Capacity Indicator Weight  Result Value/ Scores dx Results Class Scores ed x
(DDD) s Class Scores Scores
A. Land Conditions 40
PLK <5 < <
1. Percentage of 20 411 Very Low 0.5 10 7.07% ’ PLLcEv_ 0 0.75 15
critical land (PLK) % (Very (Good)
Good)
2. Percentage of
vegetation cover 10 8‘;066 52‘; ;Oi% 0.5 5 85.42% 5;‘; ;i% 0.5 5
(PPV)
IE>2.0 IE>2.0
4. Index of eros (IE) 10 4.69 Very high 1.5 15 7.08 Very high 1.5 15
(Very bad) (Very bad)
B. Water System 20
Condition
20<KRA<5
1. Flow regime 5 56.12 Kkszgzso 1.0 5 20.57 0 o1 37
coefficient (KRA) ' — ’ ’ Low ' ’
Moderate
(Good)
2. Annual flow KAT >.0'5 KAT >.0'5
coefficient (KAT) 5 3.63 Very high 1.5 7.5 4.29 Very high 1.5 7.5
(Very bad) (Very bad)
3. Sediment load 4148, MS > .20 MS > .20
(MS) 4 34 Very high 1.5 6.0 2864.02 Very high 1.5 6.0
t/ha/yr  (Very bad) (Very bad)
1 time High More than 1 Very high
4. Flood 2 per (Bad) 1.25 2.5 time in 1 (Very bad) 1.5 3.0
year year (1.5)
S Water use index 0.25<IPA<0 0.5<IPA<O0.
(IPA) 4 0.44 S5 0.75 3 0.52 75 1.0 4.0
Low (Good) Moderate
C. Socio-Economic 20
Conditions
2.0<IKL=4.
1. Population pressure Very high 0
(IKL) 10 1014 G sood) 0.5 5 2.88 High 0.75 75
(Good)
2. Level of population 10<TKP=<20 TKP > 30
welfare (TKP) 7 15.62 Moderate 1.0 7 94.04 Very bad 1.5 10.5
3. Existence and Yes, it Ye§, 1tis
enforcement of 3 is Very Good 0.5 1.5 prac;gc;d;n Good 0.75 2.25
regulations (norms) widely a blarlrslil;e
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Criteria/Sub Criteria of WAI SAMAL WATERSHED WAI ETI WATERSHED
Watershed Carrying . Weighte Weight
Capacity Indicator Weight Re:ult \gl]l;l:s/ Scores dx Results Class Scores ed x
(DDD) Scores Scores
practic
ed
D. Building 10
Investment
1. City classification 5 i‘)‘v’jrlll Low (Good)  0.75 375  Smalltown Low (Good)  0.75 3.75
IBA <15
2. Building value 1-5 rbillllif}?s 225M <13§)<bg?i12n
classification 5 M p 0.5 25 » =0 0.75 3.75
(BBA) rupiah Very Low rupiahs rupiahs
P (Very Low (Good)
Good)
E. Utilization of 10
Regional Space
99.40 KL >70 o KL >70
1. Protected area (KL) 5 % (Very Good 0.5 2.5 100% Very good 0.5 2.5
KB >70 45 <KB
2. Cultivation area 99.30 Very Low o <70
KB) 5 ” (Very 0.5 25 59.37% Low 0.5 3.75
Good) (Good)
Total = DDD Value 78.75 93.25
2
18 B Wai Samal Watershed
1,6 1,51,5 1,s,5  1,5,5 1,5 1,5 ) )
14 124 B Wai Eti Watershed
2 12 1 1 1
% 0 ; 0,75 D,75 0,7 0,75 0,75 0,7875 0,75 0,75
06 | 0S| 095 0.5 0,5 osll 025 05
0,4
0,2
0
© D R Q) Q) S S ™ %) D S & & $ )
& & & G N N T
%QB & \Qb & & & & & & Q_@% & S Y'& Y’Q
> ¢ ¢ & & N e & W 5 o N AP
. Q& & IS c;&\ o{x\ S 0%21 oS Qo N o @ &8 oS
& & <° ¢o Jd & & < 0 & IO & 0 &
O N < @ X 2 & R K X
OK @QO b & qu % $(b 0\"& K@ 8 Q
o &4 & < K 3 éo ‘.&@Q
&S &S AR S
& )
& Q@&q’% ¢ W s &&0 o
& > 2
° AP

Figure 20. Key Factors Influencing the Carrying Capacity of the Wai Samal and Wai Eti Watersheds

3.7. Comparative Assessment of Watershed
Carrying Capacity
Table 15 synthesizes the watershed carrying
capacity assessment by integrating the results of all
fifteen indicators. Overall, the Wai Samal Watershed
(DDD = 78.75) exhibited better carrying capacity than
the Wai Eti Watershed (DDD = 93.25). However, these
composite classifications should be interpreted together
with the individual assessment indicators rather than as
evidence of uniformly favorable watershed conditions.
Despite its higher overall carrying capacity, Wai
Samal remained constrained by a very high Erosion
Index (IE), high Annual Flow Coefficient (KAT), and
high sediment load, indicating persistent risks of land

degradation and rapid runoff. Conversely, the lower
carrying capacity of Wai Eti reflected less favorable
land, hydrological, and spatial planning conditions
together with a high Annual Flow Coefficient,
characteristic of small island watersheds with limited
catchment area and water-storage capacity.

These findings demonstrate that watershed
carrying capacity is governed by the combined effects of
biophysical conditions, hydrological response, socio-
economic pressure, institutional effectiveness, and
spatial land-use suitability rather than by individual
indicators alone. The integrated indicator-based
framework therefore provides a more comprehensive
evaluation than the composite DDD index by identifying
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watershed-specific  environmental constraints that
require priority management. These results are
consistent with previous studies showing that lower
critical land extent, better vegetation cover, appropriate
spatial planning, and stronger institutional capacity
enhance watershed carrying capacity, whereas high
erosion, rapid runoff, and socio-economic pressures
accelerate watershed degradation [48,44,49].

3.7. Integrated Watershed Management
Strategies for Small Island Watersheds

The integrated assessment indicates that
improving watershed carrying capacity in small island
watersheds requires integrated management addressing
land degradation, hydrological instability, and socio-
economic pressure.

Land and forest rehabilitation should be
prioritized in degraded and erosion-prone areas,
including abandoned land, former cultivation areas,
logged-over forests, and scrublands. Although the
proportion of critical land is relatively low, the high
erosion index indicates ongoing land degradation.
Therefore, reforestation and agroforestry are essential to
strengthen vegetation cover, reduce erosion, enhance
infiltration, and improve hydrological stability.

Hydrological management should prioritize
retention ponds, infiltration structures, check dams, and
riparian restoration to reduce runoff, flood risk,
sediment transport, and improve dry-season water
availability. These measures are particularly important
in the Wai Eti Watershed because of its higher flood
frequency and greater hydrological pressure.

Sediment  management and institutional
strengthening are also essential for watershed
sustainability. The very high sediment load in the Wai
Samal Watershed requires regular monitoring and
maintenance of hydraulic infrastructure, whereas the
limited implementation of conservation regulations in
the Wai Eti Watershed highlights the need to strengthen
governance and integrate local wisdom (sasi) into
watershed management.

Reducing socio-economic pressure on land
resources is particularly important in the Wai Eti
Watershed, where high poverty levels increase
dependence on fragile land systems. Promoting
agroforestry and sustainable agriculture can reduce land-
use pressure while improving community livelihoods.
Strengthening community participation and
environmental awareness is also essential to enhance
long-term watershed resilience in small island
environments.

3.8. Study Limitations.

This study provides a comprehensive watershed
carrying capacity assessment using the Indonesian
National Watershed Monitoring and Evaluation
Framework. Nevertheless, several limitations should be

acknowledged. The analysis relied partly on secondary
spatial and socio-economic datasets with different map
scales, while erosion and sediment estimates were
derived from empirical models that involve inherent
uncertainty. Field validation was conducted at
representative locations to verify the main spatial and
hydrological characteristics rather than every land unit.
Despite these limitations, the integrated indicator-based
framework provides a robust and reproducible approach
for evaluating watershed carrying capacity in small
island watersheds.

4. Conclusion

This study demonstrates that the Wai Samal
Watershed exhibits higher watershed carrying capacity
(78.75; good category) than the Wai Eti Watershed
(93.25; moderate category), reflecting differences in
system pressure and resilience. These differences are
driven by the interaction of biophysical, hydrological,
socio-economic, institutional, and spatial factors rather
than by individual indicators. The Wai Samal Watershed
is characterized by lower critical land extent, lower
flood frequency, lower water use pressure, higher land
availability, stronger institutional performance, and
more suitable spatial land use, all of which contribute
positively to hydrological stability and watershed
sustainability. In contrast, the Wai Eti Watershed
experiences greater environmental and socio-economic
pressure, reflected in higher flooding frequency, higher
water use intensity, lower community welfare, weaker
implementation of conservation regulations, and greater
pressure on cultivated land, which collectively reduce
watershed performance and resilience.

The findings indicate that lower environmental
pressure characterized by reduced critical land extent,
lower flood frequency, efficient water use, and stronger
institutional capacity supports higher watershed
performance, even with limited structural intervention.
In contrast, higher pressure conditions, including
increased flooding, land-use intensity, lower community
welfare, and reliance on reactive infrastructure, reduce
watershed carrying capacity. In small island watershed
systems, where land resources, catchment area, and
hydrological storage capacity are inherently limited,
environmental disturbances can more rapidly disrupt
hydrological regulation and ecological stability.
Therefore, watershed sustainability depends not only on
maintaining vegetation cover and suitable land use, but
also on strengthening hydrological regulation, sediment
control, socio-economic resilience, and institutional
effectiveness.

This study demonstrates the applicability of the
Indonesian National Watershed Monitoring and
Evaluation Framework for integrated watershed
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carrying capacity assessment in small island
environments. By integrating biophysical, hydrological,
socio-economic, institutional, infrastructure, and spatial
planning indicators, the framework provides a
comprehensive scientific basis for adaptive watershed
management and evidence-based spatial planning to
enhance long-term watershed resilience.

Declarations
Funding

This research was funded by the Waehapu Batu
Merah ~ Watershed ~ Management  Agency,
Directorate General of Watershed Management and
Forest Rehabilitation, Ministry of Forestry,
Republic of Indonesia.

Conflict of Interest

The authors declare that they have no competing
interests or conflicts of interest related to this study.

Data Availability Statement

The datasets generated and/or analyzed during the
current study are available from the corresponding
author upon reasonable request.

Author Contributions

SMT conceived and designed the study,
conducted the field investigations, performed the
GIS and statistical analyses, interpreted the results, and
prepared the original manuscript. RMO and JMT
contributed to the study methodology, data validation,
supervision, and critical revision of the manuscript. All
authors reviewed and approved the final version of the
manuscript.

Ethics Statement

This study involved interviews with local
communities and village officials as part of the
watershed assessment. Participation was voluntary, and
informed consent was obtained from all participants
prior to data collection. The information was used
exclusively for research purposes, and no personal or
sensitive information is disclosed in this manuscript.

References

[1] Ministry of Forestry of the Republic of Indonesia.
2014. Regulation of the Minister of Forestry of the
Republic of Indonesia Number: P. 61 /Menhut-11/2014
concerning Monitoring and Evaluation of River Basin
Management

[2] Yang Dawen, Yuting Yang, Jun Xia. 2021.
Hydrological cycle and water resources in a changing
world: A review Geography and Sustainability journal

homepage: www.elsevier.com/locate/geosus. Volume 2,
Issue 2, June 2021, Pages 115-122.
https://doi.org/10.1016/j.geosus.2021.05.003

[3] Basuki Tyas Mutiara Basuki, Hunggul Yudono Setio
Hadi Nugroho, Yonky Indrajaya, Irfan Budi Pramono,
Nunung Puji Nugroho, Agung Budi Supangat, Dewi
Retna  Indrawati, Endang Savitri,  Nining
Wahyuningrum, Purwanto, Sigit Andy Cahyono,
Pamungkas Buana Putra, Rahardyan Nugroho Adi,
Agung Wahyu Nugroho, Diah Auliyani, Agus
Wauryanta, Heru Dwi Riyanto, Beny Harjadi, Casimerus
Yudilastyantoro,  Luthfi ~ Hanindityasari, = Firda
Maftukhakh Hilmya Nada and Daniel Pandapotan
Simarmata. 2022. Improvement of Integrated Watershed
Management in Indonesia for Mitigation and Adaptation
to Climate Change: A Review. Sustainability 2022, 14,
9997 .https://doi.org/10.3390/su14169997.
https://www.mdpi.com/journal/sustainability.

[4] Kahirun, Nurnaningsih Hamzah, Arwan A. Rahman,
Wa Ode Yusria, Nurhayati Hajar, Erich Nov Putra.
2023. Performance of Wanggu Watershed Management
Based on Land Indicators.Indonesian Journal of
Environmental Management and Sustainability e-
ISSN:2598-6279 p-ISSN:2598-6260

[5] Mahmud, Abdul Azis, Danang Wijaya, Wahyudi,
Bambang Nugroho, Denisa Melanesia. 2023.
Biophysical characteristics of the Wosi Watershed area
in Manokwari Regency, Indonesia_Journal of Natural
Resources and Environmental Management 13(1): 88—
101. http://dx.doi.org/10.29244/jpsl.13.1.88—-101 E-
ISSN: 2460-5824 http:// journal.ipb.ac.id/
index.php/jpsl

[6] Brontowiyono Widodo, Adelia Anju Asmara,
Raudatun Jana, Andik Yulianto, and Suphia Rahmawati.
2022. Land-Use Impact on Water Quality of the Opak
Sub-Watershed, Yogyakarta, Indonesia. Sustainability
2022, 14, 4346. https://doi.org/10.3390/sul14074346
https://www.mdpi.com/journal/sustainability

[7] Syafri Syafri, Batara Surya, Ridwan Ridwan,
Syamsul Bahri, Emil Salim Rasyidi, and Sudarman
Sudarman. 2020. Water Quality Pollution Control and
Watershed Management Based on Community
Participation in Maros City, South Sulawesi, Indonesia.
Sustainability. 2020, 12, 10260;
doi:10.3390/su122410260.
www.mdpi.com/journal/sustainability.

[8] Cahyo Sigit Nur, La Baco Sudia, Dewi Nurhayati
Yusuf. 2023. Spatial Analysis of Population Pressure on
Agricultural Land in the Laeya River Basin, South
Konawe Regency. Journal of Regional Planning, PPS
UHO. e-ISSN: 2502 — 4205. Vol. 8., No. 1, April 2023
https://journal.uho.ac.id/index.php/jpw/index

[9] IPBES-UNESCO. 2023. Land degradation and
Polution Worsening land degradation impacts 3.2 billion
people worldwide. Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services.

Page | 63


http://www.elsevier.com/locate/geosus
https://www.sciencedirect.com/journal/geography-and-sustainability/vol/2/issue/2
https://www.sciencedirect.com/journal/geography-and-sustainability/vol/2/issue/2
https://doi.org/10.1016/j.geosus.2021.05.003
https://doi.org/10.3390/su14169997
https://www.mdpi.com/journal/sustainability

Journal of Hunan University (Natural Sciences)

Vol. 53 No. 8, August 2026

Unesco. https://www.unesco.org/en/articles/worsening-
land-degradation-impacts-32-billion-people-worldwide
[10] UNCCD. 2019. Land Degradation, Poverty and
Inequality. United Nations Convention to Combat
Desertification.
https://www.unccd.int/resources/publications/land-
degradation-poverty-inequality

[11] Noywuli Nicolaus, Asep Sapei, Nora H. Pandjaitan,
Eriyatno. 2019. Assessment of Watershed Carrying
Capacity for the Aesesa Flores Watershed Management,
East Nusa Tenggara Province of Indonesia.
Environment and Natural Resources Journal 2019;
17(3): 29-39.

[12] Muta’ali Luthfi. 2011. Environmental Carrying
Capacity Based On Spatial Planning. ISSN 0024-9521.
1JG Vol. 43, No. 2, December 2011 (142 - 155). ©2011
Faculty of . Geography UGM and The Indonesian
Geographers Association

[13] Rizalie Akhmad, Rizmi Yunita, Syarifuddin Kadir,
Akhmad R. Saidy. 2022. Environmental Carrying
Capacity for Spatial Planning of Lemo Sub-Watershed,
North  Barito  Regency, Central Kalimantan,
Indonesia.Journal of Hunan University (Natural Science
) Vol. 49 No. 4 April 2022. Open Access Article
https://doi.org/10.55463/issn.1674-2974.49.4.8

[14] Setyowati Dewi Liesnoor Setyowati, Satria Adji
Wilaksono, Ananto  Aji, Muhammad Amin.
2021.Assessment of Watershed Carrying Capacity and
Land Use Change on Flood Vulnerability Areas in
Semarang City. ISSN: 0852-0682, EISSN: 2460-3945.
Forum Geografi, Vol 35 (2) December 2021: 141-152.
DOI: 10.23917/forgeo.v35i2.15542. © Author(s) 2021.
CC BY-NC-ND Attribution 4.0 License.

[15] BPDAS Waehapu Batu Merah. 2014. Identification
of the Characteristics of the Wai Samal Watershed,
Central Maluku Regency, Maluku Province.

[16] BPDAS Waehapu Batu Merah 2016. Identification
of the Characteristics of the Eti Watershed, West Seram
Regency, Maluku Province.

[17] Central Maluku Regency Statistics Agency. 2020.
Central Maluku Regency in Figures. Central Maluku
Regency Statistics
Agencyhttps://malukutengahkab.bps.go.id/
id/publication/2020/04/28/4c339b982d89¢e12¢1{9493d5
/central-maluku-kabupaten-in-figures-2020.html

[18] Central Maluku Regency Statistics Agency 2025.
Central Maluku Regency in Figures. Central Maluku
Regency Statistics Agency
<https://malukutengahkab.bps.go.id/
1d/publication/2025/02/28/05dedfac473eal05b1c¢948c6
/kabupaten-maluku-tengah-dalam-gambar-2025.html>
[19] West Seram Regency Statistics Agency. 2020.
West Seram Regency in Figures. Central Statistics
Agency of West Seram Regency <https://sbbkab.
bps.go.id/id/publication/2020/05/19/d8eabbff2c85c6f0f
b588a8f/kabupatenseram-bagian-barat-dalam-jumlah-
2020-.htm]>

[20] West Seram Regency Statistics Agency 2025. West
Seram Regency in Figures. Central Statistics Agency of
West Seram Regency
<https://sbbkab.bps.go.id/id/publication/2025/02/28/a2
8edbb90138db801bc26e71/kabupaten-seram-bagian-
barat-dalam-angka-2025.htmI>

[21] BPDAS Wachapu Batu Merah.2023. Critical Land
Map of Maluku Province. Waehapu Batu Merah River
Basin Management Center

[22] BPKHTL Region IX Ambon. 2014, Map of Maluku
Province Regional Functions. Center for Forest Area
and Environmental Management Strengthening, Region
IX Ambon.

[23] BPKHTL region IX Ambon. 2023, Land Cover
Map of Maluku Province. Forest Area and
Environmental Management Center Region [X Ambon.
[24] BIG. 2021a. High-resolution 8 m DEMNAS map of
Seram Island from the Indonesian Geospatial
Information
Agency.https://tanahair.indonesia.go.id/portal-
web/login

[25] BIG. 2021b. RBI Map of Central Maluku Regency
and West Seram Regency. Indonesian Geospatial
Information Agency.https://www.indonesia-
geospasial.com/2020/01/shp-rbi-provinsi-maluku-
perwilayah.html

[26] Indonesia Geospatial. 2024. Geological Map of
Central Maluku.https://www.indonesia-
geospasial.com/2020/03/download-data-shapefile-shp-
geologi-se.html.

[27] Central Maluku Regency Government. 2010.
Central Maluku Regency Spatial Planning Plan 2008-
2028.
https://id.scribd.com/document/535701825/BUKU-
RENCANA-RTRW-2008-2028

[28] West Seram Regency Government. 2014. West
Seram Regency Spatial Planning Plan 2010-
2023.https://id.scribd.com/document/409649015/Perda
-Rtrw-Kab-Sbb#google vignette

[29] Arifin, Misnawati, Ayunda Laras Firdausa,
Hyundra Zakiya Putri Wahyu, Safira, Arum Arysandi.
2025. Mapping of Land Criticality Level and Suitability
Evaluation. Plants for Degraded Land Rehabilitation in
the Management of the Babuat Sub-Watershed, Murung
Raya Regency, Central Kalimantan. Journal of
Innovation, Research and Development Results. Vol. 5
No. 2 June 2025. P-ISSN: 2809-4042. E-ISSN: 2809-
4034. Online Journal
System:https://jurnalp4i.com/index.php/ knowledge
[30] Sriyana Ignatius. 2018. Evaluation of watershed
carrying capacity for watershed management (a case
study on Bodri watershed, Central Java, Indonesia)
MATEC Web of Conferences 195, 05003 (2018)
https://doi.org/10.1051/mateccont/ 201819505003
ICRMCE 2018.

[31] Talakua Silwanus Matheus, Rafael M. Osok,
Cristina M. Talakua. 2024. Analysis Of Erosion Hazard

Page | 64


https://www.unesco.org/en/articles/worsening-land-degradation-impacts-32-billion-people-worldwide
https://www.unesco.org/en/articles/worsening-land-degradation-impacts-32-billion-people-worldwide
https://doi.org/10.55463/issn.1674-2974.49.4.8
https://malukutengahkab.bps.go.id/%20id/publication/2020/04/28/
https://malukutengahkab.bps.go.id/%20id/publication/2020/04/28/
https://malukutengahkab.bps.go.id/%20id/publication/2025/02/28/
https://malukutengahkab.bps.go.id/%20id/publication/2025/02/28/
https://tanahair.indonesia.go.id/portal-web/login
https://tanahair.indonesia.go.id/portal-web/login
https://www.indonesia-geospasial.com/2020/01/shp-rbi-provinsi-maluku-perwilayah.html
https://www.indonesia-geospasial.com/2020/01/shp-rbi-provinsi-maluku-perwilayah.html
https://www.indonesia-geospasial.com/2020/01/shp-rbi-provinsi-maluku-perwilayah.html
https://www.indonesia-geospasial.com/2020/03/download-data-shapefile-shp-geologi-se.html
https://www.indonesia-geospasial.com/2020/03/download-data-shapefile-shp-geologi-se.html
https://www.indonesia-geospasial.com/2020/03/download-data-shapefile-shp-geologi-se.html
https://id.scribd.com/document/409649015/Perda-Rtrw-Kab-Sbb#google_vignette
https://id.scribd.com/document/409649015/Perda-Rtrw-Kab-Sbb#google_vignette
https://jurnalp4i.com/index.php/
https://doi.org/10.1051/matecconf/%20201819505003

Journal of Hunan University (Natural Sciences)

Vol. 53 No. 8, August 2026

Level And Land Rehabilitation Pattern With The
RUSLE Method Based On GIS At Wai Tala Watershed
In West Seram Regency Maluku Province. Journal of
Degraded And Mining Lands Management. Volume 11,
Number 2 (January 2024):5385-5403,
Do0i:10.15243/JdmIm.2024.112.5385. ISSN:  2339-
076X (P); 2502-2458 (E), www.JdmIm.Ub.Ac.Id. Open
Access 5385

[32] Talakua Silwanus Matheus, and M W Talakua.
2025. Degradation in primary forest and cultivation land
in Kairatu District, West Ceram Regency, Maluku
Province. IOP Conf. Series: Earth and Environmental
Science 1527 (2025) 012005 1IOP Publishing
doi:10.1088/1755-1315/1527/1/012005

[33] Talakua Silwanus Matheus, and R.M. Osok. 2025.
Land Degradation Assessment Model Using Field
Assessment And RUSLE Methods In Wai Ruhu
Watershed, Ambon Island, Mollucas Province.
Indonesian Journal of Geography Vol 57, No.3 (2025):
571-584. ISSN 2354-9114 (online), ISSN 0024-9521
(print). DOIL:  10.22146/ijg.98955  website:
htps://jurnal.ugm.ac.id/ijg. ©2025 Faculty of
Geography UGM and The Indonesian Geographers
Association.

[34] Suryono Nano, Apriadi, Alawiyah, Zacky Michael
Pah, Bainah Sari Dewi. 2018. Analysis of Land Cover
Changes to Flow Regime Coefficients and Surface Flow
Conditions (Case Study in Bulok Watershed Sub
Watershed in Lampung Province). Research and
Development Institute, University of
Lampung.http://repository.lppm.unila.ac.id/9251/1/
shield%20nano% 20dkk.pdf

[35] Kurniawan Aptu Andy, Sunardi, Hendarmawan,
Iwan Ridwansyah. 2024. Evaluation of Watershed
Carrying Capacity on Flood Management in Greater
Malang, East Java, Indonesia. RGSA — Revista de
Gestdo Social e Ambiental ISSN: 1981-982X
Submission date: 04/01/2024  Acceptance date:
05/31/2024 DOI:https://doi.org/10.24857/rgsa.v18n3-
155

[36] Ilmi Muhammad Khalis, Swahip, Ari Ramadhan
Hidayat, Baiq Vina Fibriyanti. 2025. Study of Water
Management Carrying Capacity as an Effort for
Sustainable Watershed Management Planning (Case
Study on Dodokan Watershed, NTB, Indonesia)
AGGREGATE ISSN : 2541 - 0318 [Online] Vol. 10,
No. 1, MAY 2025 ISSN : 2541 - 2884 [Print]

[37] Parahita Fayra, Dwi Putro Tejo Baskoro,
Darmawan. 2022. Analysis of Water Resources
Carrying Capacity to Increase Water Availability in
Bandung Regency, West Java.. Journal of Water
Resources Vol. 18 No. 2, November, 2022: 97 — 108.
DOL:https://doi.org/10.32679/jsda.v18i2.721

[38] Fatiawan Engki, Hazairin Zubair, Syamsul Arifin
Lias. 2024. The Effect of Land Use Changes on the
Water Management Conditions of the Tallo River Basin
(DAS).Ecosolum  Journal, 13(2):179-199. DOI:

10.20956/ecosolum.v13i2.33319 P-ISSN: 2252-7923,
E-ISSN: 2654-430X

[39] Venishetty Vivek, Prem B. Parajuli, Filip To. 2023.
Assessing the Effect of Spatial Variation in Soils on
Sediment Loads in Yazoo RiverWatershed. Hydrology
2023, 10, 62.
https://doi.org/10.3390/hydrology10030062.
https://www.mdpi.com/journal/ hydrology

[40] Ridwan, Muhammad, Joko Sarjito. 2024. Study of
the Impact of Land Cover Changes on Flooding in River
Basins.Enviro: Journal of Tropical Environmental
Research, 26(1), 38-45. doi:
https://doi.org/10.20961/enviro.v26i1.93145

[41] Tena, T. M., A. Nguvulu, D. Mwelwa, and P.
Mwaanga (2021). Assessing Water Availability and
Unmet Water Demand Using the WEAP Model in the
Semi-Arid Bweengwa, Kasaka and Magoye Sub-
Catchments of South-ern Zambia. Journal of
Environmental Protection , 12 (4); 280-295

[42] Hidayat M. Y. 2021. Effect of population pressure
on land to Manggar watershed at East Belitung Regency,
Bangka Belitung Island Province, Indonesia. IOP
Conference Series: Earth and Environmental Science.
Sci. 909  (2021) 012013  doi:10.1088/1755-
1315/909/1/012013

[43] Abadi Musram, La Ode Nafiu, Muhammad Rezky,
Hasbullah Syaf, Lukman Yunus, La Baco Sudia, La
Gandri. 2024. Socio-Economic Carrying Capacity of
the Poleang Watershed Area Indonesia. International
Journal of Sustainable Development and Planning. Vol.
19, mno. 7, July, 2024, pp. 2799-2804
https://doi.org/10.18280/ijsdp.190737

[44] Hasmadan R, Zulkifli, Imam Suprayogi. 2019.
Analysis of the carrying capacity of the Batang Kumu
sub-watershed, Rambah Hilir District, Rokan Hulu
Regency. ZONA Environmental Journal ISSN: 2502-
6496 (Print). Volume 4, No. 2, October 2019, p. 45-5
http://zona.pelantarpress.co.id

[45] Ikhsan Insan, Manyuk Fauzi, Sigit Sutikno. 2020.
Analysis of Building Investment Value and Regional
Space Utilization for the Needs of Carrying Capacity
Assessment of the Rokan River Basin Area
(DDD).Journal of Technology Applications (Aptek):
Volume 12, No. 01, January 2020.
DOI: https://doi.org/10.30606/aptek.v12i1.154

[46] Ain Mihyal, Suria Darma Tarigan, Yayat Hidayat,
Rasminto. 2025. Policy Directions and Strategies for
Upper Ciliwung Watershed Management Based on
Watershed Carrying Capacity. JGG-JournalGreen
Growth and Environmental Management Vol. 15 No. 1
June 2025 p-ISSN: 2303-2332; e-ISSN: 2597-8020.
DOI : doi.org/10.21009/jgg.121.06

[47] Wibisono Kuntadi. 2021. Monitoring the
Performance of the Bedadung Watershed, Jember
Regency, East Java. Journal of Geography 18(1) (2021)
52-59.https://journal.unnes.ac.id/nju/index.php/JG.
DOI 10.15294/jg.v18i1.25964

Page | 65


http://www.jdmlm.ub.ac.id/
http://repository.lppm.unila.ac.id/9251/1/%20shield%20nano%25
http://repository.lppm.unila.ac.id/9251/1/%20shield%20nano%25
https://doi.org/10.24857/rgsa.v18n3-155
https://doi.org/10.24857/rgsa.v18n3-155
https://doi.org/10.3390/hydrology10030062
https://www.mdpi.com/journal/
http://zona.pelantarpress.co.id/
https://journal.upp.ac.id/index.php/aptek/issue/view/26
https://journal.upp.ac.id/index.php/aptek/issue/view/26
https://doi.org/10.30606/aptek.v12i1.154
https://journal.unnes.ac.id/nju/index.php/JG

Journal of Hunan University (Natural Sciences)

Vol. 53 No. 8, August 2026

[48] Perkasa Windy Bana Alam, Gusfan Halik, Retno
Utami Agung Wiyono. 2022. Performance Evaluation
of the Asem Sub-Daswatershed in Lumajang Regency.
Civil Engineering Research Journal of Sebelas Maret
University ISSN: 2579-7999 Vol. 5 No. 2, March 2022
141-154.DOI: https://doi.org/10.20961/jrrs.v5i2.58139

[49] Amini Aisyah, Eri Barlian, Nurhasan Syah, Iswandi
Umar, Dewi Rahmadani Siregar. 2025. Study of the
Carrying Capacity of the Anai River Basin in West
Sumatra Province. JPPIPA Science Education Research
Journal 11(12)
(2025).http://jppipa.unram.ac.id/index.php/jppipa/index
. DOI: 10.29303/jppipa.v11il2. 11727

[50] Ministry of Forestry of the Republic of Indonesia.
2025. Decree of the Minister of Forestry of the Republic
of Indonesia Number: 150 of 2025 concerning
Delinitation of Watershed Boundaries

[51] Director General of Watershed Management and
Social Forestry. 2013. Regulation of the Director
General of Watershed Management and Social Forestry
Number : P. 4/V-SET/2013 concerning Technical
Guidelines for Compiling Spatial Data on Critical Land.
[52] Ministry of Environment and Forestry of the
Republic of Indonesia. 2024. Decree of the Minister of
Environment and Forestry of the Republic of Indonesia
Number: 398 of 2024 concerning Standards for
geospatial data and thematic geospatial information
within the scope of the Ministry of Environment and
Forestry.

[53] Talakua, S.M. and Osok, R.M. 2019. Development
of a land degradation assessment model based on field
indicators assessment and prediction methods in Wai
Sari, Sub-Watershed Kairatu District, Western Seram
Regency, Maluku Province, Indonesia. Science Nature
2(1):71-85,doi:10.30598/SNVol2 Iss1pp071-
085year2019.

[54] Arsyad, U., Soma, A.S., Wahyuni., Amalia, F.N.
and Nurdin, P.F. 2021. Prediction of erosion using the
USLE method in the Malino Sub Watershed. /OP
Conference Series: Earth and Environmental Science

886:012104, doi:10.1088/1755-1315/886/1/012104.

S22

[1] Ministry of Forestry of the Republic of Indonesia.
2014. ENEENiRIR B NN S
P.61/Menhut-11/20145: 5TVt 21 I I 5 1

e

[2] YANG Dawen, YANG Yuting, XIA Jun. 2021. 254
AP KRR 5K TR 2718, Geography and
Sustainability, 2(2):115-122.
https://doi.org/10.1016/j.geosus.2021.05.003

[3] BASUKI Tyas Mutiara Basuki, NUGROHO
Hunggul Yudono Setio Hadi, INDRAJAYA Yonky,
PRAMONO Irfan Budi, NUGROHO Nunung Puji,
SUPANGAT Agung Budi, INDRAWATI Dewi Retna,
SAVITRI Endang, WAHYUNINGRUM Nining,

PURWANTO, CAHYONO Sigit Andy, PUTRA
Pamungkas Buana, ADI Rahardyan Nugroho,
NUGROHO Agung Wahyu, AULIYANI Diah,
WURYANTA Agus, RIYANTO Heru Dwi, HARJADI
Beny, YUDILASTYANTORO Casimerus,
HANINDITYASARI Luthfi, NADA Firda Maftukhakh
Hilmya, SIMARMATA Daniel Pandapotan. 2022. (i
B JE VU V. 25 G el 2 DA R I B A AR A
ZRIR. Sustainability, 14:9997.
https://doi.org/10.3390/su14169997

[4] KAHIRUN, HAMZAH Nurnaningsih, RAHMAN
Arwan A., YUSRIA Wa Ode, HAJAR Nurhayati,
PUTRA Erich Nov. 2023. %&F T #i45 F5 ) Wangguiji
WA PSRL. Indonesian Journal of Environmental
Management and Sustainability. e-ISSN:2598-6279; p-
ISSN:2598-6260.

[5] MAHMUD, AZIS Abdul, WIJAYA Danang,
WAHYUDI, NUGROHO Bambang, MELANESIA
Denisa. 2023. E[1 /% J& ti I Manokwari £ Wosiifit 5 i [X.
FIAEYIYEEHSAE. Journal of Natural Resources and
Environmental Management, 13(1):88-101.
http://dx.doi.org/10.29244/jps].13.1.88—101

[6] WIDODO Brontowiyono, ASMARA Adelia Anju,
JANA Raudatun, YULIANTO Andik, RAHMAWATI
Suphia. 2022. =HuF) AT B EE JE 78 I H % Opak1-¥i
S K BT (R R Sustainability, 14:4346.
https://doi.org/10.3390/su14074346

[7] SYAFRI Syafri, SURYA Batara, RIDWAN Ridwan,
BAHRI Syamsul, RASYIDI Emil Salim, SUDARMAN
Sudarman. 2020. & T-#[X 2 5 K E0EE JE 75 3V 5 5 hr
JB i Maros Ti7 7K 51175 4428 i) 55 I 1 B
Sustainability, 12:10260. doi:10.3390/sul122410260.
[8] NUR Cahyo Sigit, SUDIA La Baco, YUSUF Dewi
Nurhayati. 2023. FdKonawe B Laeyajit 3 Al 3 A
[ & 77122 6] 4387 . Journal of Regional Planning, PPS
UHO, 8(1). e-ISSN:2502-4205.
https://journal.uho.ac.id/index.php/jpw/index

[9] IPBES-UNESCO. 2023. T iiBib 555 AWk
AR TR A2 4 BR324/ N . Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem
Services, UNESCO.
https://www.unesco.org/en/articles/worsening-land-
degradation-impacts-32-billion-people-worldwide

[10] UNCCD. 2019. +HuiBfh. A S5AFE.
United Nations Convention to Combat Desertification.
https://www.unccd.int/resources/publications/land-
degradation-poverty-inequality

[11] NOYWULI Nicolaus, SAPEI Asep, PANDJAITAN
Nora H., ERIYATNO. 2019. E[1EJE VG AR %5708
$i 44 Aesesa Flores s & B 1) i 38R 20 71 PFA.
Environment and Natural Resources Journal, 17(3):29—
39.

[12] MUTA’ALI Luthfi. 2011. & 25 [8) 0 %1 2R 35 7K
#/J. Indonesian Journal of Geography, 43(2):142—-155.
ISSN 0024-9521.

Page | 66


https://doi.org/10.20961/jrrs.v5i2.58139
http://jppipa.unram.ac.id/index.php/jppipa/index
http://jppipa.unram.ac.id/index.php/jppipa/index
https://doi.org/10.1016/j.geosus.2021.05.003
https://doi.org/10.3390/su14169997
https://doi.org/10.3390/su14074346
https://journal.uho.ac.id/index.php/jpw/index
https://www.unesco.org/en/articles/worsening-land-degradation-impacts-32-billion-people-worldwide
https://www.unesco.org/en/articles/worsening-land-degradation-impacts-32-billion-people-worldwide
https://www.unccd.int/resources/publications/land-degradation-poverty-inequality
https://www.unccd.int/resources/publications/land-degradation-poverty-inequality

Journal of Hunan University (Natural Sciences)

Vol. 53 No. 8, August 2026

[13] AKHMAD Rizalie, YUNITA Rizmi, KADIR
Syarifuddin, SAIDY Akhmad R. 2022. E[1J¥ JE 753
i # 2 FH b Barito 2 Lemo 1t 48 2 [B] LRI R A 52 7K
#77. Journal of Hunan University (Natural Sciences),
49(4). https://doi.org/10.55463/issn.1674-2974.49.4.8
[14] SETYOWATI Dewi Liesnoor, WILAKSONO
Satria Adji, AJI Ananto, AMIN Muhammad. 2021.
Semarang i ¥t % 5y & X it & 2 71 5 - HR FH AR 4k
PP Forum Geografi, 35(2):141-152.
DOI:10.23917/forgeo.v35i2.15542.
[15] BPDAS Wachapu Batu Merah. 2014. E[1J J& il
LEEEh SE Y EWai Samal JFERFAE R o
[16] BPDAS Wachapu Batu Merah. 2016. E[1J J& il
T 4 7 28 == BLEGIBURFE IR 7 o
[17] Central Maluku Regency Statistics Agency. 2020.
(hoeEh Bg4%) . Central Maluku Regency
Statistics Agency.
https://malukutengahkab.bps.go.id/id/publication/2020/
04/28/4¢c339b982d89¢12¢119493d5/central-maluku-
kabupaten-in-figures-2020.html
[18] Central Maluku Regency Statistics Agency. 2025.
(hoeEh Bg4%) . Central Maluku Regency
Statistics Agency.
https://malukutengahkab.bps.go.id/id/publication/2025/
02/28/05dedfac473eal 05b1c948c6/kabupaten-maluku-
tengah-dalam-gambar-2025.html
[19] West Seram Regency Statistics Agency. 2020. 7
FEZ BLGTHEY) | Central Statistics Agency of West
Seram Regency.
https://sbbkab.bps.go.id/id/publication/2020/05/19/d8e
abbff2c85c6f0fb588a8f/kabupatenseram-bagian-barat-
dalam-jumlah-2020-.html
[20] West Seram Regency Statistics Agency. 2025. {7
FEZ BLGTHEY) | Central Statistics Agency of West
Seram Regency.
https://sbbkab.bps.go.id/id/publication/2025/02/28/a28
edbb90138db801bc26e71/kabupaten-seram-bagian-
barat-dalam-angka-2025.html
[21] BPDAS Wachapu Batu Merah. 2023. & 5441k
R4, Waehapu Batu Merah River Basin
Management Center.
[22] BPKHTL Region IX Ambon. 2014. I 145 [X 3
DyHelE. Center for Forest Area and Environmental
Management Strengthening, Region IX Ambon.
[23] BPKHTL Region IX Ambon. 2023. & 44 14t
% 15 . Forest Area and Environmental Management
Center Region IX Ambon.
[24] BIG. 2021a. EfJJ3 J& 75 7 th 2 2 6] {5 2 = i AE 1)
FELGEAPES  m  DEMNASHF AR
https://tanahair.indonesia.go.id/portal-web/login
[25] BIG. 2021b. H B& 15 B ANPE 28 == ELRBIHE K.
Indonesian Geospatial Information Agency.
https://www.indonesia-geospasial.com/2020/01/shp-
rbi-provinsi-maluku-perwilayah.html

[26] Indonesia Geospatial. 2024. Iy K]
https://www.indonesia-
geospasial.com/2020/03/download-data-shapefile-shp-
[27] Central Maluku Regency Government. 2010. 154
Bl 20082028 4F [X 384 [ R R T %
https://id.scribd.com/document/535701825/BUKU-
RENCANA-RTRW-2008-2028

[28] West Seram Regency Government. 2014, P %E =% H.
201020234 [X 4557 [A] FiLI 77 €.
https://id.scribd.com/document/409649015/Perda-
Rtrw-Kab-Sbb#google vignette

[29] ARIFIN, MISNAWATI, FIRDAUSA Ayunda
Laras, WAHYU Hyundra Zakiya Putri, SAFIRA,
ARYSANDI Arum. 2025. #1 /1 B 2 FFMurung Raya £
Babuat I 450 HH Hh s SR R ) P A AR A
& M Y)iE B YEVEYY. Journal of Innovation, Research
and Development Results, 5(2). P-ISSN:2809-4042; E-
ISSN:2809-4034. https://jurnalp4i.com/index.php/
[30] SRIYANA Ignatius. 2018. J3s/E5 5 o i) 3 2k
BTV ——LAER 2 JE 5 3. 1 IV Bodriii 33 A 1.
MATEC Web of  Conferences, 195:05003.
https://doi.org/10.1051/matecconf/201819505003

[31] TALAKUA Silwanus Matheus, OSOK Rafael M.,
TALAKUA Cristina M. 2024. 2% GISHIRUSLE /772
M A P22 B Wai - Talal g2 K 240 1
T HEE B3 HT. Journal of Degraded and Mining
Lands Management, 11(2):5385-5403.
d0i:10.15243/Jdmlm.2024.112.5385.

[32] TALAKUA Silwanus Matheus, TALAKUA M.W.
2025. b % 2 B Kairatu X R AR AR S A
BILASE. 1OP  Conference Series: Earth and
Environmental Science, 1527:012005.
doi:10.1088/1755-1315/1527/1/012005

[33] TALAKUA Silwanus Matheus, OSOK R.M. 2025.
L& 2 Wai RuhuiftigdE T 97 vFA Al
RUSLEJ7 % ) L B4 P A A Y . Indonesian Journal
of Geography, 57(3):571-584.
DOI:10.22146/1jg.98955.

[34] SURYONO Nano, APRIADI, ALAWIYAH, PAH
Zacky Michael, DEWI Bainah Sari. 2018. -7 55 4%
xR 2R S R AR RUCIR B R 5 10 70 BT ——
PALampung?4 Bulokifi 3k -3k 9f1. Research and
Development Institute, University of Lampung.
http://repository.lppm.unila.ac.id/9251/1/

[35] KURNIAWAN Aptu Andy, SUNARDI,
HENDARMAWAN, RIDWANSYAH Iwan. 2024. F[1J
JE VU AR JTURE K Malang s [X vk 7K 55 2 A i vt 3k A 2,
J17FAr. RGSA — Revista de Gestdo Social e Ambiental.
DOI: https://doi.org/10.24857/rgsa.v18n3-155
[36] ILMI Muhammad Khalis, SWAHIP, HIDAYAT Ari
Ramadhan, FIBRIYANTI Baiq Vina. 2025. 7K %% 5 & ¥
AR IIWETT: AT RRSEIEE B ) — Mg A ——
AR & 78 IV P4 55 0 & iz Dodokanift 38 A 51

Page | 67


https://sbbkab.bps.go.id/id/publication/2025/02/28/a28edbb90138db801bc26e71/kabupaten-seram-bagian-barat-dalam-angka-2025.html
https://sbbkab.bps.go.id/id/publication/2025/02/28/a28edbb90138db801bc26e71/kabupaten-seram-bagian-barat-dalam-angka-2025.html
https://sbbkab.bps.go.id/id/publication/2025/02/28/a28edbb90138db801bc26e71/kabupaten-seram-bagian-barat-dalam-angka-2025.html
https://tanahair.indonesia.go.id/portal-web/login
https://www.indonesia-geospasial.com/2020/01/shp-rbi-provinsi-maluku-perwilayah.html
https://www.indonesia-geospasial.com/2020/01/shp-rbi-provinsi-maluku-perwilayah.html
https://www.indonesia-geospasial.com/2020/03/download-data-shapefile-shp-geologi-se.html
https://www.indonesia-geospasial.com/2020/03/download-data-shapefile-shp-geologi-se.html
https://www.indonesia-geospasial.com/2020/03/download-data-shapefile-shp-geologi-se.html
https://id.scribd.com/document/535701825/BUKU-RENCANA-RTRW-2008-2028
https://id.scribd.com/document/535701825/BUKU-RENCANA-RTRW-2008-2028

Journal of Hunan University (Natural Sciences)

Vol. 53 No. 8, August 2026

AGGREGATE, 10(1). ISSN:2541-0318; 2541-2884.
[37] PARAHITA Fayra, BASKORO Dwi Putro Tejo,
DARMAWAN. 2022. 74)[\H:Bandung 242 =K 858
AIH R KR IEAE 50T, Journal  of Water
Resources, 18(2):97-108.
https://doi.org/10.32679/jsda.v18i2.721

[38] FATIAWAN Engki, ZUBAIR Hazairin, LIAS
Syamsul Arifin. 2024. -} F A5 4k X6 Tallodt 3K %5
PR PRI A F2 . Ecosolum Journal, 13(2):179-199.
DOI:10.20956/ecosolum.v13i2.33319.

[39] VENISHETTY Vivek, PARAJULI Prem B., TO
Filip. 2023. =387 8] 45 53 Xt Yazoo nl i 35 Y ¥0 6t fif 52
M P8 DA Hydrology, 10:62.
https://doi.org/10.3390/hydrology 10030062

[40] RIDWAN Muhammad, SARJITO Joko. 2024. 13
78 e Akt K s2 A 78, Enviro: Journal of
Tropical Environmental Research, 26(1):38-45.
https://doi.org/10.20961/enviro.v26i1.93145

[41] TENA TM., NGUVULU A., MWELWA D.,
MWAANGA P. 2021. F|FJWEAPHE T At 3% LV R
BT FH X Bweengwa. KasakafIMagoye -7t
7K BRI AT A AR A2 FHZK @ >K. Journal — of
Environmental Protection, 12(4):280-295.
[42] HIDAYAT M.Y. 2021. A H & 775 B B JE vt
W Bangka Belitungf¥ 44 East BelitungH-Manggariit
W52, 10P  Conference Series: Earth and
Environmental Science, 909:012013. doi:10.1088/1755-
1315/909/1/012013

[43] ABADI Musram, NAFIU La Ode, REZKY
Muhammad, SYAF Hasbullah, YUNUS Lukman,
SUDIA La Baco, GANDRI La. 2024. E[IE eVt
Poleang it gt [X #1222 5 7k 7. International
Journal of Sustainable Development and Planning,
19(7):2799-2804.
https://doi.org/10.18280/ijsdp.190737

[44] HASMADAN R., ZULKIFLI, SUPRAYOGI
Imam. 2019. Rokan HuluZ:Rambah Hilirih[X Batang
Kumu it & % /1 5-#1.  ZONA  Environmental
Journal, 4(2):45-5. ISSN:2502-6496.
http://zona.pelantarpress.co.id

[45] IKHSAN Insan, FAUZI Manyuk, SUTIKNO Sigit.

2020. RokanJfitlgi/KE /1 PP Fa oK T AU FH B AN E

X mF 248, Journal  of  Technology
Applications (Aptek), 12(1).

https://doi.org/10.30606/aptek.v12i1.154

[46] AIN Mihyal, TARIGAN Suria Darma, HIDAYAT
Yayat, RASMinto. 2025. J&F itk A& /1 I Ciliwung
bR B BB T F) 5 5. JGG — Journal Green
Growth and Environmental Management, 15(1). DOI:
doi.org/10.21009/jgg.121.06

[47] WIBISONO Kuntadi. 2021. E[1JE e PG 2= )TN
JemberE Bedadungiit 3k &5 V. Journal of
Geography, 18(1):52-59. DOI:10.15294/jg.v18i1.25964
[48] PERKASA Windy Bana Alam, HALIK Gusfan,

WIYONO Retno Utami Agung. 2022. Lumajang£:
Asem ISR, Civil Engineering Research
Journal of Sebelas Maret University, 5(2):141-154.
https://doi.org/10.20961/jrrs.v5i2.58139

[49] AMINI Aisyah, BARLIAN Eri, SYAH Nurhasan,
UMAR Iswandi, SIREGAR Dewi Rahmadani. 2025.
I3 1B Anaiift sk B I L. JPPIPA  Science
Education Research Journal, 11(12).
DOI:10.29303/jppipa.v11i12.11727

[50] Ministry of Forestry of the Republic of Indonesia.
2025, E[EJE U AL AN FE MOl B 20254 55 150 5 R
T KT IREIL A RIE -

[51] Director General of Watershed Management and
Social Forestry. 2013. Vil # 542l S & /K
M55 P.A/V-SET/2013 5+ I T 5 -t 2% [A] 24
Il SRR -

[52] Ministry of Environment and Forestry of the
Republic of Indonesia. 2024. EfJE J& 78 WP JL A1 [E 3735
ElK20244F 5398 5 e . KT SH0l
PSR B e ] P P 2 ) 0 A R 2 T4 B A
o

[53] TALAKUA S.M., OSOK R.M. 2019. E[1 | JE P8I
&t At 2 2% B Kairatudth X Wai  Sari It T
AR R VP 5 T 7325 ) R A PRA AR Y T
Science Nature, 2(1):71-85.
doi:10.30598/SNVol2Iss1pp071-085year2019.

[54] ARSYAD U.,, SOMA A.S., WAHYUNI, AMALIA
F.N., NURDIN PF. 2021. #|FHUSLEJ7 i il Malino
TR 1% 12 . IOP Conference Series: Earth and
Environmental Science, 886:012104. doi:10.1088/1755-
1315/886/1/012104.

Manuscript Information
Word count: 14,806 words (excluding references).
Peer-Review Record

Fast-track status: Not fast-tracked.
First-round reviews received: 3 reports.
Revision cycles completed: 3 rounds.
Final version submitted: August 8, 2026

Disclaimer / Publisher’s Note

The statements, opinions, and data contained in
this article are solely those of the authors and do not
necessarily represent the views of the Journal of Hunan
University (Natural Sciences) or its editorial team. The
journal and its editors disclaim any responsibility for
injury to persons or property resulting from any ideas,
methods, instructions, or products referred to in the
content of this article.

Page | 68



