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Abstract. Soil erosion in the Upper Kampar Watershed threatens reservoir storage and downstream water 

reliability. This study compared four land-use scenarios using the Universal Soil Loss Equation and the Soil 

Conservation Service Curve Number method across 100 land units. Existing land use produced 142.70 t.ha−1.yr−1 

of soil loss, well above the tolerable value of 39.62 t.ha−1.yr−1. Meeting the minimum forest-cover rule lowered 

erosion by 31.95% but did not reach the threshold. Strip cropping reduced erosion to 32.90 t.ha−1.yr−1, whereas 

rehabilitation of mapped protected areas yielded 36.15 t.ha−1.yr−1 and the lowest Qmax/Qmin ratio (28.38). 

Discharge records supported directional checking, but independent event-scale validation was unavailable. The 

results support protected-area rehabilitation as a zoning framework, combined with soil-conservation practices on 

cultivated slopes and field monitoring of sediment and river flow. 
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1. Introduction 

Soil erosion removes fertile topsoil, 

weakens agricultural production, and 

transfers sediment to rivers and reservoirs 

(Montanarella et al., 2016; Nearing et al., 

2017). The problem is particularly acute in 

humid tropical watersheds, where intense 

rainfall interacts with steep slopes and rapid 

land-cover change. Global assessments show 

that land-use change can markedly increase 

water-driven soil erosion, while recent 

erosivity studies indicate that rainfall 

variability adds further uncertainty to future 

risk (Borrelli et al., 2017; Borrelli et al., n.d.; 

Fenta et al., 2024; Panagos et al., 2017). Soil-

loss tolerance is therefore not only an 

agronomic benchmark; it is also relevant to 

reservoir operation and water security (Di 

Stefano et al., 2023). 

The Upper Kampar Watershed in West 

Sumatra drains toward the Koto Panjang 

reservoir system. During the study period, 

forest conversion and expansion of mixed 

gardens, dryland farming, and settlements 

reduced continuous vegetation cover on 

erosion-prone terrain. The spatial data used in 

this study indicated that the resulting 

watershed condition was associated with high 

predicted soil loss and increasingly variable 

river flow. Comparable responses have been 

reported in other tropical basins, where 

conversion of forest to agriculture increases 

rapid runoff and reduces dry-season flow 

support (Di Stefano et al., 2023; Markum & 

Rahman, 2024). 

Empirical models remain useful in 

data-limited watersheds because they can 

translate available rainfall, soil, topographic, 

and land-cover data into comparable 

management indicators. The Universal Soil 

Loss Equation (USLE) is widely used to 

estimate long-term sheet and rill erosion, 

although its empirical structure and 

sensitivity to input quality are well 

documented (Alewell et al., 2019; Benavidez 

et al., 2018). The Soil Conservation Service 

Curve Number (SCS-CN) method provides a 

simple representation of direct runoff 

response. Used together, the two models can 

show whether a land-use option improves soil 

retention and flow regulation at the same 

time. They do not, however, replace event-

scale calibration or process-based simulation. 

Previous studies often examine 

historical land-cover change, erosion, or 

runoff separately. Scenario studies also tend 
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to compare generic conservation alternatives 

without testing how statutory forest-cover 

requirements, field-level conservation, and 

protected-area rehabilitation alter the ranking 

of management priorities when soil loss and 

flow stability are assessed together. The 

unresolved point is whether the scenario that 

minimizes predicted erosion also provides the 

strongest regulation of maximum and 

minimum flow. 

To examine this issue, four scenarios 

were compared: existing land use (S1), 

rehabilitation to meet the minimum forest-

cover requirement (S2), S2 combined with 

strip cropping on mixed agricultural land 

(S3), and rehabilitation of mapped protected 

forest areas under spatial-planning principles 

(S4). Scientifically, the analysis tests whether 

soil retention and flow regulation indicators 

produce the same scenario ranking. In 

practical terms, it compares policy-based and 

field-management options using one land-

unit database. The objectives were to quantify 

soil loss relative to the tolerable threshold, 

compare scenario-specific runoff indicators, 

examine the robustness of the ranking to 

bounded output perturbations, and identify a 

management option that balances biophysical 

performance with watershed-scale 

implementation. It was expected that S3 

would produce the lowest erosion, whereas 

the larger forest allocation in S4 would 

provide the strongest flow regulation. 

2. Materials and Methods 

2.1 Study Area 

The research was conducted from 

August 2021 to March 2022 in the Upper 

Kampar Watershed, Bukik Barisan 

Subdistrict, Lima Puluh Kota Regency, West 

Sumatra, Indonesia. The mapped study area 

covered 28,535.49 ha and included the 

Baruah Gunuang area and adjoining upstream 

Kampar drainage. Terrain ranges from flat 

valley floors to slopes exceeding 40%. 

Ultisols are dominant, followed by 

Inceptisols; both occur under forest, mixed 

gardens, shrubland, cropland, rice fields, 

settlements, and other land uses. Figure 1 

places the study area within the regional 

drainage network. The GIS watershed 

boundary was used as the spatial reference for 

all overlays and area calculations. 

 

2.2 Data Sources and Sampling 

Primary and secondary data are 

summarized in Table 1. Four Landsat ETM+ 

scenes with 30-m spatial resolution 

represented land cover in 2005, 2010, 2015, 

and 2020. Daily rainfall records for 2005–

2020 were obtained for the Maek and 

Pangkalan stations through the Sicincin 

office of the Indonesian Agency for 

Meteorology, Climatology and Geophysics. 

Daily and monthly discharge records for 

2008–2020 were obtained from the Koto 

Panjang hydropower archive and SWS VI 

Agam–Kuantan. Contour, soil, topographic, 

geological, and forest-boundary maps were 

used to prepare the spatial database. 

Land use, slope class, and soil order 

were overlaid to create 100 land units. One 

composite soil sample was collected from 

each land unit (n = 100). This design gave 

spatial coverage of all mapped 

combinations but did not provide within-

unit replication. Soil texture was measured 

by the pipette method, permeability by a 

constant-head permeameter, and organic 

carbon by the Walkley–Black method. 

These properties were used to derive soil 

erodibility. Field checks were used to 

confirm major land-cover classes, although 

the available field records did not include a 

probability-based accuracy sample or a 

confusion matrix. 
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Figure 1. Regional hydrological setting of Lima Puluh Kota Regency and the Upper Kampar study-area 

context. The map is used for regional orientation; it does not replace the land-unit boundary data used 

in the spatial analysis. Source: Lima Puluh Kota Regency spatial-plan hydrology map (2010–2030). 

Table 1. Data used in the erosion and runoff scenario analysis. 

Class Data Coverage or source Use 

Primary Soil physical and chemical 

properties 100 land-unit samples 
Derivation of soil erodibility and 

support for tolerable soil-loss 

estimation 

Primary Land-cover condition and field 

checks 
Field observations and Landsat 

ETM+ interpretation 
Land-cover assignment and verification 

of major classes 

Secondary Landsat ETM+ imagery 2005, 2010, 2015, and 2020; 30 

m 
Historical land-cover mapping and 

scenario baseline 

Secondary Topography and soils 
1:50,000 contour, slope, soil, 
geology, and forest-boundary 

maps 

Land-unit construction; LS and 

hydrologic-soil-group assignment 

Secondary Rainfall Daily records, 2005–2020; Maek 

and Pangkalan stations Rainfall erosivity and runoff input 

Secondary River discharge Daily and monthly records, 

2008–2020 
Directional plausibility checking of 

flow response 
Note. ETM+ = Enhanced Thematic Mapper Plus; LS = combined slope-length and slope-steepness factor. 
 

2.3 Spatial Processing 
Landsat scenes were processed in ERDAS 

using maximum-likelihood supervised 

classification. Land-cover maps were then 

overlaid in ArcView with soil order and five 

slope classes (0–8%, >8–15%, >15–25%, >25–

40%, and >40%). This overlay generated the 

100 land units used for parameter assignment 

and soil sampling. The workflow is 

summarized in Figure 2. Classification 

uncertainty was considered during 

interpretation because the available 

classification records did not include the 

reference samples needed to calculate an area-

adjusted accuracy estimate. Current good 

practice would require independent reference 

samples and area-weighted accuracy measures 

(Stehman & Foody, 2019). 
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Figure 2. Analytical workflow for assembling the land-unit database, parameterizing the USLE and 

SCS-CN models, constructing four management scenarios, and comparing erosion and flow indicators. 

The uncertainty box distinguishes comparative scenario screening from formal probabilistic validation. 

 

2.4 Land-Use Scenarios 

Scenario 1 retained the 2020 land-use 

allocation. Scenario 2 increased forest cover 

from 27.97% to 39.04% of the mapped 

watershed, thereby satisfying the minimum 

30% forest-cover requirement in Forestry 

Law No. 41 of 1999 (Republic of Indonesia, 

1999). Scenario 3 retained the S2 land 

allocation and applied strip cropping to mixed 

agricultural land, which reduced the 

combined cover-management and support-

practice factor. Scenario 4 followed the 

distinction between protected and cultivation 

areas in Spatial Planning Law No. 26 of 2007 

and rehabilitated all mapped protected forest 

areas (Republic of Indonesia, 2007). Table 2 

shows the land allocation and weighted CP 

value used for each scenario. 

 

Table 2. Land-use allocation and cover-management/support-practice factors for the four scenarios. 

Land use S1 (ha) S2 (ha) S3 (ha) S4 (ha) CP value 

Forest 7,980.96 11,141.46 11,141.46 18,108.69 0.001 

Mixed gardens 12,629.32 7,598.66 7,598.66 2,309.31 0.200; 0.010 in S3 

Shrubland 2,603.97 3,211.25 3,211.25 1,968.51 0.300 

Cropland/moorland 2,067.22 3,330.10 3,330.10 2,906.20 0.400 

Settlement 69.70 69.70 69.70 58.46 0.150 

Other mapped uses 3,184.32 3,184.32 3,184.32 3,184.32 Not assigned 

Total area 28,535.49 28,535.49 28,535.49 28,535.49 — 

Weighted CP 0.030 0.020 0.002 0.010 — 
Note. S1 = existing land use; S2 = minimum forest-cover rehabilitation; S3 = S2 plus strip cropping; S4 = protected-area 

rehabilitation; CP = combined cover-management and support-practice factor. “Other mapped uses” were retained in the area 

balance; no CP coefficient was available for these categories. 
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2.5 Soil-Loss Estimation 

Average annual sheet and rill erosion 

was estimated for each land unit with the 

Universal Soil Loss Equation (Alewell et al., 

2019; Wischmeier & Smith, 1978). The 

method was selected because the available 

database contained the rainfall, soil, 

topographic, land-cover, and management 

variables required by USLE, but not the 

continuous weather, crop-growth, channel, 

and calibration data needed for process-based 

models. USLE remains suitable for 

comparative long-term screening when its 

empirical scope is stated clearly (Alewell et 

al., 2019; Benavidez et al., 2018). 

A = R × K × LS × C × P (1) 

In Equation 1, A is annual soil loss 

(t.ha−1.yr−1), R is rainfall erosivity, K is soil 

erodibility, LS combines slope length and 

steepness, C is the cover-management factor, 

and P is the support-practice factor. Monthly 

erosivity was derived with the Indonesian 

rainfall relationship used in the source 

analysis (Bols, 1978), and annual R was 

obtained by summing the monthly values. 

Soil erodibility was derived from texture, 

organic matter, structure, and permeability, 

while LS was obtained from the slope 

database. The raster factors were multiplied 

in the GIS environment. USLE does not 

estimate gully erosion, mass movement, 

sediment redeposition, or sediment delivery 

to the reservoir. 

Tolerable soil loss (TSL) was 

calculated from equivalent soil depth (De), 

minimum soil depth (Dmin), assumed land-

use life (UGT), and soil-formation rate 

(LPT): 

TSL = (De − Dmin) / UGT + LPT (2) 

The resulting watershed benchmark was 

39.62 t.ha−1.yr−1. Scenario outputs were 

compared with this threshold rather than 
interpreted as direct measurements of 

sediment yield. 

2.6 Runoff Estimation 

Direct runoff was estimated with the Soil 

Conservation Service Curve Number method 

(SCS-CN; U.S. Department of Agriculture 

Soil Conservation Service, 1972). This 

approach was chosen because the available 

inputs supported a consistent comparison 

among land-use scenarios, whereas a 

calibrated SWAT or HEC-HMS application 

would have required event-scale rainfall–

discharge pairs and additional channel 

parameters that were not available. For 

rainfall P greater than the initial abstraction, 

runoff depth Q was calculated as follows: 

Q = (P − 0.2S)² / (P + 0.8S) (3) 

S = (25,400 / CN) − 254 (4) 

In Equations 3 and 4, P and Q are in 

millimetres, S is the maximum potential 

retention, and CN is the curve number. CN 

was assigned based on land cover, treatment, 

hydrologic conditions, antecedent moisture, 

and hydrologic soil group. Group A has the 

highest infiltration capacity and Group D the 

lowest. The available discharge series was 

used to check whether the direction of 

simulated change was hydrologically 

plausible, but it was not sufficient for 

independent event-scale calibration and 

validation. Consequently, Qmax, Qmin, and 

Qmax/Qmin are treated as comparative 

scenario indicators rather than fully validated 

forecasts. Scenario 3 retained the same land-

cover allocation, hydrologic soil groups, and 

antecedent-moisture assumptions as Scenario 

2. The strip-cropping intervention was 

therefore represented in USLE through the 

combined cover-management and support-

practice factor, whereas the archived SCS-

CN calculation retained the Scenario 2 CN 

values. USDA NRCS guidance shows that 

agricultural treatment and hydrologic 

conditions can justify different CN values, 

including lower values for contouring and 

residue cover (U.S. Department of 

Agriculture Natural Resources Conservation 

Service, 2004). However, the study archive 
did not contain locally verified CN 

adjustments for strip cropping. A separate 

reduction was not imposed because doing so 

would introduce an uncalibrated hydrologic 

effect and could double-count benefits 

already represented in the erosion model. 

This conservative assumption may understate 
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the runoff benefit of Scenario 3 and should be 

tested with event-scale rainfall-runoff data in 

future applications. 

2.7 Comparative and Uncertainty Analysis 

Each scenario was a single deterministic 

realization. Replicated model runs, 

probability distributions for input factors, 

and independent validation events were 

unavailable; therefore, p-values, confidence 

intervals, and inferential effect sizes would 

not be statistically defensible. The analysis 

instead reported absolute differences, 

percentage change from S1, the ratio of 

predicted erosion to TSL, and the margin 

above or below TSL as deterministic 

measures of scenario effect. Descriptive 

calculations and scenario comparisons were 

completed in Microsoft Excel, while the 

spatial overlays were processed in ERDAS 

and ArcView. 

 

Table 3. Hydrologic soil groups used in the SCS-CN parameterization. 

Group General soil characteristics Minimum infiltration 

(mm.h−1) 

A Deep sand, deep loess, or well-aggregated silt 8–12 

B Shallow loess or sandy loam 4–8 

C Clay loam, shallow sandy loam, low-organic-matter soil, or high-clay 

soil 1–4 

D Swelling soil, heavy clay, plastic clay, or selected saline soil 0–1 

Note. SCS-CN = Soil Conservation Service Curve Number. The ranges reproduce the classification used in the source analysis. 

A transparent threshold-robustness 

screening perturbed each reported erosion 

output by −20%, +10%, and +20%. These 

levels were selected as simple decision-

screening values rather than as probability-

based uncertainty bounds. The 10% 

perturbation represents a modest departure 

from the reported output, whereas 20% 

provides a stronger stress test against the 

tolerable soil-loss threshold. The choice was 

based on analyst judgement and one-at-a-

time screening practice, not on estimated 

error distributions for the model inputs. Such 

screening can be useful when full 

probabilistic ranges are unavailable, provided 

that it is distinguished clearly from formal 

global sensitivity and uncertainty analysis 

(Pianosi et al., 2016; Saltelli et al., 2019). For 

the flow indicator, a conservative interval 

was calculated by decreasing Qmax and 

increasing Qmin by 10% for the lower bound, 

and increasing Qmax and decreasing Qmin 

by 10% for the upper bound. These bounds 

are not confidence intervals. They show 

whether the scenario ranking and threshold 

classification remain stable under bounded 

output variation. Rainfall erosivity, satellite 

classification, DEM quality, CN assignment, 

and the lack of within-unit soil replication 

were considered the principal uncertainty 

sources (Bezak et al., 2022; Fenta et al., 2024; 

Polidori & El Hage, 2020). 

3. Results and Discussion 

3.1 Erosion Response to the Four 

Scenarios 

The first research objective was to 

determine whether the scenarios reduced soil 

loss below the tolerable threshold. Table 4 

shows that S1 produced 142.70 t.ha−1.yr−1, 

or 3.60 times the TSL. Increasing forest cover 

to the statutory minimum in S2 reduced 

erosion by 31.95%, but the predicted rate 

remained 57.49 t.ha−1.yr−1 above the 

threshold. S3 produced the lowest erosion 

(32.90 t.ha−1.yr−1), a reduction of 76.94% 

from S1 and a margin of 6.72 t.ha−1.yr−1 

below TSL. S4 also met the threshold at 36.15 

t.ha−1.yr−1, 74.67% below S1 and 3.47 

t.ha−1.yr−1 below TSL. Thus, the erosion 

results were consistent with the expectation 

that strip cropping in S3 would provide the 

strongest soil-loss control. 
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Table 4. Predicted erosion, relative change, and position against the tolerable soil-loss threshold. 

Scenario Erosion (t.ha−1.yr−1) Change from S1 (%) Erosion/TSL Margin from TSL 

(t.ha−1.yr−1) Status 

S1 142.70 0.00 3.60 +103.08 Above TSL 

S2 97.11 −31.95 2.45 +57.49 Above TSL 

S3 32.90 −76.94 0.83 −6.72 Below TSL 

S4 36.15 −74.67 0.91 −3.47 Below TSL 
Note. TSL = tolerable soil loss (39.62 t.ha−1.yr−1). Positive margins indicate erosion above TSL; negative margins indicate 

erosion below TSL. 

 

3.2 Flow-Regulation Response 

The second objective was to compare flow regulation. Table 5 shows that S4 had the 

lowest Qmax (54.76 m³.s−1), the highest Qmin (1.94 m³.s−1), and the lowest Qmax/Qmin ratio 

(28.38). Relative to S1, Qmax declined by 20.82%, Qmin increased by 36.62%, and the flow 

ratio declined by 42.26%. S2 and S3 produced the same hydrological outputs because they had 

identical land allocation and CN parameterization in the runoff analysis. Strip cropping changed 

the USLE CP factor in S3 but was not represented as a separate CN adjustment. Thus, the flow 

results supported the expectation that S4 would provide the strongest regulation of maximum 

and minimum flow. 

 

Table 5. Maximum flow, minimum flow, and river-regime ratio under each scenario. 

Scenario Qmax (m³.s−1) Qmin (m³.s−1) Qmax/Qmin Ratio change from S1 (%) 

S1 69.16 1.42 49.15 0.00 

S2 64.62 1.52 42.50 −13.53 

S3 64.62 1.52 42.50 −13.53 

S4 54.76 1.94 28.38 −42.26 
Note. Qmax = maximum discharge; Qmin = minimum discharge. Ratios were calculated from unrounded discharge values; 

Qmax and Qmin are displayed to two decimal places. 

3.3 Robustness of the Ranking 

The screening analysis addressed the 

third objective by testing whether the main 

conclusions were sensitive to bounded 

output changes. Table 6 shows that S3 

remained just below TSL after a 20% 

upward perturbation (39.48 t.ha−1.yr−1). S4 

crossed the threshold after a 10% increase 

(39.77 t.ha−1.yr−1), which indicates a 

narrower safety margin. The conservative 

Qmax/Qmin bounds did not reverse the 

hydrological ranking: the upper bound for 

S4 (34.69) remained below the lower bounds 

for S2 and S3 (34.77) and below the lower 

bound for S1 (40.21). Figure 3 summarizes 

the contrasting erosion and flow responses. 

 

Table 6. Deterministic robustness screening for erosion and the Qmax/Qmin ratio. 

Scenario Erosion −20% Erosion +10% Erosion +20% TSL response Ratio lower 

bound 
Ratio upper 

bound 

S1 114.16 156.97 171.24 Above all tested increases 40.21 60.07 

S2 77.69 106.82 116.53 Above all tested increases 34.77 51.94 

S3 26.32 36.19 39.48 Below at +20% 34.77 51.94 

S4 28.92 39.77 43.38 Crosses at +10% 23.22 34.69 
Note. Erosion is expressed in t.ha−1.yr−1. Ratio bounds apply opposite ±10% perturbations to Qmax and Qmin. These values 

are screening bounds, not confidence intervals. 
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(a) Erosion and TSL (b) Qmax/Qmin ratio (c) Maximum and minimum flow 

Figure 3. Scenario outputs used to compare (a) predicted soil loss with the tolerable threshold, (b) flow 

variability, and (c) maximum and minimum discharge. Values reproduce Tables 4 and 5. 

3.4 Interpretation of the Forest-Cover 

Scenario 

3.4.1 Why Forest Cover Alone Did Not 

Meet the Soil-Loss Threshold 

The decline from S1 to S2 confirms that 

forest rehabilitation reduces exposure of the 

soil surface and lowers the spatial extent of 

high-CP land. The reduction was substantial 

but insufficient because cultivated and shrub-

covered slopes remained in the landscape, 

and their management factors continued to 

dominate predicted soil loss. Similar reviews 

of USLE applications show that forest cover 

is effective. Still, the final erosion response 

depends on the location of that cover, slope, 

soil erodibility, and management of the 

remaining agricultural land (Alewell et al., 

2019; Benavidez et al., 2018). The result, 

therefore, supports a combined strategy 

rather than reliance on a watershed-wide 

percentage target alone. 

3.4.2 Why Strip Cropping Produced the 

Lowest Erosion 

Scenario 3 reduced the weighted CP 

factor from 0.020 in Scenario 2 to 0.002 while 

retaining the same land allocation. This 

change explains why Scenario 3 achieved the 

lowest erosion, even though Scenarios 2 and 

3 had identical runoff outputs in the archived 

SCS-CN analysis. Strip cropping interrupts 

downslope flow paths, increases surface 

roughness, and places more protective cover 

across the slope, thereby reducing the 

transport capacity of shallow runoff. Meta-

analyses and field studies show that 

vegetative strips, contour-aligned barriers, 

and continuous cover can reduce both runoff 

and soil loss, although the magnitude varies 

with slope, rainfall, soil, and maintenance 

quality (Prosdocimi et al., 2016; Rajbanshi et 

al., 2023). The robustness check also shows 

that Scenario 3 had the stronger threshold 

margin, although its +20% value was only 

0.14 t.ha−1.yr−1 below TSL. This narrow 

margin still warrants field verification. 

3.4.3 Why Protected-Area Rehabilitation 

Improved Flow Regulation 

Scenario 4 allocated 18,108.69 ha to 

forest, substantially more than the other 

scenarios, and concentrated rehabilitation in 

mapped protected areas. The lower Qmax, 

higher Qmin, and smaller Qmax/Qmin ratio 

are consistent with several interacting 

hydrological pathways. Canopy and litter 

intercept rainfall and delay its delivery to the 

soil surface; roots, biological pores, and 

improved aggregate stability can increase 

infiltration and reduce rapid overland flow; 

and infiltrated water can be stored 

temporarily in the unsaturated zone, move 

laterally through the soil, or contribute to 

groundwater recharge before returning to the 

channel. These processes delay storm runoff 

and can support low flows where infiltration 

remains functional. Evidence from 

regenerating tropical forests shows improved 

infiltration and reduced overland flow. At the 

same time, broader studies caution that the 

net effect of tree cover on recharge and 

streamflow varies with climate, geology, soil 

properties, species, and stand age (Ilstedt et 

al., 2016; van Meerveld et al., 2021; van 

Dijke et al., 2022). In the Upper Kampar 

analysis, these processes were not measured 

directly; they provide a mechanistic 

interpretation of the modeled pattern rather 

than independent validation. 
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The difference between S3 and S4 is 

therefore a genuine management trade-off. 

S3 is the erosion-control optimum 

represented by the current model, whereas S4 

is the hydrological and zoning optimum. 

Treating S4 as universally superior would 

overstate the evidence because its erosion 

margin was less robust. A defensible policy 

package would use S4 to define the protected-

area framework, then apply S3-type practices 

on cultivated slopes that remain outside 

rehabilitated forest. This combined 

interpretation preserves the original purpose 

of the study while avoiding the unsupported 

claim that one scenario dominates every 

criterion. 

3.4.4 Transferability, Model Validation, and 

Implementation 

The analytical sequence can be 

transferred to other tropical watersheds that 

have land-cover, soil, slope, rainfall, and 

discharge data. Still, the numerical 

coefficients should not be transferred without 

local checking. CN values, soil erodibility, 

rainfall erosivity, and tolerable soil loss are 

site-dependent. Recent scenario work 

likewise shows that land-use rankings can 

change with model structure and local 

environmental constraints (Qiao et al., 2024; 

Tian et al., 2021). The absence of 

independent event-scale calibration and 

validation limits the accuracy of the absolute 

runoff values because CN, initial abstraction, 

and rainfall timing were not optimized 

against an independent set of observed 

events. It also prevents the reporting of 

standard model-performance statistics 

(Moriasi et al., 2015). Nevertheless, the 

relative ranking remains useful as a screening 

result because all scenarios were evaluated 

with the same rainfall, soil, topographic 

framework, model equations, and baseline 

parameter rules; only the land-use and 

management assumptions changed. This 

common-baseline design reduces, but does 

not remove, systematic bias. The results 

should therefore be interpreted as 

comparative evidence for prioritization, not 

as operational forecasts of discharge. 

Implementation also depends on land 

tenure, farmer incentives, maintenance costs, 

and institutional coordination. Forest 

rehabilitation can restrict short-term access to 

cultivated land, while strip cropping requires 

repeated field-level management. Restoration 

programs are more durable when local 

communities participate in design and benefit 

sharing (Erbaugh et al., 2020). A practical 

sequence would begin with updated land-

cover and tenure mapping, followed by 

prioritization of land units that exceed TSL 

and are hydrologically connected to the main 

drainage network. Protected and riparian 

slopes could then be rehabilitated through 

assisted natural regeneration or locally 

appropriate planting, while retained mixed 

gardens and cropland would receive contour-

aligned strips, permanent ground cover, or 

equivalent conservation measures. 

Watershed managers, local governments, 

village institutions, and the reservoir operator 

should agree on responsibilities, incentives, 

maintenance schedules, and a shared 

monitoring protocol before large-scale 

implementation. 

4. Limitations and Future Directions 

First, USLE estimates long-term sheet 

and rill erosion; it does not simulate gullies, 

landslides, channel erosion, sediment 

redeposition, or sediment delivery. The 

outputs should not be interpreted as measured 

reservoir sedimentation. A future study 

should combine plot measurements, 

suspended-sediment monitoring, and a 

process-based or sediment-delivery model. 

Second, the land-cover classification was 

based on 30-m Landsat scenes and field 

checking. Still, the archived files did not 

contain an independent probability sample, a 

confusion matrix, or an area-adjusted 

confidence interval. Mixed pixels and 

spectral similarity among shrubland, mixed 

gardens, and cropland may therefore affect 

area and CP assignments. Future mapping 

should follow rigorous accuracy-assessment 

practice with independent reference samples 

(Stehman & Foody, 2019). 
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Third, rainfall came from two stations and 

was summarized from historical daily records. 

The network may not capture short-duration 

convective storms or orographic gradients 

across steep terrain. Rainfall erosivity is 

sensitive to temporal resolution, and recent 

satellite–gauge and radar products could 

improve spatial and intra-annual 

representation (Bezak et al., 2022; Fenta et al., 

2024; Matthews et al., 2025). 

Fourth, DEM scale and processing 

influence slope length and steepness. Vertical 

error and resolution mismatch may propagate 

into LS and runoff pathways (Polidori & El 

Hage, 2020). The 100 soil samples provided 

broad spatial coverage, but no within-unit 

replication; local variation in texture, organic 

carbon, and permeability was therefore not 

quantified. 

Fifth, the SCS-CN outputs were checked 

directionally against available discharge 

records, but were not independently calibrated 

and validated at the event scale. This limits 

confidence in the absolute Qmax and Qmin 

values and means that standard predictive-

performance measures cannot be reported. 

The ranking is still appropriate for preliminary 

comparison because all scenarios share the 

same model structure and baseline forcing; 

however, land-cover-specific parameter errors 

could still alter the magnitude, and possibly 

the ordering, of scenario effects. The screening 

perturbations in Table 6 are not probability-

based uncertainty intervals. Future work 

should retain event rainfall and discharge 

pairs, calibrate CN or a process-based 

hydrological model, and report performance 

metrics on an independent validation period 

(Moriasi et al., 2015). 

Finally, the scenarios assume complete 

policy implementation and do not incorporate 

climate change, landholder response, costs, 

or temporal transitions during rehabilitation. 

Future analysis should couple climate 

projections with land-use trajectories, 

sediment monitoring, and socio-economic 

optimization. The global evidence that land-

use and rainfall erosivity may change 

together makes this extension particularly 

important (Borrellia et al., 2020; Fenta et al., 

2024). 

5. Conclusion  

The scenario comparison answers the 

study objectives without treating one option 

as superior on every criterion. Existing land 

use produced erosion far above the tolerable 

threshold. Meeting the minimum forest-cover 

requirement reduced erosion but was not 

sufficient. Forest rehabilitation combined 

with strip cropping produced the lowest 

erosion (32.90 t.ha−1.yr−1), whereas 

rehabilitation of mapped protected areas 

produced the strongest flow regulation and 

reduced the Qmax/Qmin ratio to 28.38. The 

recommended strategy is therefore a 

combined one: use protected-area 

rehabilitation as the watershed zoning 

framework and require contour-aligned strip 

cropping, permanent cover, or equivalent 

conservation measures on cultivated slopes 

that remain outside rehabilitated forest. 

For implementation, watershed 

managers and local governments should first 

update land-cover, slope-risk, and tenure 

maps; identify land units above TSL that are 

directly connected to streams; and agree on a 

phased rehabilitation and conservation 

schedule with village institutions and 

landholders. Monitoring should prioritize 

land-cover change, plot-scale soil loss, 

suspended sediment, rainfall, Qmax, Qmin, 

and dry-season flow at representative 

subcatchments. CP and CN assignments 

should be reviewed as field data accumulate, 

and the policy package should include 

maintenance responsibilities, farmer 

incentives, and periodic cost-benefit 

assessment. Because the hydrological model 

was not independently validated at the event 

scale and Scenario 4 had a narrow erosion 

margin, the proposed strategy should be 

implemented adaptively rather than treated as 

a fixed prediction. 
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