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Watersheds are complex socio-ecological systems that provide multiple ecosystem services 

(ES) essential for human well-being. However, rapid land-use change and intensive human 

activities have increasingly degraded watershed functions in many tropical regions. This study 

develops a spatially explicit Systematic Conservation Planning (SCP) framework based on 

multiple ES to support conservation planning in the Citarum Watershed, Indonesia, one of the 

country's most critical watersheds. Three key ES, namely water yield (WY), sediment retention 

(SR), and carbon storage (CS), were quantified for 2010 and 2020 using the InVEST model. 

Global and local spatial autocorrelation analyses were then applied to identify spatial synergies 

and trade-offs among ES. The resulting ES layers were integrated into the Marxan model to 

identify priority conservation areas under two planning scenarios: (A) incorporating existing 

protected areas, and (B) excluding them. Spatial similarity between scenarios was evaluated 

using Jensen–Shannon Divergence (JSD) and overlay analysis. The results show that between 

2010 and 2020, the watershed experienced a reduction in WY (−15.08%) and CS (−7.16%), 

while SR increased (+12.46%). WY, SR, and CS also showed strong spatial associations, 

particularly in upstream and midstream areas, although localized trade-offs remained in areas 

experiencing strong land-use pressure. Scenario A produced more compact and spatially 

connected conservation areas, achieving 29.21% conservation coverage with lower additional 

land allocation requirements. In contrast, Scenario B required broader spatial expansion to 

achieve comparable conservation targets. The two scenarios showed substantial spatial 

divergence, reflected by a high JSD value of 0.78. These findings indicate that integrating 

existing protected areas can improve spatial efficiency and ecological connectivity, while 

excluding them may provide opportunities for identifying alternative conservation zones. This 

study contributes to the development of SCP by explicitly incorporating spatially overlapping 

ES beyond conventional habitat- or species-based approaches. Overall, the proposed 

framework provides a flexible and spatially explicit basis for watershed-scale conservation 

planning and supports national and global biodiversity targets, including the "30 by 30" 

initiative. 
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1. INTRODUCTION

Watersheds are widely recognized as complex socio-

ecological systems that integrate hydrological processes, 

ecological functions, and human activities within a defined 

spatial unit [1]. As fundamental units for natural resource 

management, their structure and function are shaped by 

continuous interactions between biophysical processes and 

anthropogenic pressures [2]. However, increasing land-use 

intensification, rapid urban expansion, and the discharge of 

domestic and industrial waste have significantly disrupted 

watershed systems worldwide. These pressures have resulted 
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in water pollution, ecosystem degradation, and growing risks 

to human health [3]. More importantly, they have reduced the 

capacity of watersheds to sustain essential ecosystem services 

(ES), particularly in regions experiencing rapid socio-

economic development and increasing competition for land 

resources. 

ES, defined as the benefits that ecosystems provide to 

human societies, are fundamental to sustaining human well-

being and supporting long-term development [4]. However, 

prevailing development pathways often prioritize short-term 

economic gains over ecological sustainability, accelerating the 

degradation of ES globally. This has resulted in declining 

ecosystem functionality, increased vulnerability to 

hydrometeorological hazards, and heightened risks of natural 

disasters [5]. At the watershed scale, such degradation often 

leads to the emergence of critical systems in which ecological 

thresholds are exceeded and resilience is compromised. 

Without appropriate management, these conditions can trigger 

cascading environmental, economic, and social impacts. 

Consequently, integrative and spatially explicit approaches are 

required to balance ecological sustainability with socio-

economic demands [6]. 

In Indonesia, watershed degradation has become a major 

environmental issue, reflected in declining water quality, land 

degradation, increased flooding, and reduced ecosystem 

resilience [7]. A total of 108 watersheds have been classified 

as critical and prioritized for restoration [8]. Among these, the 

Citarum Watershed is one of the most degraded systems due 

to rapid land-use change, industrial pressures, and high 

population density. These interacting pressures make it an 

important case for studying ecosystem service dynamics and 

conservation planning in human-dominated landscapes. 

An understanding of the spatial distribution and interactions 

among ES is essential for effective watershed management. 

Many studies have used correlation-based approaches to 

identify trade-offs and synergies among ES [9]. However, 

these approaches are often limited to aggregated analyses and 

fail to capture spatial heterogeneity. Recent developments 

suggest that integrating correlation analysis with bivariate 

local spatial autocorrelation can improve the detection of ES 

interactions at multiple scales, providing a more detailed 

understanding of trade-offs and synergies [9]. Despite these 

developments, their application in conservation planning is 

still quite limited. 

A key challenge lies in the implementation of conservation 

strategies. While ES are more recognized in policy 

frameworks, conservation areas remain insufficient and are 

often do not align well with ES distributions. In the Citarum 

Watershed, only about 10% (69,054 ha) of the area is 

protected, far below the national requirement of at least 30% 

[10] and the global "30 by 30" biodiversity target [11]. This 

gap highlights a misalignment between policy goals and 

spatial planning practice. Achieving the target of about 

208,000 hectares of conservation coverage requires a 

systematic and spatially explicit planning strategy that 

integrates multiple ES, particularly in crowded areas where 

trade-offs between conservation and development are 

unavoidable. 

Systematic Conservation Planning (SCP) is a structured 

framework that aims to optimize conservation outcomes by 

integrating ecological value, threats, and implementation costs 

[12]. However, most SCP applications focus on habitat or 

species-based targets and operate under the assumption of 

spatial independence among conservation features. This 

assumption does not reflect the interconnected nature of ES, 

which are often exhibit spatial overlap. As a result, existing 

approaches may fail to describe trade-offs and synergies 

among multiple ES [13].  

This limitation highlights a significant research gap, 

especially in human-dominated watersheds such as the 

Citarum. Even with recent progress in SCP, bringing spatially 

overlapping ES into a multi-objective optimization framework 

is still underdeveloped, particularly in socio-ecologically 

complex watersheds [12]. Existing studies have generally 

focused on individual ES, biodiversity features, or hotspot-

based approaches, with limited attention to the spatial 

interactions among multiple ES and their implications for 

conservation planning. 

This study contributes to the development of ecosystem 

service–based SCP by integrating spatial ecosystem service 

interactions into conservation prioritization at the watershed 

scale. Unlike previous studies that primarily focused on 

biodiversity representation or single ES, this study combines 

multi-ecosystem service modeling, spatial autocorrelation 

analysis, and Marxan-based optimization within a unified 

planning framework. Specifically, the study integrates water 

yield (WY), sediment retention (SR), and carbon storage (CS) 

with bivariate Local Indicators of Spatial Association (LISA) 

to identify spatial synergies and localized trade-offs among 

ES. In addition, the study applies Jensen–Shannon Divergence 

(JSD) analysis to evaluate spatial divergence between 

alternative conservation scenarios. By incorporating 

ecosystem service interactions, spatial complementarity, and 

scenario-based optimization simultaneously, this study 

provides a more spatially explicit and ecologically integrated 

framework for watershed conservation planning in tropical 

socio-ecological systems. 

The research objectives for this study include: (i) examining 

spatial patterns of WY, SR, and CS in 2010 and 2020; (ii) 

using spatial autocorrelation analysis to assess trade-offs and 

synergies among ES (iii) developing conservation models 

through SCP in two scenarios; and (iv) measuring spatial 

similarity through JSD and spatial overlay analysis. 

 

 

2. MATERIALS AND METHODS  

 
2.1 Study area 

 

This study focuses on spatial modeling of ecosystem 

service-based conservation areas in the Citarum River Basin 

in West Java Province, as shown in Figure 1. The Citarum 

River Basin in West Java Province, covering approximately 

690,000 ha, is undergoing rapid change and faces significant 

development pressures. 

The watershed is located between 5º54'11" and 7º15'3" S 

latitude, and between 106º56'31" and 107º58'33" E longitude. 

Its pronounced elevation gradient influences climatic 

variability, hydrological processes, and land-use patterns 

across the watershed. The region’s topography is varied, with 

hills and volcanic formations among its topography. 

Variations in slope can be found at the base (5 to 15%), on 

mountain slopes (15 to 30%), and at the peaks (30 to 90%)  

The area experiences a dry climate every three months, with 

an average annual rainfall of 2,358 millimeters. Three major 

dams, Saguling, Cirata, and Jatiluhur, are located along the 

Citarum River, which flows through the watershed and plays 

an essential role in freshwater supply, agriculture, and 
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electricity generation in West Java. The region has varied 

topography, including hills and volcanic formations. Slope 

variations ranging from 5-15% in the lower areas, 15-30% on 

mountain slopes, and 30-90% at the peaks. 

 

 
 

Figure 1. Research location of the Citarum Watershed, West 

Java Province, Indonesia 

 

The Citarum Watershed is divided into three 

geomorphological regions: upstream, midstream, and 

downstream. The upstream region consists of mountainous 

volcanic terrain at elevations ranging from 750 to 2,600 m 

above sea level [14]. This sub-watershed is dominated by 

Latosol, Andosol, and Regosol soils [15], with an average 

annual rainfall of approximately 4,000 mm and a minimum 

temperature of 15.3 ℃. The midstream region is also located 

within volcanic formations, with elevations ranging from 200 

to 800 m above sea level, annual rainfall between 1,000 and 

4,000 mm, and temperatures ranging from 15.3 ℃ to 27 ℃. 

The downstream region is a flat lowland area at elevations of 

1 to 200 m above sea level. This area is characterized by 

Alluvial, Entisol, and Inceptisol soils [15], with average 

annual rainfall of around 1,000 mm and a minimum 

temperature of 27 ℃.  

 

2.2 Data sources 

 

This study used ecosystem service maps, land use and land 

cover (LULC) data, climatic variables, soil data, and 

conservation-area information to assess ecosystem service 

dynamics and support conservation planning in the Citarum 

Watershed. Multi-temporal LULC maps for 2010 and 2020 

were derived from Landsat 5 TM and Landsat 8 OLI/TIRS 

imagery (path/row 122/65; 30 m spatial resolution) obtained 

from the USGS EarthExplorer platform. The images were 

classified using a supervised Random Forest algorithm to 

generate LULC maps at a spatial resolution of 30 m × 30 m. 

Topographic information was obtained from the Shuttle 

Radar Topography Mission (SRTM) Digital Elevation Model 

(DEM) provided by the United States Geological Survey 

(USGS). Watershed boundaries were compiled from maps 

provided by the College of Forestry, Environment and 

Resources Management, Ministry of Environment and 

Forestry of the Republic of Indonesia, and the Citarum 

Ciliwung River Basin Center, and were further processed 

through digital watershed delineation using the DEM. 

Climate data, including rainfall and temperature records, 

were obtained from the Indonesian Agency for Meteorology, 

Climatology and Geophysics (BMKG), and the Citarum 

Ciliwung River Basin Center. Spatial climate surfaces were 

generated using spline interpolation. Evapotranspiration data 

were obtained from the WorldClim database and processed 

using the same interpolation approach. Soil data, including soil 

texture, organic matter content, and effective rooting depth, 

were obtained from the Citarum Ciliwung River Basin Center 

and converted from polygon to raster format through 

extraction and resampling procedures. 

These datasets were used to model WY, SR, and CS. CS 

was estimated using Indonesian land-cover carbon pool 

values. Detailed information on the datasets, processing 

procedures, and data formats is provided Appendix 1. Data 

processing, and spatial analysis were conducted using several 

software tools, including GeoDa, ArcGIS 10.8 and Marxan 

[16-18]. 

 

2.3 Research methodology 

 

The InVEST model was used to simulate three ES, namely 

WY, SR, and CS. Spatial relationship pattern analysis was 

then applied to identify the spatial distribution, trade-offs, and 

synergies among the ES. SCP was subsequently employed to 

delineate conservation zones in the Citarum Watershed. The 

conceptual framework of Ecosystem Service-based SCP is 

presented in Figure 2. 

Multiple ecosystem service modeling. This stage focused on 

the quantification and spatial mapping of ecosystem services 

across the Citarum Watershed. The InVEST model was used 

to simulate three key ES, namely WY, SR, and CS, for 2010 

and 2020. These services represent important hydrological, 

geomorphological, and climate-regulating functions related to 

watershed sustainability. The outputs were generated as 

spatially explicit raster layers, which provided a biophysical 

basis for subsequent spatial analysis and conservation 

planning. This stage established the ecological foundation of 

the study by identifying the magnitude and spatial distribution 

of ecosystem service provision. 

Although the InVEST model provides a practical 

framework for ecosystem service assessment, the outputs 

remain subject to uncertainty due to input data limitations, 

parameter assumptions, and model simplifications [17]. 

Therefore, the consistency and plausibility of the modeled 

ecosystem service outputs were assessed using several 

complementary approaches. 

For WY, modeled outputs were qualitatively compared with 

available hydrological observations from runoff monitoring 

stations located at the watershed outlet as a general plausibility 

check. However, due to the limited availability of consistent 

long-term field measurements, comprehensive field-based 

validation could not be fully conducted. For SR and CS, direct 

field validation was not possible because in situ observational 

datasets were unavailable. 

To provide a quantitative assessment of model consistency, 

a benchmarking exercise was conducted by comparing the 
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modeled ecosystem service values with previously published 

estimates for the same watershed reported by the study [19]. 

This benchmarking analysis was performed at the sub-

watershed level using the following statistical indicators: 

1. Root Mean Square Error (RMSE), calculated as the 

square root of the average squared differences between the 

modeled values and the study values [19], expressed in the 

same units as each ecosystem service; 

2. Coefficient of determination (R²), used to evaluate the 

degree of linear correspondence between the modeled outputs 

and the reference dataset; 

3. Percent deviation, calculated as: Percent Deviation = 

(|Modeled − Reference| / Reference) × 100%. 

It is important to note that this benchmarking exercise 

represents a model-to-model comparison and consistency 

assessment rather than true field validation. Therefore, the 

resulting statistical metrics primarily reflect the degree of 

agreement between datasets generated using similar 

methodological frameworks and input sources. Future studies 

should incorporate field-based measurements and independent 

observational datasets to improve the robustness and empirical 

reliability of ecosystem service assessments. 

The modeling was carried out using InVEST version 3.14.8, 

specifically the Annual Water Yield (AWY), Sediment 

Delivery Ratio (SDR), and CS modules. The WY module 

estimates the spatial distribution of WY based on the water 

balance principle. In this approach, WY is defined as the 

portion of precipitation remaining after plant transpiration and 

surface evaporation within each grid cell. The model assumes 

that the remaining water eventually reaches the watershed 

outlet through surface and subsurface runoff. The WY 

estimation incorporates several factors, including 

precipitation, potential evapotranspiration, root system 

characteristics, and soil depth. The model outputs were further 

adjusted using observed runoff data from hydrological stations 

located at the basin outlet. The final WY values for each grid 

were calculated using the algorithms outlined in Eqs. (1) and 

(2) [17]. 

 

Yxj=(1-AETxj/Px)×Px (1) 

 
AET(x)

P(x)
=

1+wxRxj

1+wxRxj+1/Rxj

 (2) 

 

where, Yxj  represents the WY of grid cell x with land-use type 

j (m3·hm-2), AETxj  represents the annual actual evapo-

transpiration of grid cell x with land-use type j (mm), Px 

represents the annual average precipitation of grid cell x (mm), 

Rxj represents the dryness index of grid cell x with land-use 

type j, and wx  represents the available water content for 

vegetation. 

 

 
 

Figure 2. Conceptual framework of ecosystem service-based Systematic Conservation Planning (SCP) for the Citarum 

Watershed 

 

SR was assessed using the SDR module in the InVEST 

model. In this approach, SR was calculated as the difference 

between potential soil erosion and sediment export for each 

pixel. Potential soil erosion was calculated using the RKLS 

factor, while actual soil erosion was estimated using the 

Universal Soil Loss Equation (USLE). The calculations are 

presented in Eqs. (3) to (6) [17]. 

RKLSi=Ri×Ki×LSi (3) 

 

USLEi=Ri×Ki×LSi×Ci×Pi (4) 

 

SRi=RKLSi-𝑆𝐸𝐷i (5) 

 

SRi=Ri×Ki×LSi-(𝑈𝑆𝐿𝐸i×𝑆𝐷𝑅i) (6) 
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where, SRi represents SR at pixel i, RKLSi denotes potential 

soil erosion, calculated from rainfall erosivity ( Ri ), soil 

erodibility ( Ki ), and slope length-steepness factors ( LSi ); 

USLEi represents actual soil erosion after considering land-

cover management (Ci) and conservation practice factors (Pi). 

𝑆𝐷𝑅i represents the sediment delivery ratio, indicating the 

proportion of eroded soil transported from each pixel to the 

stream network, which reflects landscape connectivity and 

topographic conditions. Meanwhile, 𝑆𝐸𝐷i  refers to sediment 

export, calculated as 𝑈𝑆𝐿𝐸i × 𝑆𝐷𝑅i, representing the amount 

of soil effectively delivered to the river system. 

CS was estimated using the InVEST CS module. CS within 

the landscape was calculated based on land-use data from 

different periods and their corresponding carbon pool values. 

Total carbon stock was computed as the sum of aboveground, 

belowground, soil, and dead organic matter carbon, as shown 

in Eq. (7) [20, 21]: 

 

CStotal = CSabove + CSbelow + CSsoil + CSdead (7) 

 

where, total CS ( CStotal ) consists of aboveground carbon 

(CSabove), belowground carbon (CSbelow), soil carbon (CSsoil), 

and carbon stored in dead organic matter (CSdead). All values 

are expressed in ton·ha−1. The analytical procedures followed 

the guidelines described in the research [17]. 

The InVEST model outputs were validated by comparing 

the results with those reported in a previous study [19]. Due to 

the limited field observation data, model performance was 

evaluated using the RMSE, which measures the deviation 

between modeled and reference values. Lower RMSE values 

indicate better model performance. 

Spatial autocorrelation of multiple ecosystem services. This 

stage examined the spatial structure and interaction patterns 

among ESs. Spatial autocorrelation analysis was applied to 

identify clustering patterns, spatial dependence, and potential 

synergies or trade-offs among ESs. Using spatial statistical 

approaches, the analysis assessed whether ESs were spatially 

clustered, dispersed, or randomly distributed. This step helped 

identify areas with overlapping or concentrated ES and 

provided important information for conservation 

prioritization. 

The ecosystem service outputs, initially generated in raster 

format, were converted into vector format with a spatial 

resolution of 500 m × 500 m. The study area was then divided 

into planning units (PUs), resulting in a total of 28,302 PUs. 

Ecosystem service values for each PU were extracted using the 

zonal statistics tool in ArcGIS [22]. The values were 

subsequently standardized using Eq. (8): 

 

𝐸𝑆𝑖 =
𝐸𝑆𝑖,𝑜𝑏𝑠 − 𝐸𝑆𝑖,𝑚𝑖𝑛

𝐸𝑆𝑖,𝑚𝑎𝑥 − 𝐸𝑆𝑖,𝑚𝑖𝑛

 (8) 

 

where, 𝐸𝑆𝑖,𝑜𝑏𝑠  represents the observed ecosystem service 

value, while 𝐸𝑆𝑖,𝑚𝑎𝑥  and 𝐸𝑆𝑖,𝑚𝑖𝑛 denote the maximum and 

minimum values, respectively. 𝐸𝑆𝑖 refers to the standardized 

value obtained from the normalization process. 

Spatial autocorrelation analysis was conducted using 

GeoDa software. Univariate LISA was used to identify spatial 

patterns within individual ES, while bivariate analysis was 

applied to examine relationships between ES based on 

standardized values in each planning unit. Following the 

principles of Exploratory Spatial Data Analysis (ESDA), the 

analysis was used to detect spatial dependence, heterogeneity, 

and distribution patterns in the spatial data [23]. LISA and 

multivariate Local Moran’s I were further implemented to 

highlight areas with significant spatial autocorrelation. Global 

Moran’s I and Local Moran’s I were calculated for the entire 

study area using GeoDa 1.18 (http://geodacenter.github.io).  

A first-order queen contiguity spatial weights matrix was 

used, where planning units sharing either a boundary or a 

vertex were considered neighbors. Binary weights were 

assigned and subsequently row-standardized so that the 

weights for each planning unit summed to one, minimizing the 

influence of unequal numbers of neighbors. The spatial 

weights matrix was generated in GeoDa 1.18. No isolated 

planning units (islands) were identified after planning-unit 

generation; therefore, no special treatment for zero-neighbor 

observations was required. 

Interactions among ESs in the Citarum Watershed, 

including trade-offs and synergies, were examined using 

multivariate Global Moran’s I to assess the presence and 

strength of spatial autocorrelation at the grid level [24]. The 

formulas for Global Moran’s I and Local Moran’s I are 

presented in Eqs. (9) and (10): 
 

Global Moran’s I: 
 

𝐼 =
𝑛 ∑ ∑ 𝑊𝑖𝑗(𝑥𝑖 − 𝑥̅)(𝑥𝑗 − 𝑥̅)𝑛

𝑗=1
𝑛
𝑖=1

∑ ∑ 𝑊𝑖𝑗(𝑥𝑖 − 𝑥̅)2𝑛
𝑗=1

𝑛
𝑖=1

 (9) 

 

Local Moran’s I: 

 

𝐼 =
𝑛2

∑ ∑ 𝑊𝑖𝑗𝑗𝑖𝑖

∙
(𝑥𝑖 − 𝑥̅) ∑ 𝑊𝑖𝑗(𝑥𝑗 − 𝑥̅)𝑗

∑ (𝑥𝑗 − 𝑥̅)
2

𝑗

 (10) 

 

In these equations, n represents the total number of spatial 

unit samples within the study area. The variables xi  and xj 

denote the attribute values of spatial units i and j, respectively, 

while x̄ refers to the mean attribute value across all units. The 

spatial weight matrix Wij  represents the spatial relationship 

between unit i and unit j, reflecting their relative spatial 

proximity. Moran’s I and LISA were applied to evaluate both 

global and local autocorrelation of ecosystem service values 

across the planning units. 

The Z-score and p-value were used to assess whether global 

autocorrelation was positive or negative. The sign of Moran’s 

I further indicates whether the spatial pattern is clustered or 

dispersed. A positive Moran’s I value indicates positive spatial 

autocorrelation, meaning that similar values tend to cluster 

spatially, with higher values indicating stronger spatial 

relationship and clearer global clustering patterns. In contrast, 

a Moran’s I value close to 0 suggests a random spatial 

distribution without a clear pattern. Local spatial 

autocorrelation analysis was conducted in GeoDa using 

Anselin Local Moran’s I cluster and outlier analysis to identify 

spatial relationships among ES values across the study area.  

To further examine trade-offs and synergies among ES, 

global and local bivariate Moran’s I analyses (bivariate LISA) 

were applied. Global bivariate Moran’s I measures the overall 

spatial correlation between two ES across the study area, 

whereas local bivariate Moran’s I identifies spatial 

correlations within individual spatial units. The equations used 

in this study are presented in Eqs. (11) and (12) [25]. 

 

𝐼𝑒𝑢 =
𝑁 ∑ ∑ 𝑊𝑖𝑗𝑧𝑖

𝑒𝑧𝑗
𝑢𝑛𝑁

≠𝑖
𝑁
𝑖

(𝑁 − 1) ∑ ∑ 𝑊𝑖𝑗
𝑁
𝑗≠𝑖

𝑁
𝑖

 (11) 
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𝐼𝑒𝑢
′ = 𝑧𝑒 ∑ 𝑊𝑖𝑗

𝑁

𝑗=1

 (12) 

 

where, 𝐼𝑒𝑢  and 𝐼𝑒𝑢
′  represent the global and local bivariate 

Moran's I values for ES, respectively; N is the total number of 

spatial units; 𝑊𝑖𝑗  is the spatial weight matrix describing the 

spatial relationship between spatial units i and j. The matrix 

was generated using queen contiguity weights to first-order 

neighboring units [25]. The variable 𝑧𝑖
𝑒  and 𝑧𝑗

𝑢  represent the 

standardized values of ES, ESi and ESj.  

The values of 𝐼𝑒𝑢  and 𝐼𝑒𝑢
′  range from -1 to 1. Positive values 

indicate positive spatial correlation, meaning that areas with 

high ecosystem service values tend to be surrounded by areas 

with similarly high values. Conversely, negative values 

indicate negative spatial correlation, where areas with high 

values are surrounded by areas with low values. Larger 

absolute values indicate stronger spatial relationships between 

ESs. Statistical significance was assessed using a permutation 

test with 999 permutations [26], and spatial correlations were 

considered significant at p < 0.05. 

Bivariate LISA was used to visualize local spatial 

relationships through Moran's scatterplots, cluster maps, and 

significance maps. The four quadrants of bivariate LISA 

scatterplot represent four types of local spatial autocorrelation: 

high-high (HH), high-low (HL), low-high (LH), and low-low 

(LL). HH clusters indicate synergy, where high values of one 

ecosystem service are associated with high values of another 

service. HL and LH clusters represent trade-offs, where high 

values of one service are associated with low values of 

another. Meanwhile, LL clusters indicate areas where both ES 

are low, reflecting zones of ecological degradation or low 

ecosystem performance. Identifying these spatial interaction 

patterns helps distinguish areas with strong conservation 

synergies (HH) from areas with potential land-use conflicts 

(HL and LH). 

Spatial modeling for watershed conservation planning. At 

this stage, ES information was translated into spatially explicit 

conservation priorities. The mapped ES layers were 

incorporated into a Marxan-based SCP framework as 

conservation features. Cost layers representing land-use 

constraints were also included to reflect implementation 

feasibility. Conservation targets were defined for each 

ecosystem service, and spatial optimization was performed to 

identify priority conservation areas that were both cost-

efficient and spatially coherent. This process enabled 

ecosystem service information to be operationalized into 

conservation zoning within the Citarum Watershed. Three 

ecosystem service layers, namely WY, SR, and CS, were 

incorporated into the Marxan model as individual conservation 

features. In addition, the three layers were combined into a 

single integrated feature representing multi-ES, referred to as 

Aggregated Ecosystem Services (AES). 

The conservation cost surface was developed based on the 

level of human disturbance associated with different land-use 

types and the total economic value of ES, which were 

converted into relative conservation costs. Conservation status 

was derived from the forest area map [27]. Detailed 

classifications of conservation costs and conservation status 

categories are presented in Tables 1 and 2. 

Parameter calibration was conducted using the QMarxan 

platform. The primary parameters adjusted in the analysis 

included the Species Penalty Factor (SPF), Boundary Length 

Modifier (BLM), and the number of iterations and runs. 

Calibration of SPF and BLM is essential to balance 

conservation target achievement and the spatial compactness 

of the resulting conservation network. This approach helps 

generate conservation solutions that are not only cost-efficient 

but also spatially connected and ecologically effective as 

expressed in Eqs. (13) and (14) [18, 28]: 

 

Table 1. Conservation cost feature 

 
No Type of LULC Value 

1 Primary forest 1 

2 Shrubland and bare land 5 

3 Agriculture/plantation 10 

4 Built-up area 15 
Note: LULC = land use and land cover. 

 

Table 2. Conservation status feature 

 
No. Forest Area Status Value 

1 Other land-use areas 0 

2 Protected forest and conservation areas 2 

3 Built-up areas 3 

4 Production forest 3 

 

Total Cost = basic cost + fragmentation penalty + 

unmet target penalty 
(13) 

 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 = ∑ 𝐶𝑜𝑠𝑡𝑛
𝑖=1 + (𝐵𝐿𝑀 ×

∑ 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦) ∑ (𝑆𝑃𝐹 × 𝑝𝑒𝑛𝑎𝑙𝑡𝑦)𝑛
𝑖=1   

(14) 

 

where, ∑ 𝐶𝑜𝑠𝑡𝑛
𝑖=1  represents the total costs of all planning unit 

derived from area or economic value. The term 

𝐵𝐿𝑀 𝑥 ∑ 𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 represents the boundary length modifier 

component, which regulates the importance of maintaining 

compact conservation areas. Higher BLM values impose 

stronger penalties on fragmented solutions (those with long 

boundaries), thereby encouraging the formation of contiguous 

conservation areas. Meanwhile, ∑ (𝑆𝑃𝐹𝑥𝑃𝑒𝑛𝑎𝑙𝑡𝑦)𝑛
𝑖=1  

represents the penalty applied when conservation targets are 

not achieved. Higher SPF values indicate greater conservation 

priority for specific features. 

During the data input process, penalties were assigned 

proportionally based on boundary length and the additional 

costs required to achieve unmet conservation targets. 

Increasing SPF values generally improve the likelihood of 

achieving conservation targets [29]. However, previous 

studies have noted that no fixed theoretical basis for 

determining optimal SPF values [30]. In practice, SPF values 

greater than 1 are commonly recommended, and some studies 

have used values up to 100 to ensure target achievement [29, 

31]. 

To improve the robustness of the Marxan optimization, 

sensitivity analysis was conducted for key parameters, 

including SPF and BLM. Multiple parameter combinations 

were tested to evaluate their effects on spatial configuration, 

compactness, and conservation target achievement [32]. The 

results showed that conservation priorities remained relatively 

stable across a reasonable range of parameter values. In this 

study, the BLM value was set to 1. The ecosystem service 

protection targets evaluated in this study ranged from 20% to 

50%. The 50% ecosystem service protection target was not 

intended to represent a direct land-area conservation target, but 

rather a precautionary conservation threshold used to identify 

spatial priorities capable of maintaining ecosystem service 

resilience under future environmental pressures. The final 
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conservation configuration generated under the 50% 

ecosystem service target produced approximately 28–30% 

conservation area coverage, which aligns with the global “30 

by 30” conservation target under the Kunming–Montreal 

Global Biodiversity Framework. The use of a relatively high 

ecosystem service target was intended to increase spatial 

flexibility and improve the robustness of conservation 

prioritization in anticipation of future land-use change and 

ecological degradation 

Marxan employs a simulated annealing optimization 

algorithm, which increases the likelihood of generating near-

optimal spatial configurations compared with conventional 

heuristic approaches [33]. The model identifies planning units 

with the high selection frequencies that can be prioritized for 

conservation, as well as areas that are consistently excluded 

from the solution [18]. Spatial weighting is an important 

component of the zoning process because it can reduce 

management costs and minimize potential land-use conflicts 

by reducing spatial overlap among competing land uses [34]. 

Each ES raster was incorporated into the Marxan model as 

a conservation feature. A conservation target equivalent to 

30% of the total ES supply was defined for each service, 

reflecting Indonesia's conservation policy targets. Two 

planning scenarios were evaluated: (A) incorporating existing 

protected areas as locked-in units, and (B) excluding existing 

protected areas to represent a fresh planning approach. Four 

Marxan runs were conducted for each scenario, and the 

solution with the lowest total cost was selected as the optimal 

conservation configuration. 

Spatial modeling of conservation areas under two planning 

scenarios. Conservation area modeling was conducted under 

two planning scenarios. In this study, the impacts of LULC 

change and climate change were not explicitly simulated using 

process-based ecosystem service models. The protection 

targets of 20%, 30%, 40%, and 50% refer to Marxan feature-

representation targets rather than percentages of watershed 

area. Each target specifies the minimum proportion of the total 

amount of each ecosystem service (WY, SR, CS, and 

aggregated ES) that must be represented within the selected 

planning units. Because Marxan identifies the minimum-cost 

combination of planning units that satisfies these 

representation targets while maximizing spatial 

complementarity, the resulting conservation area is 

substantially smaller than the feature target itself. 

Consequently, achieving a 50% ecosystem service 

representation target required approximately 29% of the 

watershed area rather than 50% of the land area. 

To assess the effectiveness of protected-area representation, 

two planning approaches were applied [27]. In scenario A, 

existing protected areas were fully integrated into the planning 

process, with all formally designated protected areas locked 

into the Marxan simulations. This scenario was designed to 

identify additional priority conservation areas beyond the 

current protected area network while retaining existing 

protected areas in the final conservation configuration. 

Retaining these areas in the output maps also enabled 

comparison between newly identified conservation priorities 

and the formally designated protected zones. In scenario B, 

existing protected areas were not enforced in the planning 

process. As a result, all planning units had an equal 

opportunity to be selected as conservation areas. This 

approach represents a fresh planning scenario without spatial 

constraints imposed by the current protected area network. 

After running both scenarios, the selection frequency of 

each planning unit across the 1,000 iterations was analyzed. 

Selection frequency was used as an indicator of 

irreplaceability, where planning units selected more frequently 

were considered more important for achieving conservation 

objectives. The classification of conservation priority levels 

followed [27, 35], as defined below: 

Priority I (>75%) – planning units with very high 

importance that form the core components of the conservation 

network. 

Priority II (50–75%) – planning units with considerable 

importance that should be considered for conservation 

designation. 

Priority III (25–50%) – planning units functioning as 

complementary areas to strengthen the conservation network. 

Priority IV (<25%) – planning units with lower 

conservation importance but still offering potential 

contributions to conservation efforts. 

In this study, priority conservation areas were defined based 

on Priority I units, representing planning units with the highest 

conservation importance. 

Spatial pattern similarity analysis of conservation areas. In 

this study, four levels of ES protection targets, namely 20%, 

30%, 40%, and 50%, were evaluated, with each scenario 

executed using 1,000 iterations. To assess the effectiveness of 

protected-area representation under different planning 

scenario, two main approaches were applied [27, 32]. 

To quantify the spatial similarity between Scenario A and 

Scenario B, JSD was calculated from the normalized 

probability distributions of planning-unit selection frequencies 

generated by Marxan. For each planning unit, the selection 

frequency obtained from 1,000 Marxan runs was divided by 

the sum of selection frequencies across all planning units, 

producing a probability distribution for each scenario (P for 

Scenario A and Q for Scenario B). Thus, the JSD compares the 

complete spatial distributions of planning-unit selection 

probabilities rather than binary conservation maps or total 

conservation area. A JSD value of 0 indicates identical spatial 

priority distributions, whereas a value approaching 1 indicates 

increasingly different conservation priorities. 

This method was selected because it is symmetric, produces 

bounded values, and can be applied to distributions containing 

zero values [36]. Each planning unit (PU) was assigned a 

relative probability value based on its ES score, as expressed 

in Eq. (15): 

 

Relative Probability 

=
ES value of PU

Maximum ES value across PUs
× 100% 

(15) 

 

The probability assigned to planning unit i was calculated as 

 

𝑝𝑖 =
𝑆𝐹𝑖

∑ 𝑆𝐹𝑖
𝑛
𝑗=1

 (16) 

 

where, SFi is the Marxan selection frequency obtained from 

1,000 runs. The resulting normalized vector (pi) was used as 

the input probability distribution for the JSD calculation. The 

selection frequency of each PU across all iterations was 

compiled to form a spatial probability distribution 

representing the likelihood of that unit being selected in an 

optimal conservation solution. The probability distributions 

from the two planning scenarios were then compared using the 

JSD approach. The Kullback–Leibler (KL) divergence used in 

the calculation is expressed in Eq. (17) [37]: 
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𝐾𝐿[𝑃(𝑥) ∥ 𝑄(𝑥)] = ∑[𝑃(𝑥)𝑙𝑜𝑔
𝑃(𝑥)

𝑄(𝑥)
]

𝑥∈𝑋

 (17) 

 

where, P(x) represents the probability distribution derived 

from one scenario, while Q(x) represents the probability 

distribution from the alternative scenario. The term 𝑋 denotes 

the set of all planning units within the study area, and 𝑙𝑜𝑔
𝑃(𝑥)

𝑄(𝑥)
 

represents the logarithmic ratio used to measure the relative 

dissimilarity between the two distributions. 

The JSD was then calculated using Eq. (18) [37]: 

 

𝐽𝑆𝐷 (𝑃(𝑥) ∥ 𝑄(𝑥)) =
1

2
𝐾𝐿  

(𝑃(𝑥) ∥  
𝑃(𝑥) + 𝑄(𝑥)

2
) +

1

2
𝐾𝐿 (𝑄(𝑥) ∥

𝑃(𝑥) + 𝑄(𝑥) 

2
) 

(18) 

 

where, JSD (P(x) ∥ Q(x))  represents the Jensen–Shannon 

divergence between distributions P and Q , while 
P(x)+Q(x)

2
 

represents the mixed distribution M, defined as the average of 

the two distributions. The factor 
1

2
 is used because the JSD is 

calculated as the average of the two KL divergence terms. The 

two KL terms measure the divergence of each distribution 

relative to the mixed distribution. 

The JSD values range from 0 to 1. A value close to 0 

indicates that the two spatial distributions are highly similar, 

whereas a value close to 1 indicates substantial spatial 

differences. In this study, JSD values below 0.3 were 

interpreted as similar patterns, values between 0.3 and 0.6 as 

moderately different patterns, and values above 0.6 as 

significantly different patterns. This approach provides a 

quantitative assessment of the stability and consistency of 

conservation area selection generated by the Marxan 

simulations [29]. In the final stage, the conservation-area maps 

from both scenarios were overlaid in ArcGIS. The overlay 

analysis was used to quantify the percentage overlapping 

conserved and non-conserved areas, enabling spatial 

comparison between the two planning scenarios. 

 

 

3. RESULTS 

 
3.1 Spatial characteristics of ecosystem services 

 

The Random Forest (RF) classifier demonstrated strong 

classification performance across both study periods. For the 

2010 Landsat image, the classification achieved an overall 

accuracy of 88.78% with a Kappa coefficient of 84.66%, while 

the 2020 Landsat image yielded an overall accuracy of 83.76% 

and a Kappa coefficient of 82.46%. Since both the overall 

accuracy and Kappa coefficient exceeded the commonly 

accepted threshold of 80%, the classification results can be 

considered reliable. Furthermore, all LULC classes attained 

Kappa values greater than 80%, further confirming the 

robustness of the classification and the reliability of the 

mapped categories [38]. Consequently, the generated LULC 

maps provide a dependable basis for subsequent ecosystem 

service assessments using the InVEST modeling framework. 

The spatial distribution and changes of the three ESs in the 

Citarum Watershed over a decade, from 2010 to 2020, are 

presented in Figure 3, Tables 3 and 4. Meanwhile, the spatial 

changes in ESs between 2010 and 2020 are illustrated in 

Figure 4. 

 

 
 

Figure 3. The distribution of ecosystem services (ES) in the Citarum Watershed for 2010 and 2020 
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Figure 4. Changes in ESs from 2010-2020 at Citarum Watershed: (a) WY, (b) SR and (c) CS 

 

Table 3. Mean ecosystem service values in the Citarum Watershed (2010 and 2020) 

 

ES Unit 
2010 2020 

Upstream Middle Downstream Citarum Upstream Middle Downstream Citarum 

WY m3 ha-1 1,035.25 1,683.47 1,516.93 1,406.09 869.6 1,436.5 1,291.1 1,194.1 

SR tons ha-1 936.87 1,358.76 592.08 999.97 1,223 1,486 498 1,125 

CS tons ha-1 14.16 18.54 8.69 14.23 13.95 15.97 8.66 13.21 
Note: ES = ecosystem services, WY = water yield, SR = sediment retention, CS = carbon storage. 

 

Table 4. Total ecosystem service amounts in the Citarum Watershed (2010 and 2020) 

 

ES Unit 
2010 2020 

Upstream Middle Downstream Citarum Upstream Middle Downstream Citarum 

WY ×10⁶ m³ 2,540.63 4,231.79 2,944.83 9,709.02 2,134.10 3,611.00 2,506.50 8,245.00 

SR ×10⁶ t 227.65 340.02 108.07 675.73 297.20 371.90 90.81 759.91 

CS ×10⁶ t 38.57 51.74 18.69 109.12 38.01 44.57 18.62 101.31 
Note: ES = ecosystem services, WY = water yield, SR = sediment retention, CS = carbon storage. 

 

The spatial distribution of WY, SR, and CS exhibits clear 

upstream–midstream–downstream heterogeneity, with 

noticeable changes between 2010 and 2020. Overall, the 

results indicate declining hydrological and carbon-storage 

services, accompanied by localized improvements in SR, 

reflecting land-use-driven trade-offs across the watershed. In 

2010, high WY values were concentrated in the transition zone 

between the middle and downstream regions, as well as in 

parts of the southwestern basin, whereas lower WY values 

were mainly observed in the eastern upstream headwaters. SR 

values were generally moderate to high, particularly in 

upstream and central mountainous areas associated with dense 

vegetation cover and steep slopes, while low SR values were 

found in several degraded areas. High CS values were mainly 

distributed in forested upstream and northern regions, whereas 

lower CS values occurred in agricultural and built-up areas in 

the middle and downstream regions. 

By 2020, high-WY areas had contracted spatially, with the 

largest declines occurring in downstream areas and parts of the 

peripheral upstream region, indicating a basin-wide reduction 

in WY. SR showed a slight expansion of moderate-to-high 

values in parts of the upstream and middle watershed, 

suggesting improved erosion control, although decreases were 

still observed in downstream areas. Meanwhile, CS showed a 

reduction in high-carbon forest patches and an expansion of 

low-CS areas, particularly in the middle watershed, indicating 

forest conversion and increasing land-use intensification. 

Overall, WY and CS declined between 2010 and 2020, 

whereas SR showed localized improvement, indicating ES 

trade-offs over time. Environmental degradation was more 

pronounced in the middle and downstream regions, while 

upstream areas retained relatively higher ecological function. 

These patterns reflect the combined effects of urban 

expansion, agricultural pressure, and partial conservation 

efforts within the Citarum Watershed. 

Tables 3 and 4 show a general decline in WY and CS across 

the Citarum Watershed between 2010 and 2020, while SR 

exhibited an increasing trend. Overall, the Citarum Watershed 

experienced reduced hydrological and carbon-regulation 

services despite improvements in SR, suggesting trade-offs 

among ESs driven by land-use change. Total WY decreased 

from 9,709.02 × 10⁶ m³ in 2010 to 8,245.0 × 10⁶ m³ in 2020, 

representing a decline of 15.08%. Declines occurred across all 

sub-watersheds, with the largest reduction observed in the 

downstream region, indicating increasing hydrological stress. 

In contrast, total SR increased from 675.73 × 10⁶ tons to 

759.91 × 10⁶ tons, representing an increase of 12.46%. The 

increase was mainly concentrated in the upstream and middle 

sub-watersheds, while SR slightly decreased in the 

downstream region, indicating spatial imbalance in erosion 

control. CS showed an overall decline from 109.12 × 10⁶ tons 

in 2010 to 101.31 × 10⁶ tons in 2020, equivalent to a decrease 

of 7.16%. This decline was mainly associated with forest 

conversion and land-use change, particularly in the middle 

sub-watershed. Overall, the ES dynamics indicate clear trade-

offs among ESs. The watershed experienced declining 

hydrological and carbon-regulation functions alongside 

localized improvements in SR, reflecting uneven spatial 

responses of ESs to land-use change between 2010 and 2020.  

To evaluate model consistency, the InVEST outputs were 
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benchmarked against the reference dataset reported by the 

research [19]. The benchmarking yielded RMSE values of 

2.25 × 10⁶ m³ yr⁻¹ for WY, 18.67 × 10⁶ tons yr⁻¹ for SR, and 

4.64 × 10⁶ tons yr⁻¹ for CS, with corresponding R² values of 

0.98, 0.97, and 0.98, respectively. Throughout the manuscript, 

RMSE values are reported in absolute units (×10⁶), whereas 

Appendix tables report the same values expressed directly in 

units of 10⁶. A summary of the benchmarking results for the 

ES models is presented in Appendix 2, while a summary of the 

main regression statistics is provided in Appendix 3. 

Overall, the relatively low RMSE values and high R² 

coefficients indicate strong statistical consistency between the 

modeled ecosystem service estimates and previously 

published datasets for the Citarum Watershed. However, the 

validation procedure should be interpreted cautiously because 

the comparison was conducted against previously modeled 

datasets rather than independent field observations. 

Consequently, the benchmarking results indicate model 

consistency and reproducibility rather than definitive 

predictive accuracy. 

Future studies should incorporate field-based hydrological, 

sedimentation, and biomass observations to improve model 

calibration and validation. Integrating empirical monitoring 

data would strengthen confidence in ecosystem service 

estimation and improve the reliability of conservation 

planning outcomes. 

Although climate change represents an important driver of 

watershed dynamics, this study primarily focused on the 

influence of land-use and land-cover change on ecosystem 

service distribution and conservation prioritization. Climate-

related variables such as changing precipitation patterns and 

temperature variability were not explicitly incorporated into 

the modeling framework. Therefore, the results should be 

interpreted within the context of land-use-driven ecosystem 

service dynamics rather than as projections of future climate 

impacts. 

 

 
 

Figure 5. Local Indicators of Spatial Association (LISA) cluster of ecosystem services (ES) in Citarum Watershed 

 

Nevertheless, the precautionary conservation framework 

developed in this study was designed to provide spatial 

flexibility and ecological resilience under potential future 

environmental changes. Future research should integrate 

climate-change scenarios into ecosystem service modeling and 

conservation optimization to evaluate the long-term 

robustness of conservation priorities under changing climatic 

conditions. 

Global Moran’s I values for all three ESs were positive and 

statistically significant (p < 0.001), indicating strong spatial 

clustering patterns. The Local Moran’s I maps (Figure 5) 

further show that more than 60% of high-value ESs were 

concentrated within high–high (HH) clusters, particularly in 

the upstream and midstream regions, indicating dominant 

spatial synergies among ESs. In contrast, only a limited 

number of high–low (HL) clusters were identified, indicating 
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relatively localized trade-offs. The local Moran's I analysis 

was used to describe the spatial distribution of areas with high 

and low ES values across the Citarum Watershed. The spatial 

autocorrelation patterns are presented in Figure 5 and Table 5. 

As shown in Figure 5, the spatial distribution patterns of the 

three ESs (WY, SR, and CS) in 2020 are generally consistent 

with the average patterns observed between 2010 and 2020. 

Overall, the three ES were predominantly characterized by 

synergistic spatial patterns represented by High–High (HH) 

and Low–Low (LL) clusters, whereas trade-off patterns 

represented by High–Low (HL) and Low–High (LH) 

interactions accounted for only a relatively small proportion of 

the observed spatial relationships. These results indicate that 

ecosystem service interactions within the Citarum Watershed 

are generally synergistic rather than strongly conflicting at the 

watershed scale. The spatial patterns of SR and CS were 

relatively similar, suggesting comparable ecological responses 

associated with vegetation cover and landscape structure. 

Localized trade-offs were primarily identified between WY 

and vegetation-related ES. Areas with higher vegetation 

density tended to exhibit improved CS and SR but 

occasionally showed reduced WY due to increased 

evapotranspiration. In addition, Low–Low clusters should not 

be interpreted exclusively as indicators of ecological 

degradation. In several cases, these clusters may reflect 

naturally low ecosystem service supply associated with 

specific biophysical conditions, land-cover characteristics, or 

landscape functions. Therefore, interpretation of Local 

Moran’s I clusters should consider both ecological condition 

and natural environmental variability. 

Areas with high spatial autocorrelation are mainly 

distributed in the middle and downstream parts of the 

watershed and are generally associated with vegetated land 

cover. In contrast, areas with low autocorrelation are 

commonly characterized by non-vegetated land cover, such as 

bare land and shrubland, and are mainly located in 

downstream areas and several parts of the upstream region. 

 

Table 5. Distribution of Local Indicators of Spatial Association (LISA) clusters of ESs in the Citarum Watershed 

 
LISA WY SR CS 

 Average 2020 Average 2020 Average 2020 

Not significant 47.79 46.73 48.35 46.66 43.9 41.78 

High-High 24.67 24.34 13.78 14.84 10.48 10.82 

Low-Low 27.36 28.81 37.51 38.07 45.33 47.15 

Low-High 0.04 0.04 0.32 0.41 0.28 0.24 

High-Low 0.15 0.08 0.02 0.02 0 0.01 

 

 
 

Figure 6. Bivariate Local Indicators of Spatial Association (LISA) cluster of ecosystem services (ES) in Citarum Watershed 

 

Table 6. Distribution of the bivariate Local Indicators of Spatial Association (LISA) cluster of ecosystem services (ES) in the 

Citarum Watershed 

 
Bivariate WY-SR WY-CS SR-CS Average 

Not significant 46.66 41.78 41.78 46.07 

High-High 10.36 6.01 9.86 12.29 

Low-Low 27.82 30.39 42.05 30.38 

Low-High 4.89 5.05 1.20 5.25 

High-Low 10.27 16.77 5.11 6.02 

Total 100.00 100.00 100.00  
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The bivariate local spatial autocorrelation analysis of WY, 

SR, and CS in the Citarum Watershed (Figure 6 and Table 6) 

also shows dominant synergy relationships among ESs. High-

high and low-low clusters account for approximately 36–50% 

of the observed ES interactions. The interaction patterns 

among ESs are relatively similar, with most combinations 

showing predominantly synergistic spatial relationships. 

 

3.2 Multi-ES approach to conservation areas 

 

The simulation results of the AES approach under 

protection targets ranging from 20% to 50% are presented in 

Table 7. For Priority II, the extent of conservation areas ranges 

from 10.58% to 28.62%, while for Priority I, it ranges from 

9.36% to 25.51%. Increasing ES protection targets 

consistently resulted in larger designated conservation areas. 

In the subsequent stage, Marxan optimization was conducted 

using a 50% protection target, with Priority I areas used as the 

basis for defining conservation zones. 

 

Table 7. Conservation areas in the Citarum Watershed based 

on the Aggregated Ecosystem Services (AES) multi-ES 

approach under different protection targets 

 

Protection Target 
Priority II Priority I 

Ha % Ha % 

20% 73,059.87 10.58 64,635.20 9.36 

30% 107,656.28 15.59 96,400.36 13.96 

40% 149,296.26 21.62 130,306.22 18.87 

50% 197,634.55 28.62 176,158.54 25.51 

 

Previous studies have reported comparable results. Using an 

ES hotspot approach, Nahib et al. [39] identified 189,523 ha 

(27.43%) of potential conservation areas in the Citarum 

Watershed. Similar results were reported by Mu et al. [13] and 

Pusparini et al. [27], who showed that multi-ES approaches 

tend to provide more effective and spatially representative 

conservation outcomes than single-ES assessments. In 

Sulawesi, Pusparini et al. [27] demonstrated that multi-ES 

conservation networks produced more optimal protection 

scenarios. 

Several previous studies have also highlighted the 

importance of integrating ES into conservation planning. For 

example, Kukkala et al. [38] emphasized that AES-based 

approaches can improve spatial representativeness, ecological 

connectivity, and resource-use efficiency. Similarly, Kukkala 

and Moilanen [12] emphasized that incorporating ES and 

spatial connectivity into SCP enhances the identification of 

priority conservation areas that support both biodiversity 

conservation and ecosystem functionality. In heterogeneous 

landscapes, Cimon-Morin et al. [40] further demonstrated that 

incorporating ES into conservation prioritization frameworks 

can enhance ecological effectiveness and socio-environmental 

relevance. In addition, Mitchell et al. [41] highlighted the 

importance of landscape connectivity and reduced 

fragmentation for maintaining ES provision across multiple 

spatial scales. 

 

3.3 Priority conservation areas based on Scenario A 

 

The Marxan analysis for Scenario A, which incorporated 

existing conservation areas and applied ES protection targets 

ranging from 20% to 50%, is presented in Table 8 and Figure 

7. The resulting conservation areas ranged from 72,563.31 ha 

(10.51%) to 201,708.43 ha (29.21%) of the total Citarum 

Watershed area. The highest protection target produced a 

conservation extent approaching 30% of the watershed area, 

reaching 29.21%. In general, higher ES protection targets 

resulted in larger designated conservation areas.

 

Table 8. Extent of priority conservation areas under Scenario A in the Citarum Watershed 

 
Conservation Status 20% 30% 40% 50% 

Other Land Uses 46,675.73 68,342.24 95,278.99 132,292.62 

Existing Conservation Areas 16,347.48 27,131.94 40,039.14 52,555.94 

Cultivation/ Production Areas 9,540.10 11,858.03 13,931.96 16,859.87 

Total Conservation Area 72,563.31 107,332.21 149,250.09 201,708.43 

Total Conservation Area (%) 10.51 15.54 21.61 29.21 

 

  
(a) AES 20% (b) AES 30% 
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(c) AES 40% (d) AES 50% 

 

Figure 7. Conservation areas under Scenario A in the Citarum Watershed 
Note: AES = Aggregated Ecosystem Services. 

 

  
(a) AES 20% (b) AES 30% 

  
(c) AES 40% (d) AES 50% 

 

Figure 8. Priority conservation areas under Scenario B in the Citarum Watershed 
Note: AES = Aggregated Ecosystem Services. 
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Table 9. Extent of priority conservation areas under Scenario B in the Citarum Watershed 

 
Conservation Status 20% 30% 40% 50% 

Other Land Uses 62,291.23 83,054.98 125,290.04 170,941.00 

Existing Conservation Areas 4,172.27 7,417.37 13,785.56 13,883.16 

Cultivation/ Production Areas 2,293.53 5,855.82 9,418.10 10,638.06 

Total Conservation Area 68,757.03 96,328.16 148,493.71 195,462.23 

Total Conservation Area (%) 9.96 13.95 21.50 28.31 

 

The 50% protection target was designed to achieve a 

minimum conservation coverage approaching 30% of the total 

watershed area, in line with national conservation policy 

targets. The selected conservation areas represent Priority I 

conservation zones, defined by planning units with a selection 

frequency greater than 75%. Although the 50% target may 

appear relatively high, it was intended to provide a 

precautionary and flexible conservation reserve to anticipate 

future pressures from climate change and LULC change. 

Before practical implementation, the proposed conservation 

areas should be further evaluated by overlaying them with 

population density and settlement distribution maps. 

Conservation areas that overlap with densely populated 

regions may need to be reconsidered to reduce potential land-

use conflicts. In this context, the 50% protection target also 

serves as an anticipatory strategy to accommodate future 

environmental change and land-use dynamics. 

Figure 7 further shows that newly designated conservation 

areas are generally distributed around existing protected areas, 

indicating a spatial pattern that supports ecological 

connectivity and landscape continuity. Incorporating existing 

protected areas into the planning process resulted in a more 

coherent spatial configuration that is well aligned with the 

current conservation network, thereby strengthening the 

continuity and integration of the overall conservation system. 

 

3.4 Priority conservation areas under Scenario B 

 

Under Scenario B, which excluded existing protected areas 

from the planning process, the multi–ES simulations produced 

conservation areas ranging from 9.96% to 28.31% of the total 

Citarum Watershed area (Table 9 and Figure 8), with the 

maximum extent reaching 195,462.23 ha (28.31%). Similar to 

Scenario A, increasing ecosystem service protection targets 

consistently resulted in a substantial expansion of 

conservation areas. 

The AES-based Scenario B exhibited a more compact 

spatial distribution compared with the individual ES 

approaches. The resulting conservation areas were mainly 

concentrated in the central to southern parts of the watershed. 

This pattern indicates that integrating multiple ES functions 

can produce more effective and spatially efficient conservation 

priorities. With broader, more strategic, and less fragmented 

spatial coverage, the AES approach is considered a suitable 

basis for conservation planning in the Citarum Watershed. 

These findings also highlight opportunities to expand 

conservation strategies beyond the existing protected area 

network. Higher protection targets require substantial 

additions of new conservation zones, indicating limited spatial 

efficiency within the current protected area system. Therefore, 

the establishment of additional conservation areas is 

recommended, consistent with previous findings [27]. This 

approach also aligns with the global “30 by 30” initiative, 

which aims to protect at least 30% of the world’s terrestrial 

and marine areas by 2030 under the United Nations 

Convention on Biological Diversity [11]. 

Although synergistic relationships dominated the 

watershed, localized trade-offs were identified primarily 

between WY and vegetation-related ES. Areas with denser 

vegetation generally exhibited higher CS and SR but 

occasionally showed reduced WY due to increased 

evapotranspiration. These findings indicate that ecosystem 

service interactions in the Citarum Watershed are largely 

synergistic, while trade-offs remain spatially limited and 

context-dependent. Consequently, conservation planning 

should focus on balancing ecosystem functions across spatial 

contexts rather than assuming uniform trade-off relationships 

throughout the watershed. 

However, integrating multiple ESs produces a more 

compact conservation configuration characterized by larger 

and more connected conservation blocks extending from the 

central to the eastern watershed regions. This pattern 

represents a more optimal conservation configuration because 

it maintains landscape connectivity while maximizing multi-

ES protection. Overall, the AES approach emerges as the most 

strategic conservation framework for supporting long-term 

watershed sustainability. 

These findings are consistent with studies conducted in 

Sulawesi [27], which showed that conservation approaches 

excluding existing protected areas tend to produce smaller 

total conservation areas but require substantially larger 

additions of new conservation areas to achieve biodiversity 

protection targets. 

 

3.5 Spatial similarity analysis of conservation areas 

 

The comparison of conservation areas under Scenarios A 

and B is presented in Table 10 and Figure 9. As shown in Table 

9, the overlay analysis indicates that areas with consistent 

conservation status account for 463,438 ha (67.11%) of the 

total watershed area. This consists of 85,031 ha (12.31%) 

classified as conserved areas and 378,407 ha (54.80%) 

classified as non-conserved areas. 

The JSD between the normalized planning-unit selection-

frequency distributions of Scenario A and Scenario B was 

0.78, indicating substantial divergence in spatial conservation 

priorities. Although both scenarios achieved comparable 

conservation targets, the probability of selecting individual 

planning units differed markedly because Scenario A 

constrained existing protected areas whereas Scenario B 

optimized freely across the landscape. 

Similar findings have been reported in studies conducted in 

Sichuan Province, China, where conservation planning 

approaches that exclude existing protected areas were 

considered more suitable for developing entirely new 

conservation systems without constraints from previously 

designated zones. Such approaches generally produce smaller 

total conservation areas but require broader allocation of 

complementary conservation zones to achieve biodiversity 

protection targets [42]. 
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Figure 9. Conservation areas in the Citarum Watershed: (a) Scenario A, (b) Scenario B, and (c) Scenario A vs. Scenario B 

 

Table 10. Area of conservation priority zones under Scenario A and Scenario B 

 

Scenario A 
Scenario B 

Total 
Conservation Area Non-Conservation 

 Ha % Ha % Ha % 

Conservation Area 85,031.32 12.31 116,677.12 16.90 201,708.43 29.21 

Non-Conservation Area 110,430.91 15.99 378,407.65 54.80 488,838.57 70.79 

Total 195,462.23 28.31 495,084.77 71.69 690,547.00 100.00 

 

Although the JSD provides a quantitative measure of spatial 

divergence, its ecological interpretation remains relatively 

underexplored. The high JSD value obtained in this study 

(0.89) indicates considerable spatial inconsistency between 

the two planning scenarios. Future studies should further 

examine how spatial divergence relates to ecological 

outcomes, conservation efficiency, and spatial resilience [29]. 

 

 

4. DISCUSSION 

 

4.1 Spatial autocorrelation and interactions among 

ecosystem services 

 

The results indicate that ecosystem service dynamics in the 

Citarum Watershed were strongly influenced by land-use 

change between 2010 and 2020. WY and CS declined by 

15.08% and 7.16%, respectively, whereas SR increased by 
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12.46%. These contrasting trends suggest that land-use 

transformation altered the balance among hydrological 

regulation, soil conservation, and carbon sequestration 

functions across the watershed. Similar patterns have been 

reported in tropical watersheds where urban expansion and 

agricultural intensification reduce ecosystem service capacity 

and ecological resilience [19, 43].  

The contrasting ecosystem service dynamics observed 

between 2010 and 2020 reflect differences in the ecological 

processes governing hydrological regulation, soil 

conservation, and carbon sequestration. WY declined 

primarily because increased vegetation cover and restoration 

activities enhanced evapotranspiration and infiltration, 

reducing surface runoff, while decreasing rainfall further 

limited water availability [44]. CS also decreased as a 

consequence of forest conversion and continued land-use 

intensification, which reduced aboveground biomass and soil 

carbon pools [4, 5]. In contrast, SR increased because 

improvements in vegetation cover, conservation practices, and 

reduced sediment connectivity enhanced the landscape's 

capacity to trap eroded soil before it reached the stream 

network. Since SR is influenced by land management, slope 

characteristics, and hydrological connectivity rather than 

biomass alone, it can improve even when CS declines. Similar 

contrasting responses among ES have been reported in tropical 

watersheds where restoration measures effectively reduce soil 

erosion despite ongoing losses of mature forest cover [2, 20]. 

In contrast, SR increased because it is controlled not only 

by biomass, but also by vegetation cover, land management 

practices, topography, and sediment connectivity. Localized 

improvements in vegetation cover and soil conservation 

measures, particularly in upstream areas, may have enhanced 

the landscape's capacity to retain eroded soil before it reached 

the river network. Consequently, SR can increase even when 

total CS declines, as these ES respond to different controlling 

factors. 

Spatial autocorrelation analysis showed that WY, SR, and 

CS were dominated by high–high and low–low clusters, 

indicating strong spatial synergies among ES. High-value 

ecosystem service clusters were concentrated primarily in 

upstream and midstream areas, suggesting that these regions 

function as ecosystem service hotspots capable of 

simultaneously supporting hydrological regulation, soil 

conservation, and CS. Such co-occurrence reflects the 

influence of common biophysical drivers, including 

vegetation cover, topography, and landscape condition, 

including vegetation cover and topographic characteristics. 

Similar spatial synergy patterns have been reported in other 

watershed systems, supporting the concept of ecosystem 

service bundles [45]. 

Although synergistic relationships dominated, localized 

trade-offs were also identified, particularly between WY and 

vegetation-related ES. Areas with higher vegetation density 

generally exhibited improved CS and SR but may experience 

reduced WY due to increased evapotranspiration [46]. These 

results highlight the importance of spatially differentiated 

management strategies because conservation actions that 

maximize one ecosystem service may not always maximize 

others. 

From a management perspective, the concentration of 

multiple ES in upstream and midstream areas suggests that 

conservation and restoration efforts should prioritize these 

regions. Protecting ecosystem service hotspots can 

simultaneously support several ecological functions, thereby 

improving conservation efficiency and long-term watershed 

sustainability [47, 48]. 

 

4.2 Scenario-based spatial optimization of conservation 

areas 

 

The apparent difference between the 50% ecosystem 

service target and the resulting conservation coverage 

(29.21 % of the watershed) reflects the optimization principle 

implemented in Marxan. ES are spatially heterogeneous and 

highly concentrated in ecologically valuable planning units, 

particularly in the upstream forested landscape. Consequently, 

many selected planning units simultaneously satisfy multiple 

ecosystem service targets (feature complementarity), allowing 

Marxan to achieve high ecosystem service representation 

while minimizing total conservation area and implementation 

costs. This result demonstrates that ecosystem service 

representation targets should not be interpreted as equivalent 

to land-area conservation targets. 

The 20–50% feature targets were evaluated as sensitivity 

scenarios to assess the response of conservation solutions to 

increasing ecosystem service representation requirements. The 

final analysis adopted the 50% ecosystem service 

representation target because it generated a stable and spatially 

connected conservation network while producing 

approximately 29.21 % watershed coverage, closely matching 

the international 30 × 30 conservation objective.This wording 

resolves the apparent contradiction and aligns the 

methodology with standard Marxan practice. 

These findings suggest that existing protected areas provide 

an important spatial foundation for conservation planning. By 

serving as anchors within the optimization process, they 

enhance connectivity and reduce the amount of additional land 

required to meet conservation objectives. Similar observations 

have been reported in SCP studies emphasizing the role of 

protected areas in reducing fragmentation and improving 

conservation efficiency [29]. 

However, the results also indicate that the current protected-

area network alone is insufficient to achieve higher ecosystem 

service conservation targets. Additional conservation zones 

are required, particularly in areas with high ecosystem service 

values outside the existing network. This finding supports the 

need for integrated conservation strategies that combine 

protected-area strengthening with targeted expansion into 

priority non-protected areas [49, 50]. The ability of Scenario 

A to approach the global "30 by 30" conservation target 

demonstrates the practical value of ecosystem service-based 

SCP for supporting biodiversity and sustainability objectives 

at the watershed scale [11, 51]. 

 

4.3 Spatial divergence and multi-ecosystem service 

optimization 

 

The high JSD = 0.78 demonstrates substantial differences 

between the normalized planning-unit selection-frequency 

distributions generated under Scenarios A and B. This result 

indicates that incorporating existing protected areas strongly 

influences the spatial allocation of conservation priorities. 

Importantly, the JSD compares the probability distributions of 

planning-unit selection frequencies across all Marxan runs 

rather than simple overlap of the final conservation maps. 

Consequently, the high divergence reflects different 

optimization pathways and conservation priorities instead of 

disagreement in overall conservation targets. 
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Rather than indicating planning inconsistency, the 

observed divergence reflects the existence of multiple spatially 

viable conservation solutions within the watershed. Scenario 

A produced a more connected conservation network because 

existing protected areas functioned as ecological anchors that 

improved landscape continuity. In contrast, Scenario B 

identified alternative conservation opportunities outside the 

existing protected-area system, thereby increasing spatial 

flexibility but producing a more fragmented configuration 

[52]. 

The high spatial divergence also highlights the importance 

of spatial complementarity in SCP. Conservation efficiency is 

achieved not solely by selecting areas with the highest 

ecosystem service values, but by identifying combinations of 

planning units that collectively maximize ecosystem service 

representation while maintaining connectivity and reducing 

redundancy [53]. Consequently, JSD can be interpreted as an 

indicator of scenario sensitivity and alternative conservation 

pathways rather than simply a measure of spatial inconsistency 

[13, 54]. 

 

4.4 Implications for this study and policy 

 

This study demonstrates how multiple ES can be integrated 

into a SCP framework to support watershed-scale 

conservation decision-making. Unlike conventional 

approaches that focus primarily on biodiversity representation, 

the proposed framework incorporates WY, SR, and CS 

simultaneously, providing a broader representation of 

ecosystem functions and socio-ecological processes. The 

results further show that incorporating existing protected areas 

improves spatial coherence and connectivity while reducing 

the need for extensive land conversion [55]. 

Despite its practical value, the framework remains 

predominantly biophysical and does not explicitly incorporate 

social, economic, governance, or climate-change dimensions. 

Future studies should integrate stakeholder preferences, 

economic valuation, and alternative land-use and climate 

scenarios to improve the applicability and long-term 

robustness of conservation planning outcomes [47]. 

The findings have direct implications for land-use 

governance and watershed management in the Citarum region. 

Integrating ecosystem service priorities into regional spatial 

planning instruments, such as RTRW and RDTR, could 

strengthen ecological connectivity and reduce future land-use 

conflicts. The identified priority conservation areas, 

particularly in upstream and midstream regions, provide 

important guidance for protecting hydrological regulation, soil 

conservation, and CS functions. 

The ecosystem service trade-off and synergy maps 

generated in this study can support conservation and 

restoration planning. Areas characterized by strong ecosystem 

service synergies represent priority conservation zones, 

whereas areas with consistently low ecosystem service 

performance may be prioritized for rehabilitation and 

restoration interventions [45]. In addition, mechanisms such as 

Payments for Ecosystem Services (PES) may help encourage 

conservation practices on private and community-managed 

lands while promoting stakeholder participation and long-term 

sustainability. 

Although developed for the Citarum Watershed, the 

proposed framework has potential applicability in other 

tropical watersheds experiencing rapid land-use change and 

ecosystem degradation. Future applications should emphasize 

local parameter calibration, higher-resolution datasets, and 

site-specific validation to improve predictive accuracy and 

support broader implementation. 

 

 

5. CONCLUSION 

 

This study demonstrates the effectiveness of integrating 

multiple ES within a spatially explicit SCP framework for 

watershed-scale management in the Citarum Watershed. By 

combining ecosystem service modeling, spatial 

autocorrelation analysis, and Marxan-based optimization, the 

study identified priority conservation areas that support WY, 

SR, and CS simultaneously. Between 2010 and 2020, WY and 

CS declined, whereas SR increased, reflecting ongoing 

environmental pressures and the growing need for integrated 

watershed management.  

The ES generally exhibited synergistic relationships, 

particularly in upstream and midstream areas, indicating that 

conservation actions in these regions can generate multiple 

ecological benefits simultaneously. Nevertheless, localized 

trade-offs highlight the importance of spatial prioritization to 

reduce conflicts among conservation objectives. The 

comparison of conservation scenarios revealed that 

incorporating existing protected areas generated more 

spatially efficient and less fragmented conservation networks, 

while excluding them produced substantially different spatial 

configurations.  

These findings emphasize the strategic role of existing 

conservation areas in supporting landscape connectivity and 

ecosystem function preservation. The study also extends 

conventional SCP approaches by integrating multiple 

overlapping ES into a unified optimization framework, 

providing a more comprehensive basis for conservation 

planning in tropical watersheds. The resulting conservation 

and trade-off maps offer practical guidance for watershed 

rehabilitation, ecological restoration, and regional spatial 

planning.  

Overall, the proposed framework supports adaptive 

watershed management, cross-sectoral policy coordination, 

and sustainable land-use planning aligned with long-term 

ecological and socio-economic objectives. 

Several limitations should be considered when interpreting 

the ecosystem service estimates in this study. The primary 

limitation is the limited availability of field-based 

observational data, particularly for SR and CS, resulting in 

reliance on benchmarking against previously published model 

outputs from the same watershed. Although high R² and low 

RMSE values indicated strong agreement, these metrics 

mainly reflect consistency between comparable modeling 

approaches rather than true empirical validation. Additional 

uncertainties related to land use classification, 

parameterization, spatial resolution, and model assumptions 

may also affect accuracy. Future studies should incorporate 

field observations and alternative models (e.g., Soil and Water 

Assessment Tool (SWAT) and Revised Universal Soil Loss 

Equation (RUSLE)) to improve validation robustness. 
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APPENDIX 

 

Appendix 1A. Input datasets for the InVEST Annual Water Yield (AWY) module 

 
Input Source Resolution Format Processing 

Land use/Land cover (2010, 

2020) 

USGS Landsat 5 TM / Landsat 8 

OLI-TIRS 
30 m Raster 

Random Forest classification in 

Google Earth Engine 

Annual precipitation 
BMKG; Citarum–Ciliwung 

River Basin Center 
Interpolated to 30 m Raster Spline interpolation 

Reference 

evapotranspiration 
WorldClim 

~1 km (resampled to 

30 m) 
Raster Resampling 

Digital Elevation Model 

(DEM) 
USGS SRTM 30 m Raster Hydrological preprocessing 

Soil properties* 
Citarum–Ciliwung River Basin 

Center 
Polygon → 30 m Raster Rasterization and resampling 

*Soil properties include plant available water content (PAWC), rooting depth, and soil depth required by the InVEST Annual Water Yield model. 

Note: SRTM = Shuttle Radar Topography Mission, Indonesian Agency for Meteorology, BMKG = Climatology and Geophysics. 

 

Appendix 1B. Input datasets for the InVEST Sediment Delivery Ratio (SDR) module 

 
Input Source Resolution Format Processing 

Land use/Land cover (2010, 

2020) 

USGS Landsat 5 TM / Landsat 8 OLI-

TIRS 
30 m Raster Random Forest classification 

DEM USGS SRTM 30 m Raster 
Flow direction and slope 

derivation 

Rainfall erosivity (R) BMKG 
Interpolated to 30 

m 
Raster Spatial interpolation 

Soil properties** Citarum–Ciliwung River Basin Center Polygon → 30 m Raster Rasterization and resampling 

Biophysical table InVEST User Guide — CSV Assignment of C and P factors 
** Soil properties were used to derive soil erodibility (K factor). Topographic factors (LS) were generated from the DEM following the InVEST SDR workflow. 

Note: SRTM = Shuttle Radar Topography Mission, BMKG = Climatology and Geophysics. 
 

Appendix 1C. Input datasets for the InVEST Carbon Storage (Carbon) module 

 
Input Source Resolution Format Processing 

Land use/Land cover 

(2010, 2020) 

USGS Landsat 5 TM / Landsat 8 

OLI-TIRS 
30 m Raster Random Forest classification 

Carbon pool table 
Indonesian land-cover carbon pool 

database (after Bassi et al.) 

Land-cover 

based 
CSV 

Assignment of aboveground, belowground, soil, 

and dead organic matter carbon values 

 

Appendix 2. Summary of benchmarking results for InVEST ecosystem service models 

 
Ecosystem Service RMSE Units R² p-Value Interpretation 

Water Yield (WY) 2.25 ×10⁶ m³ yr⁻¹ 0.98 <0.001 Excellent agreement 

Sediment Retention (SR) 18.67 ×10⁶ tons yr⁻¹ 0.97 <0.001 Strong agreement 

Carbon Storage (CS) 4.63 ×10⁶ tons 0.98 <0.001 Excellent agreement 
Note: Carbon storage was estimated by assigning carbon density values to each land-use class. Total carbon stock represents the sum of aboveground biomass, 

belowground biomass, soil organic carbon, and dead organic matter following the InVEST Carbon Storage model. RMSE = Root Mean Square Error. 
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Appendix 3. Summarize key regression stats in a concise table 

 
Ecosystem Service Regression Equation R² RMSE p-Value 

Water Yield (WY) y = -0.2236 + 1.059x 2.25 ×10⁶ m³ yr⁻¹ 0.98 <0.001 

Sediment Retention (SR) y = -0.28674 + 2.4308x 18.67 ×10⁶ tons yr⁻¹ 0.97 <0.001 

Carbon Storage (CS) y = 1.8227 + 0.936x 4.64 ×10⁶ tons yr⁻¹ 0.98 <0.001 
Note: RMSE = Root Mean Square Error. 
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