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Abstract: Uncontrolled economic development often leads to land degradation, a decline in 

ecosystem services, and negative impacts on community welfare. This study employs water 

yield (WY) modeling as a method for environmental management, aiming to provide a 

comprehensive understanding of the relationship between Land Use Land Cover (LULC), Land 

Use Intensity (LUI), and WY to support sustainable natural resource management in the 

Cisadane Watershed, Indonesia. The objectives include: (1) analyzing changes in WY for 2010, 

2015, and 2021; (2) predicting WY for 2030 and 2050 under two scenarios—Business as Usual 

(BAU) and Protected Forest Area (PFA); (3) assessing the impacts of LULC and climate 

change on WY; and (4) exploring the relationship between LUI and WY. The Integrated 

Valuation of Ecosystem Services and Trade-offs (InVEST) model calculates actual and 

predicted WY conditions, while the Coupling Coordination Degree (CCD) analyzes the LULC-

WY relationship. Results indicate that the annual WY in 2021 was 215.8 × 108 m³, reflecting 

a 30.42% increase from 2010. Predictions show an increasing trend in WY under both scenarios 

for 2030 and 2050 with different magnitudes. Rainfall contributes 88.99% more dominantly to 

WY than LULC. Additionally, around 50% of districts exhibited unbalanced coordination 

between LUI and WY in 2010 and 2020. This study reveals the importance of ESs in 

sustainable watershed management amidst increasing demand for natural resources due to 

population growth. 

Keywords: coupling coordination degree model; InVEST; land use intensity; prediction 

1. Introduction 

A watershed is a complex and dynamic ecosystem characterized by human 

interaction with nature and involves natural resources and socio-economic 

components. Many watersheds in the world are currently experiencing degradation 

due to exploitation and aggressive human activities, exceeding the carrying capacity 

of the watershed (Sriyana et al., 2020). Watershed quality decline occurs in various 

places, including flooding, land degradation, and erosion (Ambarwulan et al., 2021), 

driven by human activities and climate change. 

Watersheds, which encompass a variety of ecosystems services (ES), provide 

numerous benefits, including water and habitat provisioning, water treatment, carbon 

storage, climate regulation, and cultural services such as recreation (Rose et al., 2015). 

These services support essential sectors, including agriculture, fisheries, industry, 
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transportation, and tourism. Strassburg et al. (2020) reported that uncontrolled 

economic development is leading to further degradation of global and regional 

ecosystem functions. Meanwhile, Jew et al. (2019) stated that Land Use Land Cover 

(LULC) changes account for 60% of the decline in ES provision. Therefore, the 

assessment of ES is important for sustainable ecosystem management. 

Currently, the important role of ES is increasingly considered in decision-making 

for sustainable watershed management. Regional development planning needs to 

consider changes in ES resulting from changes in LULC (Gomes et al., 2021). 

Changes in LULC can cause land degradation, hinder the provision of ES in certain 

areas, and undermine sustainable ecosystem development. LULC changes encompass 

modifications in land use types and adjustments in the intensity and spatial 

arrangements of land (Fu et al., 2015). Therefore, ES should be mapped to identify 

risks, impacts, and potential trade-offs associated with predicted environmental 

changes (Malinga et al., 2015). Thus, ES conservation is urgent to be implemented to 

ensure human well-being. 

Water yield (WY) refers to the amount of water flowing from land to rivers and 

available for human use (Zhou et al., 2015). It is an important component of 

hydrological ES, and the most valuable ecological indicators (Wang et al., 2022). 

Some indicators influence the WY, such as rainfall received (P), evapotranspiration 

(ET), and LULC (Zhang et al., 2021). Lu et al. (2024) stated that the most important 

thing about WY is that it will affect other ES such as carbon cycle, biomass, irrigated 

agriculture, domestic water production and use, and socio-economic development.  

The influence of LULC changes on WY has been discussed by many researchers 

worldwide. Historical studies on WY proved that WY was affected by both LULC and 

climate change (Muhammed et al., 2021). Thus, understanding WY dynamics and its 

driving mechanisms is urgently needed, as it will provide scientific guidance for 

regional ecological protection and restoration. A comprehensive WY model will be 

useful for decision makers and environmentalists focused on sustainable development. 

Several models have been used to assess WY, including the Soil and Water 

Assessment Tool (SWAT) model (Chen et al., 2020; Lepcha et al., 2024), and 

Hydrological Simulation Program-Fortran (Guan et al., 2023). One of the effective 

techniques for monitoring and evaluating WY is the Integrated Valuation of 

Ecosystem Services and Trade-offs (InVEST) Model. This model has been applied by 

many researchers and has proven to be very useful for improving ES performance 

including WY. The advantages of the InVEST model are easy-to-obtain data input, 

strong spatial analysis, and easy to use (Dennedy-Frank et al., 2016). Thus, the 

InVEST model for WY has been carried out in various watersheds in the world (Balist 

et al., 2022; Liang et al., 2021; Zhang et al., 2021) and several locations in Indonesia, 

such as the Citarum Watershed (Nahib et al., 2021, 2023). Zheng et al. (2022) 

conducted a study focusing on the relationship between changes in LUI and ES. 

Variations in LUI also have an impact on ES and functions (Wen et al., 2019). At the 

same time, Xu et al. (2016) discussed the correlation technique of the relationship 

between LUI and ES services and community welfare. They found that increasing LUI 

levels would increase food security, Soil Conservation, and climate regulation control 

(Xu et al., 2016). The results of Felipe-Lucia et al. (2020) showed that ES and its 

functions can be augmented at moderate LUI levels, and the positive correlation 
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between ES and its functions decreases at high LUI level. 

Indonesia has 17,088 watersheds and 108 watersheds are designated as critical 

watersheds and require priority handling. However, there are 15 watersheds including 

Cisadane Watershed that are very critical and need to be restored immediately. The 

Cisadane Watershed is facing some problems such as flooding, water pollution, 

erosion and sedimentation. Cisadane Watershed experiences a very large LULC 

conversion problem due to urbanization and population growth. Research related to 

LULC changes and their predictions in the Cisadane Watershed has been conducted 

by (Ambarwulan et al., 2023). The research found that built-up area increased, paddy 

field and forest was decreasing significantly. The research on impact the LULC 

changes on ES in the Cisadane Watershed has conducted by (Nahib et al., 2024). They 

discovered that a substantial reduction in forest and rice field areas caused a decrease 

in ES of $196.37 billion from 2010 to 2021. 

Several studies on WY have been conducted. However, the impact of LULC and 

the correlation between LUI and ES remain limited globally, including in Indonesia 

(Fang et al., 2022). Therefore, this study aims to fill the gap in the literature regarding 

the effects of changes in LULC and the correlation between LUI and ES. Specifically, 

this research analyzed the relationship between LULC and WY using the InVEST 

model and examined the correlation between LUI and WY. To achieve this goal, four 

specific objectives were set, namely (1) calculating changes in WY for the years 2010, 

2015, and 2021; (2) predicting WY for 2030 under two scenarios: Business as Usual 

(BAU) and Protecting Forest Areas (PFA), (3) analyzing the impact of LULC and 

climate change on WY, and (4) investigating the relationship between LUI and WY. 

The results are expected to be useful as a reference for regional planners, and decision-

makers for sustainable watershed management. 

2. Materials and methods 

2.1. Study area 

This research was carried out in the Cisadane Watershed, Indonesia (Figure 1). 

The Cisadane Watershed has an area of 151,126 Ha which is crossed by the main river 

(Cisadane River) and 10 tributaries. The Cisadane River flows water from the Gede-

Pangrango and Halimun-Salak mountains as far as 126 km to the Java Sea. This 

watershed is located at an altitude of 2958 m above sea level. 

This watershed is included in the administrative areas of West Java Province and 

Banten Province. This watershed is very important because it is a source of clean water 

for residents and industrial activities in the province. The morphological conditions of 

this watershed are grouped into 3 types (trees): 1) flat areas (0%–8%) are found in the 

downstream area; 2) wavy topography (8%–40%) is found in the middle of the 

watershed; 3) topography (> 40%) is found in the upstream part of the watershed. The 

dominant vegetation in this watershed is the built-up area in the downstream part of 

the watershed, agriculture and rice fields in the middle part of the watershed, and 

forests in the upstream part of the watershed (Ambarwulan et al., 2023). The research 

area has a tropical climate with a rainfall range of 2000–5000 mm/year with an average 

temperature in the downstream of 25.73 ℃ and in the upstream 21.23 ℃. 
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Figure 1. Research location, Cisadane Watershed, Indonesia. 

2.2. Sources of dataset 

The study utilized some thematical data for estimating WY dynamic and 

predictions using the InVEST annual WY modeling (Table 1). The InVEST model is 

a spatial-based software in raster format, so all input data was standardized into raster 

format with a spatial resolution of 30 m × 30 m and the World Geodetic System (WGS) 

84 coordinate system. 

Table 1. Summary of data inputs for InVEST annual water yield. 

Parameter/Data Description Data and Value Source 

Precipitation or 

Rainfall (mm) 
Map of average annual rainfall 

Annual Average Rainfall 

(mm) Raster 

JAXA Global Rainfall Watch website 

https://sharaku.eorc.jaxa.jp/ GSMaP/) 

Reference 

Evapotranspiration 

(mm) 

The amount of water that vaporizes from 

land into the air over a given period. It is the 

sum of evaporation (directly off of soil, 

bodies of water, and other surfaces) and 

transpiration (through plants) 

Global Potential Average 

Evapotranspiration (mm) 

Raster 

MODIS Terra Yearly L4 Global 

(https://earthexplorer.usgs.gov/) 

Root Restricting 

Layer Depth (mm) 

The soil depth at which root penetration is 

strongly inhibited because of physical or 

chemical characteristics. 

Raster (mm) 

Harmonized World Soil Database (HWSD) 

https://www.fao.org/soils-portal/en/data-

hub/soil-map-data-base 

Plant Available Water 

Content (PAWC) 

The difference between the fraction of 

volumetric field capacity and permanent 

wilting point. 

Raster (0 to 1) 

Harmonized World Soil Database (HWSD) 

https://www.fao.org/soils-portal/en/data-

hub/soil-map-data-base 

LULC: 2010, 2015, 

2021 

Describes the physical properties of the land 

and/or how people are using it 

Raster—Coded Land 

Use/Land Cover 
Ambarwulan et al. (2023) 
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Table 1. (Continued). 

Parameter/Data Description Data and Value Source 

Boundary Shapefile 

(Watershed) 

Map of watershed 

boundaries 

Integer (ws_id) from one to 

n. Vector file (.shp) 

College of Forestry, Environment and Resources 

Management; Ministry of Environment and Forestry, Republic 

of Indonesia 

Biophysical Table  
CSV File (Values assigned 

per Land Use/Land Cover 
 

LULC Vegetation 

(AET Equation) 

Indicating whether the 

LULC class is 

vegetated for AET 

 InVEST Guide 

Root Depth 
Depth at which 95% of 

root biomass occurs 
 Rooting depths 

2.3. Methods 

Broadly speaking, this research has been divided into four main steps, namely (1) 

preparing input data, (2) calculating and predicting WY, (3) impact of climate and 

LULC on WY, and (4) calculating the relationship between LUI and WY. The 

framework of this research is shown in Figure 2. 

 

Figure 2. Research flowchart. 

2.3.1. Preparing data input 

a) Multi Years LULC 

The LULC maps of 2010, 2015, 2021 are not part of this research because they 

have been processed and published (Ambarwulan et al., 2023). The LULC of 2010, 

2015, and 2021 used in this research come from Landsat 5 imagery in 2010, Landsat 

8 in 2015, and Sentinel-2 MSI in 2021 which were processed using Google Earth 

Engine. The LULC classification system used was supervised classification, Machine 

Learning, and a Random Forest algorithm. The LULC classification consists of eight 

LULC classes, namely the built-up land (BUL), dryland farming (DF), paddy field 

(PF), plantation (PLT), forest (FRT), pond (PO), and water body (WB) classes. The 

accuracy assessment has been carried out using the Kappa value, the research found 

that the Kappa value was above 83% for the three LULCs (Ambarwulan et al., 2023). 
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Additionally, LULC prediction was done using Land Change Modeller (LCM). 

b) Rainfall 

Many sources of rainfall data are available, both from field measurement 

observations and from global satellite data such as the Global Satellite Mapping of 

Precipitation (GSMaP) and the Tropical Rainfall Measuring Mission (TRMM). This 

study has been used daily rainfall data from the global satellite GSMaP downloaded 

from the JAXA Global Rainfall Watch website (https://sharaku.eorc.jaxa.jp/GSMaP/) 

with 10 km spatial resolution. This study utilizes satellite rainfall data because it has 

broader coverage area compared to using point data from the Meteorological, 

Climatological, and Geophysical Agency (BMKG) stations, and it has a good 

performance to estimate daily rainfall data over the Indonesia (Fatkhuroyan and 

TrinahWati, 2018). Over the Cisadane Watershed, there are only 2 rain-gauge BMKG 

meteorological station, while the satellite data has 77 gridded rainfall data. 

Furthermore, the satellite data is in grid format which enhances the detail results from 

the models that also use land use inputs. Consequently, the simulation results from the 

InVEST model, which employs grid-based rainfall data, are expected to be more detail 

and accurate. The rainfall data used is the average annual rainfall spatialized and 

resampling to 30 m resolution by using the Kriging interpolation technique. In the 

rainfall change scenario, it has been assumed: (1) that rainfall in the Cisadane 

Watershed increased gradually by 5% in 2030 and 10% in 2050 from the 2021 rainfall 

data baseline, and (2) evapotranspiration data was assumed to be constant. 

c) Evapotranspiration 

Evapotranspiration (ET) is the integration of evaporation and transpiration, which 

is the process of water transfer from the land surface and vegetation to the atmosphere. 

ET is one of the components that plays an important role in the WY model. The 

variability of WY is influenced by ET and rainfall which is divided into infiltration 

and runoff. These processes have an impact on water availability and ecosystem 

dynamics in various landscapes. ET values are obtained from the Annual 

Evapotranspiration (AET) of the Moderate Resolution Imaging Spectroradiometer 

(MODIS) Terra Level 4 which has a spatial resolution of 500 m and is downloaded 

from the site https://earthexplorer.usgs.gov/. The MODIS data used are data in 2010, 

2015 and 2021 (Table 2). The algorithm used is based on the Penman-Monteith 

equation which includes daily meteorological reanalysis data, vegetation, albedo and 

land cover. The ET data, originally at 500 m resolution, was resampled to 30 m using 

the cubic technique and then adjusted to match the original values. 

Table 2. The AET of Cisadane watershed derived from MODIS Terra. 

Year Max Mean Min X Y StD 

2010 65534 19852.2 1825 1 1 18881.2 

2015 65534 19511.1 1825 1 1 19171.9 

2021 65534 19954.7 1825 1 1 18861.4 

2.3.2. Calculating and prediction WY multi years 

InVEST software (https://naturalcapitalproject.stanford.edu/software/InVEST, 

accessed on 18 May 2024) has been used to calculate the annual WY in the Cisadane 
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Watershed. The input data include LULC, annual rainfall, annual ET, and soil solum 

depth. The calculation of WY was carried out using Equation (1) (Budyko and Miller, 

1974). 

𝑌(𝑥) = (1 −
AET(𝑥)

𝑃(𝑥)
) × 𝑃(𝑥) (1) 

where Y(x) is the annual rainfall on pixel x and 𝐴𝐸𝑇(𝑥) is the actual annual ET for pixel 

x. 

The actual AET is quite impossible to measure on a broad scale. AET was 

calculated using potential evapotranspiration (PET) in the InVEST model. Based on 

PET, calculating AET was simple, which was calculated by multiplying the reference 

ET by the crop coefficient for each grid square. The AET was calculated using 

Equations (2) and (3) (Fu, 1981). 

𝐴𝐸𝑇(𝑥)

𝑃(𝑥)
= 1 +

𝑃𝐸𝑇(𝑥)

𝑃(𝑥)
− [1 + (

𝑃𝐸𝑇(𝑥)

𝑃(𝑥)
)

𝜔

]

1
𝜔

 (2) 

𝜔(𝑥) = 𝑍
𝐴𝑊𝐶(𝑥)

𝑃(𝑥)
+ 1.25 (3) 

where 𝞈(𝑥) is calculated based on the plant’s available water content (AWC), the 

empirical constant Z, and rainfall (Sharp et al., 2020). Z is an empirical constant 

ranging from 1 to 30, reflecting regional hydrogeological characteristics. AWC, or 

available vegetation water content, is determined by the effective soil depth and 

texture. The detail of WY calculating can be found in (Nahib et al., 2023; Sharp et al., 

2020). 

The available water capacity of soil refers to its ability to hold water that plants 

can use. It is represented as the AWC(x) where (x) denotes the specific pixel or 

location. This metric is calculated using PAWC, minimum depth of the root limiting 

layer (Root1), and the vegetation’s root depth (Root2). The Equation (4) is used to 

perform the calculation. 

AWC(x) = min (Root1, Root2)∙PAWC (4) 

The ET of reference plants ETo(x) in the particular location reflects the local 

meteorological conditions, whereas Kc(x) is influenced mostly by the land use and 

plant cover features unique to each pixel. The AET in non-vegetated LULC regions, 

such as water bodies or settlements, is directly calculated based on the reference ET. 

The quantity of rainfall determines the upper limit of ETo(x), and the estimate 

approach using Equation (5): 

AET(x) = min (Kc(x)∙ETo(x), P(x)) (5) 

The modified Hargreaves equation (BIG, 2021) was used to compute reference 

evapotranspiration, ETo(x) (mm/day). When the following data are provided, this 

method is thought to produce more accurate findings than Penman–Monteith method 

using Equation (6). 
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𝐸𝑇𝑜(𝑥) = 0.0013 ∙ 0.408𝑅𝑎 [(
𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛

2
) + 17] [(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛) − 0.0123𝑃]0.76 (6) 

where: Ra = extra-terrestrial solar radiation (MJ∙m−2∙d−1), Tmax = average maximum 

daily air temperature (℃), Tmin = average minimum daily air temperature (℃), P = 

monthly rainfall (mm/day). 

The InVEST model validity was assessed by comparing it to the whole Wyoming 

dataset received from (Liu et al., 2017). Linear regression analysis was used to 

compare the observed data to the estimated data generated by the model. Several 

statistical analyses were performed using the R program during the model validation 

phase depending on the study findings. The InVEST model validity was assessed by 

comparing it to the whole Wyoming dataset received from (Liu et al., 2017). Linear 

regression analysis was used to compare the observed data to the estimated data 

generated by the model. Several statistical analyses were performed using the R 

program during the model validation phase depending on the study findings. The 

determination coefficient (R2), Pearson correlation (r), and root mean square error 

(RMSE) were all calculated as part of these investigation. 

2.3.3. Impact of changes in climate and LULC on the WY 

To assess the impact and contribution of various parameters to fluctuations in 

WY volume, we examined three scenarios in the WY modeling: (1) baseline: no 

changes in climate or LULC, (2) climate change and LULC remaining constant, and 

(3) LULC change and climate conditions remaining constant. By calculating WY 

variability across these scenarios, we quantified the influence of both climate and 

LULC changes on WY variability using Equations (7) and (8) (Wei et al., 2021). 

𝑍𝐶 =
∆Climate

∆Climate + ∆LULC
× 100% (7) 

𝑍𝐿 =
∆LULC

∆LULC + ∆Climate
× 100% (8) 

In this context, ZC represents the climatic rate’s contribution to changes in WY 

without LULC alterations, while ZL indicates the rate at which LULC changes impact 

WY without climate change. Δ Climate shows the variation in the annual mean WY 

between 2010–2015 and 2015–2021 under a scenario with no LULC changes. 

Similarly, Δ LULC reflects the difference in the mean annual WY between 2010–2015 

and 2015–2021 under a scenario with no climate change. 

2.3.4. Calculating and relationship between LUI and WY 

Regarding Land Use Intensity (LUI), it’s categorized into four classes: (i) 

unutilized land and bare land (class 1), (ii) water bodies, lake, paddy field, forests 

(virgin forest and plantation forest), shrub and grasslands (class 2), (iii) agricultural 

land: estate crop plantation, dry farming (class 3), and (iv) construction land: 

settlement area and airport (class 4). LUI reflects, to some extent, the intensity of 

anthropogenic disturbances. The LUI index was calculated using Equation (9) (Zhu et 

al., 2022). 
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LUI = 100 × ∑ 𝐴𝑖  × 𝐶𝑖

𝑛

𝑖=1

 (9) 

where LUI means the comprehensive index of land use degree; Ai indicates the index 

of the land use degree classification of level i; and Ci is the percentage of the area of 

the land use degree classification of level i. 

The interconnected relationships between LUI and total ecosystem services 

(TES) were inspired by a concept found in physics literature (Zhu et al., 2022). This 

concept highlights that when two or more systems interact, they can mutually benefit 

from a positive dynamic relationship (Dong and Li, 2021). Drawing upon this theory 

of coupling in physics, we developed a model to calculate the coupling between ES 

and LULC, as depicted at Equation (10). 

𝐶 = 2√(𝐿𝑈𝐼𝑥 × 𝑇𝐸𝑆𝑥)/(𝐿𝑈𝐼𝑥+𝑇𝐸𝑆𝑥)2 (10) 

In this context, C denotes the degree of coupling between LUI and TES, ranging 

from 0 to 1. LUI represents the assessment value for LUI, while TES indicates the 

comprehensive assessment for TES. Higher values of C indicate stronger interactions 

between LUI and TES. 

However, it’s essential to recognize that the coupling degree solely reflects the 

level of correlation between the two systems, rather than their actual developmental 

status. It’s plausible for both systems to have low values yet exhibit high coupling 

degrees. Hence, it’s crucial to distinguish between a high coupling value and high 

horizontal coupling. To quantify the level of coordination between LUI and TES, the 

CCD model was employed, utilizing the Equations (11) and (12). 

𝐷 = √𝐶 × 𝑇 (11) 

𝑇 = 𝛼𝐿𝑈𝐼𝑥+𝛽𝑇𝐸𝑆𝑥 (12) 

In this scenario, D represents the coordination coefficient of LUI and TES 

ecosystem. T signifies the collective synergy effect expressed in the comprehensive 

evaluation index of both systems. α and β denote the weight coefficients assigned to 

the two systems, typically ranging between 0 and 1. For this study, it is assumed that 

urbanization and the ecosystem hold equal significance. Hence, both α and β were 

assigned the same value of 0.5 (Zhang and Li, 2020). Recent studies categorize the 

CCD into different levels of imbalance and coordination: severe imbalance (0 ≤ D < 

0.2), moderate imbalance (0.2 ≤ D < 0.4), essential coordination (0.4 ≤ D < 0.6), 

reasonable coordination (0.6 ≤ D < 0.8), and high coordination (0.8 ≤ D ≤ 1) (Zhang 

et al., 2022). 

3. Result and discussion 

In order to provide a comprehensive understanding of the relationship between 

LULC, LUI and WY in the Cisadane Watershed, the InVEST model and CCD have 

been applied. The result and discussions will be included: (1) Actual and predicted 

WY; (2) Impact of climate change and LULC changes on the WY; and (3) 

Relationships between LUI and WY. 
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3.1. Water yield actual and prediction 

The annual WY for the Cisadane Watershed in 2010, 2015 and 2021 are 

presented in Table 3 and illustrated in Figure 3. As shown in Figure 3, the WY 

distribution pattern in the Cisadane Watershed from 2010 to 2021 s relatively 

consistent. The downstream area exhibits a low WY class (brown), while the Cianten 

area falls into the medium class, and the upstream Cisadane area is classified as high 

class. 

Table 3. Annual WY from 2010–2021 and prediction for 2030 and 2050 based on two scenarios (BAU and PFA). 

Sub 

watershed 
Area (Ha) 

WY Actual 

2010 2015 2021 2010–2015 2015–2021 

Mean 

(mm) 
Volume* 

Mean 

(mm) 
Volume* 

Mean 

(mm) 
Volume* % (%/year) % (%/year) 

Cisadane 

Downstream 
201.60 298.00 5.51 342.00 6.33 531.00 9.81 12.95 2.59 43.83 3.98 

Middle 

Cisadane 
473.50 787.38 36.87 1,086.00 50.88 1,197.00 56.09 27.54 5.51 34.27 3.12 

Cisadane 

Upstream 
426.24 1223.00 51.90 1,382.00 58.70 1,670.00 70.95 11.58 2.32 26.85 2.44 

Cianten 423.68 1282.00 54.21 1,188.00 51.60 1,813.00 76.60 −5.06 −1.01 29.23 2.66 

Cisadane 

Watershed 
151,576.65 897.60 150.22 1,105.00 167.51 1,424.28 215.88 10.32 2.06 30.42 2.77 

 WY Prediction* 

Sub 

Watershed 

Baseline Scenario BAU Scenario PFA Change BAU Change PFA 

2021 2030 2050 2030 2050 2030 2050 2030 2050 

Cisadane 

Downstream 
9.81 11.81 14.52 11.2 14.52 2.00 4.71 1.39 4.71 

Middle 

Cisadane 
70.95 61.13 71.22 60.97 71.1 −9.82 0.27 −9.98 0.15 

Cisadane 

Upstream 
70.95 76.8 91.57 76.97 88.46 5.85 20.62 6.02 17.51 

Cianten 76.65 82.18 98.1 83.35 93.7 5.53 21.45 6.7 17.05 

Cisadane 

Watershed 
215.8 234.5 278.4 235.1 270.7 18.7 62.6 19.3 54.9 

Notes: * = 108 m3. 
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Figure 3. Spatial distribution (in mm/year) of WY in Cisadane Watershed on. (a) 2010; (b) 2015; (c) 2021; and WY 

prediction on; (d) 2030 (BAU); (e) 2050 (BAU); (f) 2030 (PFA), and; (g) 2050 (PFA). 

Referring to Table 3, the overall WY condition in the Cisadane Watershed in 

2021 increased about one percent per year relative to 2010. The highest average WY 

was observed in the Cisadane Upstream, Cianten, and Middle Cisadane sub-

watersheds. Conversely, the region with the lowest average WY was in the 

downstream areas. The most significant increase in WY occurred in the Middle 

Cisadane sub-watershed, with an increase of 4.93 × 108 m3 (9.68%) during the period 

2010–2015 and 5.65 × 108 m3 (11.10%) during the period 2010–2021. The smallest 

increase was in the Cisadane Downstream sub-watershed, with an increase of 10 × 108 

m3 (1.57%) during the period 2010–2015 and 20 × 108 m3 (3.15%) during the period 

2010–2021. It can be seen from Table 3 and Figure 3 that there was high WY in the 

upstream area (Cisadane Upstream sub-watershed and Cianten sub-watershed) and 

decreases to downstream sub-watersheds. For the entire Cisadane Watershed, WY 

from 2010 to 2021 experienced an average increase of 2.77% per year, where WY in 

2010 was 897.60 mm and in 2021 it increased to 1424.28 mm. Although the WY of 

Cisadane Watershed, for the 2010–2021 period, increased by 2.66% per year, the WY 
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for the Cianten sub-watershed, in the 2010–2015 period, decreased from 1282 mm to 

1188 mm. In other words, WY in the Cianten sub-watershed, for the 2010–2015 

period, experienced a decline of 1.01% per year. 

Using LULC predictions (BAU and PFA) and rainfall predictions for 2030 and 

2050, the volume of WY in the Cisadane Watershed for 2030 is presented in Table 3 

and illustrated in Figure 3. The WY for 2030 and 2050 under both scenarios (BAU 

and PFA) shows a general increased. Figure 3 illustrated that this increase in WY was 

observed in almost all sub-watersheds of Cisadane Watershed for both conditions. 

Detailed observations from Table 3, in BAU conditions, from 2021, 2030 and 2050 

WY always experiences an increase. Where the volume of WY in Cisadane Watershed 

in 2021, 2030, and 2050 is 215.8 × 108 m3, 234.5 × 108 m3, and 278.4 × 108 m3, 

respectively. However, the WY value of the Middle Cisadane sub-watershed in 2030 

experienced a decrease of 9.82 × 108 m3, while in 2050 it rose again to reach 0.27 × 

108 m3 if compared with WY in 2021. The WY from Middle Cisadane in 2021, 2030, 

and 2050 respectively is 70.95 × 108 m3, 61.13 × 108 m3, and 71.22 × 108 m3. The 

increase of WY in Cisadane Watershed can also be seen in PFA conditions, wherein 

2021, 2030, and 2050 are 215 × 108 m3, 235.1 × 108 m3, and 270.7 × 108 m3, 

respectively. However, the Middle Cisadane sub-watershed looks different compared 

to other sub-watersheds. The Middle Cisadane sub-watershed in 2030 decreased by 

9.98 × 108 m3 (to 60.97 × 108 m3) and in 2050 it increased again to 71.1 × 108 m3. With 

the BAU scenario, WY in Cisadane Watershed for 2030 is estimated to increase by 

18.7 × 108 m3, while with the PFA scenario, it is estimated to increase by 19.3 × 108 

m3. 

In the Middle Cisadane and Downstream Cisadane sub watersheds, for 2030, the 

WY results from the PFA scenario were lower compared to the results from the BAU 

scenario. Meanwhile for other sub-watersheds, the situation was opposite. In 2050, for 

almost all sub-watersheds, the WY resulting from the PFA scenario was lower than 

the WY resulting from the BAU scenario. However, this was not the case for the 

Downstream Cisadane sub-watershed, where the WY resulting from the BAU scenario 

was the same as the WY resulting from the PFA scenario. 

Under the PFA scenario in 2030, the predicted annual WY will reach 235.1 × 108 

m³, while the BAU scenario for the same year predicts 234.5 × 108 m3. This represents 

an increase of approximately 0.25% compared to the BAU scenario, or an increase of 

187.0 × 108 m3 (8.66%) compared to the WY conditions in 2021. 

In 2050, the PFA scenario projects a WY of 278.4 × 108 m3, whereas the BAU 

scenario predicts 235.1 × 108 m3. This indicates an increase of about 2.84% compared 

to the BAU scenario in 2050, or an increase of 626.0 × 108 m3 (29.91%) compared to 

the WY conditions in 2021. The findings show, changes in LULC over 21 years mainly 

involves forest loss due to agricultural land expansion losses for residential 

development. Other research in Heilongjiang Province China in 2024, specifically 

from 2000 to 2020, changes in rainfall increased and contributed 99.58% to WY, while 

changes in land use type only contributed 0.42% to the trend in WY which increases 

even though residential growth increases. 

Research conducted by Astuti et al. (2019) in the upper Brantas River Basin, East 

Java showed that changes in LULC between 1995 and 2015 impact on the hydrological 

processes. The model used is the Soil and Water Assessment Tool (SWAT) with data 
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from 2003–2008 for calibration, while for validation in 2009–2019 with R2 > 0.91. 

The model predicts that in the long term there will be changes in WY (+0.28%), runoff 

(+8%), groundwater (−1.8%), and ET (−1.15%) (Astuti et al., 2019). Similarly, a study 

was carried out by Soplanit and Silahooy (2012) in Batugajah River Basin, Ambon 

City. In 1998–2010, forest areas decreased by 28.73%, settlements increased by 

29.06%, and village areas increased by 12.12%. Land use change resulted in WY 

increased from 210.48 mm to 220.56 mm, annual discharge increased from 2525.81 

mm to 2646.70 mm; surface flow increased from 2288.35 mm to 2291.35 mm; 

subsurface flow also increased from 103.382 mm to 244.99 mm, while base flow 

decreased from 141.07 mm to 110.35 mm (Soplanit and Silahooy, 2018). Meanwhile, 

the analysis of annual WY using the InVEST model was also conducted by Ningrum 

et al. (2022) in Tesso Nilo National Park, Riau in 2018 and obtained an annual WY of 

2729.52 mm. The WY is significantly influenced by actual ET, mean annual rainfall 

and land cover (Ningrum et al., 2022). Studied in by Hou et al. (2022) in the Yiluo 

River Basin, China with the aim of detecting the evolution and attribution of WY 

coefficients in the past and future. The results obtained were that the WY increased by 

8.53% from 2000–2020, with agricultural land increasing by 10.47% and forest land 

decreasing by 8.93% (Hou et al., 2022). While Li et al. (2018) used the InVEST model 

to investigate the spatial-temporal variation of WY due to LULC changes. In northern 

China, the Beijing-Tianjin-Hebei region from 1990 to 2015, there was an increase in 

built-up area of 35.66%, while vegetation land decreased resulting in an increase in 

total WY of 5.1% (Li et al., 2018). In addition, climate change and LULC have an 

impact on WY in Heilongjiang Province, China. Research conducted by (Liu et al., 

2024) in 2000, 2010 and 2020, the results obtained were WY of 105.03 mm, 162.46 

mm, and 269.34 mm. From 2000 to 2020, the WY increased by 164.31 mm (156.44%). 

Climate change contributed 99.58% to the WY, while LULC change contributed 

0.42% (Liu et al., 2024). 

Referring to several studies of WY on the island of Java, including by Nahib et 

al. (2021) in the Citarum watershed the average was 935.26 mm/year, while in Central 

Citarum by Suryanta et al. (2024) the average WY was 1636.44 mm /year. Another 

research conducted by Ridwansyah et al. (2014) in the Cisadane Watershed the 

averaged WY was 1373.05 mm/year. subsequent research by Nugroho (2017) in the 

Rawapening watershed, the WY value was 1137.00 mm/year. WY’s current research 

in 2024 in the Cisadane Watershed between 2010 and 2021 apparently shows results 

ranging from 997 mm/year—1317 mm/year. Referring to research on the average WY 

on Java Island of 1401.28 mm/year, the current research results are acceptable for 

further WY trend analysis and further simulations for the management of the Cisadane 

Watershed itself. Based on the relationship between rainfall and WY as influenced by 

LULC type, which is presented in the Figures 4 and 5. 
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(a) Year 2010 (b) Year 2015 (c) Year 2021 

Figure 4. Relationship between Rainfall with WY on the years of 2010, 2015 and 2021. 

 

Figure 5. Water Yield (WY) Coefficient base on LULC. 

Referring to the Figure 5, the WY coefficient analyzed base on LULC tends to 

show a similar pattern in 2010, 2015, and 2021. The highest WY coefficient is 

observed in Dryland (0.62–0.90) and Forest (0.54–0.86), while the lowest coefficient 

is found in Pond Farming (0.01–0.02). For land cover types such as built-up areas, the 

WY coefficient is higher compared to Pond Farming. 

The relationship between rainfall and WY (see Figure 4) is affected by various 

factors. Typically, more rainfall leads to increased WY as more water is available to 

flow into rivers, lakes, or reservoirs. However, this relationship can vary depending 

on several factors. First, vegetation, such as forests or crops, can absorb rainwater and 

influence water flow. Dense vegetation usually increases infiltration and reduces direct 

surface runoff, thereby enhancing WY and improving soil health. Second, 

urbanization, deforestation, and other land use changes can impact WY by altering 

water absorption and flow. Urban areas often have impervious surfaces that reduce 

infiltration and increase surface runoff, leading to lower WY. Conversely, 

reforestation efforts can enhance infiltration and reduce runoff, thereby increasing 

WY. While higher rainfall generally increases WY, the effectiveness of this 

relationship is significantly influenced by soil conditions, vegetation cover, 

topography, and land use practices. The WY coefficient represents the proportion of 
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rainfall that contributes to WY. One limitation of the InVEST model is its inability to 

distinguish between groundwater and surface water. This limitation explains why the 

WY coefficient is higher in built-up areas compared to pond farming (Nahib et al., 

2021). Effective water conservation and management practices are crucial to 

maintaining the watershed’s health and ensuring sustainable water resources. 

Integrated watershed management programs are essential to address the challenges 

posed by land use changes and pollution. 

3.2. Impact of climate change and LULC changes on the water yield 

We calculated the contribution level of each parameter included in the scenarios, 

namely LULC and climate change. Equations (7) and (8) were used to determine the 

contribution levels in Table 4. Referring to Table 4, it can be seen that the largest 

contribution to changes in WY comes from rainfall (climate factors), with an average 

of 88.99%, while changes in LULC contribute only an average of 11.01%. The 

contribution patterns of climate and LULC are similar, with climate contributing more 

significantly than LULC. 

Table 4. The contribution of climate change and LULC on actual WY (×108 m3). 

Actual 2010 WT CLIM WT LULC Climate (ΔC) LULC (ΔL) ΔL+ΔC ZC (%) ZL (%) 

150.22 
2015 

179.51 

2015 

154.50 
29.29 4.28 33.57 87.25 12.75 

150.22 
2021 

227.80 

2021 

158.15 
77.58 7.93 85.51 90.73 9.27 

Average   53.44 6.11 59.54 88.99 11.01 

Actual 2021 WT CLIM WT LULC Climate (ΔC) LULC (ΔL) ΔL+ΔC ZC (%) ZL (%) 

215.88 
BAU 2030 

234.96 

BAU 2030 

215.43 
19.08 0.45 19.53 97.70 2.30 

215.88 
BAU 2050 

273.55 

BAU 2050 

220.71 
57.67 4.83 62.5 92.27 7.73 

215.88 
PAF 2030 

234.96 

PAF 2030 

234.26 
19.08 3.38 22.46 84.95 15.05 

215.88 
PAF 2050 

273.55 

PAF 2050 

213.19 
57.67 2.69 60.36 95.40 4.60 

Average   38.37 2.77 41.15 92.52 7.48 

Based on Table 4, the pattern of climate and LULC contributions to WY 

predictions aligns with actual WY conditions. The contribution pattern indicates that 

climate has a more significant impact than LULC. It is evident that the largest 

contribution to changes in WY comes from rainfall (climate factors), averaging 

92.52%, while changes in LULC contribute only 7.48% on average. The impact of 

LULC changes on WY predictions for 2030 and 2050 ranges from 2.30% to 15.05%, 

while the impact of climate factors is between 84.95% and 97.70%. This pattern is 

consistent with the contribution of LULC and climate to the actual WY in 2015 and 

2021. This condition is in accordance with the research findings of Nahib et al. (2023) 

in the Citarum Watershed that the contribution of LULC changes to variations in WY 

during the 2000–2018 period ranged from 5.8% to 10.42%. In contrast, climate change 

had a much larger impact, contributing between 89.57% and 94.19% (Nahib et al., 
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2023). Meanwhile research on WY by Bai et al. (2019) also shows the greater impact 

of climate change than water retention on land use change at the state scale of 

Kentucky USA, but on soil retention, nitrogen and phosphorus export, land use change 

contributes more. 

In Jin-Jing-Jin, China, changes in LULC, such as the reduction of cropland, 

grassland, and swamp areas and the increase in built-up areas, have led to a significant 

increase in WY by 5.1% (Li et al., 2018). Research conducted in the alpine regions of 

the Qinghai-Tibet Plateau (QTP) using the InVEST model showed that the model 

accurately predicts WY. The study found that in the Shule River Basin, climate change 

had a much larger impact (90.56%) on WY compared to LULC change (9.44%), 

highlighting the model’s effectiveness (Wei et al., 2021). For more details, refer to 

Balist et al. (2022) which discusses the combined effects of LULC and climate change 

on WY. The study shows that climatic factors have a more significant impact on WY 

compared to LULC changes. Specifically, the results indicate that climatic factors 

influence WY three times more than LULC factors (Balist et al., 2022). Clerici et al. 

(2019) found out that the effect on WY and supply of climate change scenarios greater 

than LUCC change scenarios, however in rural forest and shrubland areas the carbon 

sequestration is greater than from Bogota. Decreasing WY could be the result of 

reduced ET due to strong decay in rainfall, or primarily results of agriculture and 

pasture’s urbanization, increasing human, industrial consumption, etc. Coupled of the 

increasing temperature and reduced rainfall was characterized the climate change 

results, implies increasing urbanization at the expense of pasture-cultivated areas and 

forest cover to a lesser degree, on the scenarios of economic development and land 

use policies assumption will be continued in the past decades. On the other hand, 

increasing WY will have the most discernible effect from urbanization. The modelling 

approach of InVEST was unable to estimate the temporal variations of WY during the 

tropical dry and rainy season, in the dry season monthly WY will be decreasing in 

term of annual balance. 

The influence of rainfall on water production is more significant than LULC 

change effect. In the Yellow River Basin, China, from 1995 to 2018, the WY increased 

by 20,106 million m3. The LULC change and climate change contribution to water 

production from 1995 to 2005 were 3.32% and 96.68%, and from 1995 to 2018 were 

−0.48% and 100.48% respectively (Yang et al., 2021). Another study in the Dongjiang 

Lake Basin also showed that the WY of all LULC types also increased by 21.15% in 

2010–2020, and the average annual rainfall increased by 18.29%. Thus, the WY of the 

watershed is significantly affected by climate change, especially rainfall, which has a 

positive correlation with WY (Mo et al., 2021). Research conducted in the Yellow 

River Basin in Henan Province, with simulations of changes in LULC and climate 

change from 2000–2030 shows that the interaction between meteorological factors 

(rainfall, potential ET) and changes in LULC types (such as rainfall and population) 

also has high driving force, which indicates that meteorological factors are the most 

important for air production in the study area (Ma et al., 2024). Lepcha et al. (2024) 

research in the upstream Teesta River basin simulates hydrological components and 

sediment yield for the historical (1990 to 2019) and near-future (2020 to 2059). LULC 

change affects decreased actual ET, streamflow, base flow, and WY (approximately 

4%), while lateral flow and sediment yield increase (approximately 36%), both in the 
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historical and near-future. Meanwhile, climate change has shown a significant increase 

in WY and sediment yield during the historical and near future. In historical, annual 

WY increased by around 12%. 

3.3. Relationships between land use intensity (LUI) and water yield 

Model Coordinated Coupling Degree (CCD) is used to assess the relationship 

between LUI and various ES, including WY. The model reveals that the integration of 

LUI and ES is primarily at a basic level and is nearly uncoordinated, indicating that 

the two significantly constrain each other. One of the main factors contributing to this 

low level of coordination is uncontrolled land use, which disrupts the balance 

necessary for sustainable environmental management. By assessing the CCD between 

LUI and WY, it is possible to measure how well LUI interacts with WY, a critical 

factor in sustainable land management (Li et al., 2024). LUI can have direct and 

indirect impacts on biodiversity, potentially leading to biodiversity loss, land 

degradation, decreased WY, increased carbon emissions, and other adverse 

environmental effects. 

The CCD model was used to reveal the spatial distribution of the degree of 

coordinated development of LUI and WY in Cisadane Watershed, from 2010 to 2021 

based on district presented in Figure 6 and Table 5. Table 5 summarizes the CCD 

between LUI and WY in the Cisadane Watershed at the district level from 2010 to 

2021. The results of the study found that: severe imbalance decreased from 5 districts 

in 2010 into 4 districts in 2021, while moderate imbalance increased from 16 districts 

in 2010 into 18 districts in 2021, and reasonable coordination decreased from 7 

districts in 2010 to 6 districts in 2021. Meanwhile, the number of districts with 

essential coordination and high coordination remained constant. Most districts 

(51.22%–53.66%) were in the unbalanced category, while the remaining districts 

(46.34%–48.78%) were in the coordination category. Overall, the distribution of 

districts across different CCD categories changed, with an increase in moderate 

imbalance and decreases in severe and reasonable coordination categories. 

Table 5. Coupling coordination between LUI and WY in the Cisadane Watershed (District Scale) 2010–2021. 

No  
2010 2021 Change 2010–2021 

Number % Number % Number % 

1 
Severe imbalance  

(0 ≤ U < 0.2) 
5.00 12.20 4.00 9.76 (1.00) (25.00) 

2 
Moderate imbalance 

(0.2 ≤ U < 0.4) 
16.00 39.02 18.00 43.90 2.00 11.11 

3 
Essential coordination 

(0.4 ≤ U < 0.6) 
9.00 21.95 9.00 21.95 0.00 0.00 

4 
Reasonable coordination 

(0.6 ≤ U < 0.8) 
7.00 17.07 6.00 14.63 (1.00) (16.67) 

5 
High coordination 

(0.8 ≤ U ≤ 1) 
4.00 9.76 4.00 9.76 0.00 0.00 

 Total 41.00 100.00 41.00 100.00   
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Figure 6. Spatial distribution of coupling coordination between LUI and WY on the district scale. 

This particularly highlights the need for better coordination in regions where LUI 

and WY are not well aligned. Such coordination is essential for improving WY and 

promoting sustainable land use practices. The gap between water availability and 

demand can negatively impact ecosystem performance and regional economies, 

emphasizing the importance of optimizing land use to address this issue. 

Several studies have highlighted that LULC changes and climate change 

significantly impact WY. Research using the GMOP-PLUS and InVEST models in 

the Xinjiang region shows that while land-use changes can increase water availability 

by enhancing plant water absorption, a deficit in water availability remains (Liu et al., 

2023). Furthermore, climate change has a more substantial impact on WY than LULC 

changes, underscoring the need for coordinated strategies that address both factors. 

This coordination is crucial for managing the relationship between land development 

and WY services, particularly in key water resource areas (Wang et al., 2022). 

Increased LUI typically leads to greater trade-offs among ES. For instance, while 

intensive agriculture can boost food production, it often comes at the cost of other 

services, such as water quality and biodiversity. In systems with high LUI, sustaining 

both food production and regulatory services is often only feasible on smaller farms, 

whereas, in low-intensity systems, these services can be maintained across larger 

farms. 

Changes in LULC, such as urbanization, agricultural expansion, and 

deforestation, can either raise or lower WY. For example, in India, converting rice 

paddies to dryland crops increased surface water availability but decreased 

groundwater recharge (Reheman et al., 2023). Similarly, in Malaysia, forest 

degradation and urban expansion resulted in higher WY, underscoring the direct link 

between land-use changes and water resources (Baiya and Hashim, 2020). These 

observations highlight the critical need to consider land-use practices when managing 
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water resources and planning for sustainable development. In regions where CCD is 

imbalanced, more effective land-use planning and management are essential. This 

approach can enhance LUI, which in turn can improve water retention and reduce 

evapotranspiration, thereby increasing WY and availability for various purposes, 

including agriculture, urban consumption, and environmental needs (Qi et al., 2023). 

Effective land-use planning can also boost soil infiltration rates, reduce runoff, and 

mitigate flood risks by ensuring that water is absorbed into the soil rather than flowing 

across the surface (Balist et al., 2022). Aligning LUI with WY can promote sustainable 

ecosystem services by maintaining healthy vegetation cover, which aids in soil 

conservation, reduces erosion, and supports biodiversity (Xu et al., 2016). 

Conversely, in regions with a high Coordination Coupling Level, strategies 

should aim to optimize the balanced development of various subsystems. This can be 

accomplished through several methods. First, encouraging the adoption of 

environmentally friendly agricultural practices and conservation technologies to 

reduce water consumption and enhance soil health. Second, regularly monitoring and 

evaluating CCD to ensure the effectiveness of these strategies (Fan et al., 2023). Third, 

policies to local conditions to foster coordinated and sustainable development (Ge et 

al., 2023). Lastly, educating communities on water conservation and sustainable land-

use practices. Actions that can improve the coordination and connection between LUI 

and WY include developing an index system to evaluate urban development intensity 

and water environmental carrying capacity (Deng et al., 2023), and assessing 

efficiency and coordinating linkages across different systems, such as those in high-

tech industries (Deng et al., 2023). Integrating water resource management into land-

use planning, as practiced in Greece, can significantly contribute to environmental 

conservation and sustainable development. This approach fosters collaboration 

between land-use authorities and water management entities through strategic 

planning, stakeholder involvement, adaptive management, and continuous monitoring 

to tackle water management issues and enhance environmental protection (Wang and 

Zhang, 2023). 

4. Conclusion 

This study employs a combination of the InVEST Model and CCD to assess WY. 

The InVEST Model evaluates WY for the years 2010, 2015, 2021, and forecasts future 

WY for 2030 and 2050. Meanwhile, the CCD method was applied to examine the 

relationship between LUI and WY. The findings are anticipated to support in 

managing land resources and optimizing WY. 

The findings revealed the annual WY increased from 150.2 × 108 m3/year in the 

year 2010 to 215.8 × 108 m3/year in 2021; which represents an increase of 

approximately 6.56 × 108 m3 (30.42%). The annual predicted for WY based on the 

PFA scenario in 2030 is 235.1 × 108 m3, while the WY for the BAU scenario is 234.5 

× 108 m3, reaches 0.6 × 108 m3 (about 0.25%) compared to the BAU scenario in 2030. 

Additionally, the PFA scenario shows an increase to 187.0 × 108 m3, reflecting an 

increase of around 8.66% compared to the WY in 2021. The main contribution to the 

changes in WY comes from rainfall (climate factors), accounting for about 88.99%, 

while changes in LULC contribute less than 11%. The relationship between LUI and 
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WY was analysed using CCD for 2010 and 2020. Each category of LUI and WY 

exhibited the same pattern. Most districts (51.22%–53.66%) fell into the unbalanced 

category, where an increase in LUI usually leads to greater trade-offs with WY. The 

remaining districts (46.34%–48.78%) were in the coordination category. This study is 

expected to serve as a reference for decision makers in sustainable watershed 

management based on ES. 

Author contributions: Conceptualization, IN, WA and JS; methodology, TT, IN and 

YS; software, JS, NS, FM and HIA; validation, TT, NS, RS and DLC; formal analysis, 

IN, NS, YS and JS; investigation, RS, LS, HIA and YY; resources, BW, FM, TAP and 

HIA; data curation, DLC, LS, IFC and BW; writing—original draft preparation, YS, 

FM, IFC and TAP; writing—review and editing, TT, WA, RS and LS; visualization, 

IFC, TAP and YY; supervision, WA; project administration, BW; funding acquisition, 

DLC and YY. All authors have read and agreed to the published version of the 

manuscript. 

Acknowledgments: We acknowledge the effective collaboration between the 

National Research and Innovation Agency (BRIN), the provincial governments of 

West Java and Banten, and the Ciliwung-Cisadane River Basin Organization 

(BBWSCC). We also extend our gratitude to the Japan Aerospace Exploration Agency 

(JAXA) for providing GSMaP data. Additionally, we would like to thank BRIN for its 

continued support. 

Conflict of interest: The authors declare no conflict of interest. 

References 

Ambarwulan, W., Nahib, I., Widiatmaka, W., Suryanta, J., Munajati, S. L., Suwarno, Y., Turmudi, T., Darmawan, M., & Sutrisno, 

D. (2021). Using Geographic Information Systems and the Analytical Hierarchy Process for Delineating Erosion-Induced 

Land Degradation in the Middle Citarum Sub-Watershed, Indonesia. Frontiers in Environmental Science, 9. 

https://doi.org/10.3389/fenvs.2021.710570 

Ambarwulan, W., Yulianto, F., Widiatmaka, W., Rahadiati, A., Tarigan, S. D., Firmansyah, I., & Hasibuan, M. A. S. (2023). 

Modelling land use/land cover projection using different scenarios in the Cisadane Watershed, Indonesia: Implication on 

deforestation and food security. The Egyptian Journal of Remote Sensing and Space Science, 26(2), 273–283. 

https://doi.org/10.1016/j.ejrs.2023.04.002 

Astuti, I. S., Sahoo, K., Milewski, A., & Mishra, D. R. (2019). Impact of Land Use Land Cover (LULC) Change on Surface 

Runoff in an Increasingly Urbanized Tropical Watershed. Water Resources Management, 33(12), 4087–4103. 

https://doi.org/10.1007/s11269-019-02320-w 

Bai, Y., Ochuodho, T. O., & Yang, J. (2019). Impact of land use and climate change on water-related ecosystem services in 

Kentucky, USA. Ecological Indicators, 102, 51–64. https://doi.org/10.1016/j.ecolind.2019.01.079 

Baiya, B., & Hashim, M. (2020). Modelling Catchment Land Use Changes against Water Yield with Satellite Multi-Temporal 

Data. IOP Conference Series: Earth and Environmental Science, 540(1), 012060. https://doi.org/10.1088/1755-

1315/540/1/012060 

Balist, J., Malekmohammadi, B., Jafari, H. R., Nohegar, A., & Geneletti, D. (2022). Detecting land use and climate impacts on 

water yield ecosystem service in arid and semi-arid areas. A study in Sirvan River Basin-Iran. Applied Water Science, 12(1), 

4. https://doi.org/10.1007/s13201-021-01545-8 

BIG. (2021, January 23). DEMNAS. Https://Tanahair.Indonesia.Go.Id/Demnas/#/Demnas. 

Budyko, M. I., & Miller, D. H. (1974). Climate and life. 

Chen, Y., Lu, H., Li, J., & Xia, J. (2020). Effects of land use cover change on carbon emissions and ecosystem services in 



Journal of Infrastructure, Policy and Development 2024, 8(15), 9375.  

21 

Chengyu urban agglomeration, China. Stochastic Environmental Research and Risk Assessment, 34(8), 1197–1215. 

https://doi.org/10.1007/s00477-020-01819-8 

Clerici, N., Cote-Navarro, F., Escobedo, F. J., Rubiano, K., & Villegas, J. C. (2019). Spatio-temporal and cumulative effects of 

land use-land cover and climate change on two ecosystem services in the Colombian Andes. Science of The Total 

Environment, 685, 1181–1192. https://doi.org/10.1016/j.scitotenv.2019.06.275 

Deng, H., Yang, J., & Wang, P. (2023). Study on Coupling Coordination Relationship between Urban Development Intensity and 

Water Environment Carrying Capacity of Chengdu–Chongqing Economic Circle. Sustainability, 15(9), 7111. 

https://doi.org/10.3390/su15097111 

Dennedy-Frank, P. J., Muenich, R. L., Chaubey, I., & Ziv, G. (2016). Comparing two tools for ecosystem service assessments 

regarding water resources decisions. Journal of Environmental Management, 177, 331–340. 

https://doi.org/10.1016/j.jenvman.2016.03.012 

Dong, F., & Li, W. (2021). Research on the coupling coordination degree of “upstream-midstream-downstream” of China’s wind 

power industry chain. Journal of Cleaner Production, 283, 124633. https://doi.org/10.1016/j.jclepro.2020.124633 

Fan, Z., Luo, Q., Yu, H., Liu, J., & Xia, W. (2023). Spatial–Temporal Evolution of the Coupling Coordination Degree between 

Water and Land Resources Matching and Cultivated Land Use Eco-Efficiency: A Case Study of the Major Grain-Producing 

Areas in the Middle and Lower Reaches of the Yangtze River. Land, 12(5), 982. https://doi.org/10.3390/land12050982 

Fang, Z., Ding, T., Chen, J., Xue, S., Zhou, Q., Wang, Y., Wang, Y., Huang, Z., & Yang, S. (2022). Impacts of land use/land 

cover changes on ecosystem services in ecologically fragile regions. Science of The Total Environment, 831, 154967. 

https://doi.org/10.1016/j.scitotenv.2022.154967 

Fatkhuroyan, & TrinahWati. (2018). Accuracy Assessment of Global Satellite Mapping of Precipitation (GSMaP) Product Over 

Indonesian Maritime Continent. IOP Conference Series: Earth and Environmental Science, 187, 012060. 

https://doi.org/10.1088/1755-1315/187/1/012060 

Felipe-Lucia, M. R., Soliveres, S., Penone, C., Fischer, M., Ammer, C., Boch, S., Boeddinghaus, R. S., Bonkowski, M., Buscot, 

F., Fiore-Donno, A. M., Frank, K., Goldmann, K., Gossner, M. M., Hölzel, N., Jochum, M., Kandeler, E., Klaus, V. H., 

Kleinebecker, T., Leimer, S., … Allan, E. (2020). Land-use intensity alters networks between biodiversity, ecosystem 

functions, and services. Proceedings of the National Academy of Sciences, 117(45), 28140–28149. 

https://doi.org/10.1073/pnas.2016210117 

Fu, B. P. (1981). On the calculation of the evaporation from land surface. Scientia Atmospherica Sinica, 5(1), 23. 

Fu, B., Zhang, L., Xu, Z., Zhao, Y., Wei, Y., & Skinner, D. (2015). Ecosystem services in changing land use. Journal of Soils and 

Sediments, 15(4), 833–843. https://doi.org/10.1007/s11368-015-1082-x 

Ge, K., Wang, Y., Ke, S., & Lu, X. (2023). Research on the spatiotemporal evolution and driving mechanism of coupling 

coordinating between green transition of urban land use and urban land use efficiency: a case study of the Yangtze River 

Delta Region in China. Environmental Science and Pollution Research. https://doi.org/10.1007/s11356-023-31072-9 

Gomes, E., Inácio, M., Bogdzevič, K., Kalinauskas, M., Karnauskaitė, D., & Pereira, P. (2021). Future scenarios impact on land 

use change and habitat quality in Lithuania. Environmental Research, 197, 111101. 

https://doi.org/10.1016/j.envres.2021.111101 

Guan, D., Deng, Z., Zhou, L., Fan, X., Yang, W., Peng, G., Zhu, X., & Zhou, L. (2023). How can multiscenario flow paths of 

water supply services be simulated? A supply-flow-demand model of ecosystem services across a typical basin in China. 

Science of The Total Environment, 893, 164770. https://doi.org/10.1016/j.scitotenv.2023.164770 

Hou, J., Yan, D., Qin, T., Liu, S., Yan, S., Li, J., Abebe, S. A., & Cao, X. (2022). Evolution and attribution of the water yield 

coefficient in the Yiluo river basin. Frontiers in Environmental Science, 10. https://doi.org/10.3389/fenvs.2022.1067318 

Jew, E. K. K., Burdekin, O. J., Dougill, A. J., & Sallu, S. M. (2019). Rapid land use change threatens provisioning ecosystem 

services in miombo woodlands. Natural Resources Forum, 43(1), 56–70. https://doi.org/10.1111/1477-8947.12167 

Lepcha, P. T., Pandey, P. K., & Pandey, V. (2024). Quantification of the impact of land cover and climate change on water and 

sediment yield in sub-tropical Himalayas in upstream Teesta river basin, Sikkim. Remote Sensing Applications: Society and 

Environment, 34, 101146. https://doi.org/10.1016/j.rsase.2024.101146 

Li, Q., Yang, L., Jiao, H., & He, Q. (2024). Spatiotemporal Analysis of the Impacts of Land Use Change on Ecosystem Service 

Value: A Case from Guiyang, China. Land, 13(2), 211. https://doi.org/10.3390/land13020211 

Li, S., Yang, H., Lacayo, M., Liu, J., & Lei, G. (2018). Impacts of Land-Use and Land-Cover Changes on Water Yield: A Case 

Study in Jing-Jin-Ji, China. Sustainability, 10(4), 960. https://doi.org/10.3390/su10040960 



Journal of Infrastructure, Policy and Development 2024, 8(15), 9375.  

22 

Liang, J., Li, S., Li, X., Li, X., Liu, Q., Meng, Q., Lin, A., & Li, J. (2021). Trade-off analyses and optimization of water-related 

ecosystem services (WRESs) based on land use change in a typical agricultural watershed, southern China. Journal of 

Cleaner Production, 279, 123851. https://doi.org/10.1016/j.jclepro.2020.123851 

Liu, W., Wu, J., Fan, H., Duan, H., Li, Q., Yuan, Y., & Zhang, H. (2017). Estimations of evapotranspiration in an age sequence of 

Eucalyptus plantations in subtropical China. PLOS ONE, 12(4), e0174208. https://doi.org/10.1371/journal.pone.0174208 

Liu, Y., Zhang, Y., Yu, M., & Dai, C. (2024). Impacts of Climate and Land Use/Land Cover Change on Water Yield Services in 

Heilongjiang Province. Water, 16(15), 2113. https://doi.org/10.3390/w16152113 

Liu, Z., Shi, M., Wu, H., Jiang, P., Zhang, H., He, P., Zheng, K., Dong, T., & Zhang, Y. (2023). Quantity and spatial imbalance of 

supply and demand for water yield services in terrestrial ecosystems under different future land use scenarios in Xinjiang, 

China. Frontiers in Ecology and Evolution, 11. https://doi.org/10.3389/fevo.2023.1094409 

Lu, C., Sidai, G., & Yangli, L. (2024). Discerning changes and drivers of water yield ecosystem service: A case study of 

Chongqing-Chengdu District, Southwest China. Ecological Indicators, 160, 111767. 

https://doi.org/10.1016/j.ecolind.2024.111767 

Ma, X., Liu, S., Guo, L., Zhang, J., Feng, C., Feng, M., & Li, Y. (2024). Evolution and Analysis of Water Yield under the Change 

of Land Use and Climate Change Based on the PLUS-InVEST Model: A Case Study of the Yellow River Basin in Henan 

Province. Water, 16(17), 2551. https://doi.org/10.3390/w16172551 

Malinga, R., Gordon, L. J., Jewitt, G., & Lindborg, R. (2015). Mapping ecosystem services across scales and continents – A 

review. Ecosystem Services, 13, 57–63. https://doi.org/10.1016/j.ecoser.2015.01.006 

Mo, W., Zhao, Y., Yang, N., Xu, Z., Zhao, W., & Li, F. (2021). Effects of Climate and Land Use/Land Cover Changes on Water 

Yield Services in the Dongjiang Lake Basin. ISPRS International Journal of Geo-Information, 10(7), 466. 

https://doi.org/10.3390/ijgi10070466 

Muhammed, H. H., Mustafa, A. M., & Kolerski, T. (2021). Hydrological responses to large-scale changes in land cover of river 

watershed: Review. Journal of Water and Land Development, 108–121. https://doi.org/10.24425/jwld.2021.138166 

Nahib, I., Ambarwulan, W., Rahadiati, A., Munajati, S. L., Prihanto, Y., Suryanta, J., Turmudi, T., & Nuswantoro, A. C. (2021). 

Assessment of the Impacts of Climate and LULC Changes on the Water Yield in the Citarum River Basin, West Java 

Province, Indonesia. Sustainability, 13(7), 3919. https://doi.org/10.3390/su13073919 

Nahib, I., Ambarwulan, W., Sutrisno, D., Darmawan, M., Suwarno, Y., Rahadiati, A., Suryanta, J., Prihanto, Y., Rudiastuti, A. 

W., & Gaol, Y. L. (2023). Spatial-temporal heterogeneity and driving factors of water yield services in Citarum river basin 

unit, West Java, Indonesia. Archives of Environmental Protection, 3–24. 

Nahib, I., Wahyudin, Y., Widiatmaka, W., Ambarwulan, W., Amhar, F., Suwedi, N., Darmawan, M., Suryanta, J., Pranoto, B., 

Ramadhani, F., Nugroho, N. P., Cahyana, D., & Karolinoerita, V. (2024). Evaluating the effects of changes in land use and 

assessing the value of ecosystem services in the Cisadane Watershed, Banten Province, Indonesia. Journal of Infrastructure, 

Policy and Development, 8(6), 3788. https://doi.org/10.24294/jipd.v8i6.3788 

Ningrum, A., Setiawan, Y., & Tarigan, S. D. (2022). Annual Water Yield Analysis with InVEST Model in Tesso Nilo National 

Park, Riau Province. IOP Conference Series: Earth and Environmental Science, 950(1), 012098. 

https://doi.org/10.1088/1755-1315/950/1/012098 

Nugroho, N. P. (2017). Estimasi hasil air dari daerah tangkapan air Danau Rawa Pening dengan menggunakan Model Invest. 

Majalah Ilmiah Globë, 19(2), 157–166. 

Qi, Y., Wang, R., Shen, P., Ren, S., & Hu, Y. (2023). Impacts of Land Use Intensity on Ecosystem Services: A Case Study in 

Harbin City, China. Sustainability, 15(20), 14877. https://doi.org/10.3390/su152014877 

Reheman, R., Kasimu, A., Duolaiti, X., Wei, B., & Zhao, Y. (2023). Research on the Change in Prediction of Water Production in 

Urban Agglomerations on the Northern Slopes of the Tianshan Mountains Based on the InVEST–PLUS Model. Water, 

15(4), 776. https://doi.org/10.3390/w15040776 

Ridwansyah, I., Pawitan, H., Sinukaban, N., & Hidayat, Y. (2014). Watershed Modeling with ArcSWAT and SUFI2 In Cisadane 

Catchment Area: Calibration and Validation of River Flow Prediction. International Journal of Science and Engineering, 

6(2). https://doi.org/10.12777/ijse.6.2.92-101 

Rose, T., Kremen, C., Thrupp, A., Gemmill-Herren, B., Graub, B., Azzu, N., Antunes, V., Bruteig, I. E., Buchori, D., & 

Donaldson, J. (2015). Policy analysis paper: mainstreaming of biodiversity and ecosystem services with a focus on 

pollination. United Nations Food and Agriculture Organization (FAO) with the contribution of participants at the “Policies 

for Pollination Management” Worksh. 



Journal of Infrastructure, Policy and Development 2024, 8(15), 9375.  

23 

Sharp, R., Douglass, J., Wolny, S., Arkema, K., Bernhardt, J., Bierbower, W., Chaumont, N., Denu, D., Fisher, D., & Glowinski, 

K. (2020). InVEST 3.8. 7. User’s Guide. The Natural Capital Project, Standford University, University of Minnesota, The 

Natural Capital Project. Stanford University, University of Minnesota, The Nature Conservancy, and …. 

Soplanit, R., & Silahooy, C. (2012). Dampak perubahan penggunaan lahan terhadap aliran permukaan, aliran bawah permukaan 

dan aliran dasar di DAS BatuGajah Kota Ambon. Agrologia, 1(2), 288724. 

Soplanit, R., & Silahooy, C. (2018). Dampak Perubahan Penggunaan Lahan Terhadap Aliran Permukaan, Aliran Bawah 

Permukaan Dan Aliran Dasar Di Das Batugajah Kota Ambon. Agrologia, 1(2). https://doi.org/10.30598/a.v1i2.291 

Sriyana, I., De Gijt, J. G., Parahyangsari, S. K., & Niyomukiza, J. B. (2020). Watershed management index based on the village 

watershed model (VWM) approach towards sustainability. International Soil and Water Conservation Research, 8(1), 35–46. 

https://doi.org/10.1016/j.iswcr.2020.01.003 

Strassburg, B. B. N., Iribarrem, A., Beyer, H. L., Cordeiro, C. L., Crouzeilles, R., Jakovac, C. C., Braga Junqueira, A., Lacerda, 

E., Latawiec, A. E., Balmford, A., Brooks, T. M., Butchart, S. H. M., Chazdon, R. L., Erb, K.-H., Brancalion, P., Buchanan, 

G., Cooper, D., Díaz, S., Donald, P. F., … Visconti, P. (2020). Global priority areas for ecosystem restoration. Nature, 

586(7831), 724–729. https://doi.org/10.1038/s41586-020-2784-9 

Suryanta, J., Nahib, I., Ramadhani, F., Rifaie, F., Suwedi, N., Karolinoerita, V., Cahyana, D., Amhar, F., & Suprajaka, S. (2024). 

Modelling and dynamic water analysis for the ecosystem service in the Central Citarum watershed, Indonesia. Journal of 

Water and Land Development, 122–137. https://doi.org/10.24425/jwld.2024.149114 

Wang, W., & Zhang, J. (2023). Measuring the coupling coordination of land use functions and influencing factors: a case study in 

Beijing. Frontiers in Ecology and Evolution, 11. https://doi.org/10.3389/fevo.2023.1159152 

Wang, X., Liu, G., Lin, D., Lin, Y., Lu, Y., Xiang, A., & Xiao, S. (2022). Water yield service influence by climate and land use 

change based on InVEST model in the monsoon hilly watershed in South China. Geomatics, Natural Hazards and Risk, 

13(1), 2024–2048. https://doi.org/10.1080/19475705.2022.2104174 

Wei, P., Chen, S., Wu, M., Deng, Y., Xu, H., Jia, Y., & Liu, F. (2021). Using the InVEST Model to Assess the Impacts of Climate 

and Land Use Changes on Water Yield in the Upstream Regions of the Shule River Basin. Water, 13(9), 1250. 

https://doi.org/10.3390/w13091250 

Wen, Z., Zheng, H., Smith, J. R., Zhao, H., Liu, L., & Ouyang, Z. (2019). Functional diversity overrides community-weighted 

mean traits in linking land-use intensity to hydrological ecosystem services. Science of The Total Environment, 682, 583–

590. https://doi.org/10.1016/j.scitotenv.2019.05.160 

Xu, Y., Tang, H., Wang, B., & Chen, J. (2016). Effects of land-use intensity on ecosystem services and human well-being: a case 

study in Huailai County, China. Environmental Earth Sciences, 75(5), 416. https://doi.org/10.1007/s12665-015-5103-2 

Yang, J., Xie, B., Zhang, D., & Tao, W. (2021). Climate and land use change impacts on water yield ecosystem service in the 

Yellow River Basin, China. Environmental Earth Sciences, 80(3), 72. https://doi.org/10.1007/s12665-020-09277-9 

Zhang, H., Wang, Y., Wang, C., Yang, J., & Yang, S. (2022). Coupling analysis of environment and economy based on the 

changes of ecosystem service value. Ecological Indicators, 144, 109524. https://doi.org/10.1016/j.ecolind.2022.109524 

Zhang, X., Zhang, G., Long, X., Zhang, Q., Liu, D., Wu, H., & Li, S. (2021). Identifying the drivers of water yield ecosystem 

service: A case study in the Yangtze River Basin, China. Ecological Indicators, 132, 108304. 

https://doi.org/10.1016/j.ecolind.2021.108304 

Zhang, Z., & Li, Y. (2020). Coupling coordination and spatiotemporal dynamic evolution between urbanization and geological 

hazards–A case study from China. Science of The Total Environment, 728, 138825. 

https://doi.org/10.1016/j.scitotenv.2020.138825 

Zheng, H., Peng, J., Qiu, S., Xu, Z., Zhou, F., Xia, P., & Adalibieke, W. (2022). Distinguishing the impacts of land use change in 

intensity and type on ecosystem services trade-offs. Journal of Environmental Management, 316, 115206. 

https://doi.org/10.1016/j.jenvman.2022.115206 

Zhou, G., Wei, X., Chen, X., Zhou, P., Liu, X., Xiao, Y., Sun, G., Scott, D. F., Zhou, S., Han, L., & Su, Y. (2015). Global pattern 

for the effect of climate and land cover on water yield. Nature Communications, 6(1), 5918. 

https://doi.org/10.1038/ncomms6918 

Zhu, S., Huang, J., & Zhao, Y. (2022). Coupling coordination analysis of ecosystem services and urban development of resource-

based cities: A case study of Tangshan city. Ecological Indicators, 136, 108706. 

https://doi.org/10.1016/j.ecolind.2022.108706 


