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Abstract

Changes in land use and land cover (LULC) significantly impact ecosystem services (ES), often leading
to land degradation and disrupting natural balance. This study examines how LULC changes have
influenced total ecosystem services (TES) in Citarum Watershed over the past decade. Specifically,
researchers analyze (1) the shifts in LULC and key ES components—water yield (WY), soil
conservation (SC), and carbon storage (CS)—from 2010 to 2020, (2) the spatial relationship between
land use intensity (LUI) and ES, and (3) the synchronization and distribution patterns of LUI and TES
using a coupling coordination degree (CCD) model. The findings reveal significant LULC changes
between 2010 and 2020, with bare/shrubland and agricultural areas expanding by 88.37% and 2.25%,
while forest land and lakes declined by 0.78% and 0.09%. These transformations affected ES values,
as WY and CS decreased by 15.01% and 4.98%, whereas SC increased by 12.03%. Overall, TES
declined by 7.54%, with the steepest reduction (17.70%) observed in the downstream region.
The coupling coordination analysis highlights an imbalance between LUI and TES, with 65 to 68% of
sub-districts classified as imbalanced. These results underscore the urgent need for integrated land-use
planning strategies to restore ecosystem balance and promote sustainability in Citarum Watershed.
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INTRODUCTION

Ecosystem services (ES) refer to the inherent
services provided by the environment that directly
or indirectly enhance the long-term welfare of
human beings. These services are classified
into four categories (Millennium Ecosystem
Assessment, 2005): provisioning, regulating,
supporting, and cultural. Humans can obtain both
direct and indirect benefits from the processes
that take place in the ecosystems (Costanza
et al.,, 1998). Ecosystems are very important
in economic development and human welfare;
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therefore, ecosystem changes need to be directed
to provide benefits for humans. Wrong direction
in ecosystem modifications might result in the
deterioration of environmental sustainability and
a rise in expected hazards (Duraiappah, 2011).
Unregulated economic development activities
are gradually deteriorating the functioning of
global and regional ecosystems (Strassburg et al.,
2020). The Millennium Ecosystem Assessment
(MEA) Report (2005) concludes that 15 out of
24 ES have seen adverse effects globally in the
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last 50 years. Human-induced changes in land use
and land cover (LULC) are responsible for 60%
of the decrease in ES provision (Jew et al., 2019).
ES value has become important in tackling
significant issues associated with ES (De Groot
et al., 2012). Evaluating the impact of land use
intensity (LUI) on ES and functions is crucial
because of the potential for LUl to modify
essential elements of ecosystem function,
such as conflicts between ecosystem functions
and services and their benefits (Felipe-Lucia
et al., 2020). Examining the correlation between
LUI and ES is crucial for improving human
welfare and establishing theoretical principles
for strategic decision-making in regional
development regarding land use and ES.

Strategic regional development planning
should take into account the changing
environmental conditions caused by changes
in LULC (Gomes et al., 2021b). Changes in
LULC can result in land degradation, which
hinders the availability of ES in certain regions
and destabilizes the establishment of sustainable
ecosystems (Bryan et al., 2018). LULC refers to
alterations in the categories of land use and
modifications in the intensity and spatial
configurations of land (Fu et al., 2015).

In more detail, the subsequent impact of
land use change is a change in the function of ES.
Suwardi et al. (2023) conducted a review study
investigating N.O emissions across different
agricultural systems, including maize, peanut, and
cassava fields on mineral soils in Bogor Regency,
West Java, as well as Acacia plantations and
primary forests in tropical peatlands in Bengkalis
Regency, Riau. The study analyzed the effects
of land use, fertilization practices, and rainfall
patterns. The results indicated that N2O emissions
were primarily influenced by land use type,
fertilizer application, and soil disturbance. These
findings emphasize the need for effective fertilizer
management and soil conservation (SC)
strategies. Moreover, the significantly higher N>O
emissions in peatlands compared to mineral soils
highlight the critical need for targeted mitigation
efforts in these ecosystems.

While the relationship between changes in LUI
and ES has been somewhat disregarded (Zheng
et al., 2022), fluctuations in LUI also affect ES
and their related functions (Wen et al., 2019). The
study conducted by Xu et al. (2016) used variance
analysis and correlation methods to investigate
the impact of LUI on ES and human well-being.
The study’s findings indicated that increased
levels of LUI facilitate food production, SC, and

climate control. Felipe-Lucia et al. (2020) suggest
that the expression of ES and its functions can rise
at moderate levels of LUI. Still, the extent of this
positive relationship decreases at greater LUI
levels.

A crucial aspect of regional development
planning, particularly in watershed management,
that has received limited attention in previous
research is the integration of LUI and ES into
watershed planning. Previous studies have often
overlooked the importance of incorporating
diverse decision-making preferences into regional
planning and the identification of conservation
areas (Li et al, 2023). The uncoordinated
development of LULC changes and ES in the
Citarum Watershed poses a significant threat
to the ecological environment, necessitating
a thorough evaluation of ES by examining the
correlation between LUI and ES (Agaton et al.,
2016; Siswanto and Francés, 2019). Research on
the relationship between LUI and ES in Indonesia
remains insufficient, underscoring the need for
further exploration.

The Citarum Watershed is one of the critical
watersheds prioritized for intervention. Research
on ES has been conducted extensively in this
watershed. For instance, Pranoto et al. (2024)
highlighted the Citarum Watershed’s critical role
in providing ES, particularly as a regional water
supplier and a source for hydropower generation.
Conversely, several research focused mainly on
individual services, such as water yield (WY)
(Nahib et al., 2022) and SC (Nahib et al., 2024b).

Understanding the relationships between ESs
is vital for sustainable watershed management
(Nahib et al., 2024b). The 2010 to 2020 data play
a critical role in assessing the West Java Province
Long-Term Development Plan (RPJP) for the
2000 to 2020 period (Development Planning
Agency at Sub-National Level of West Java
Province, 2008). The evaluation was divided
into two phases: the 2000 to 2010 and the 2010 to
2020 period, representing the second 10-year
assessment. This analysis seeks to identify trends
observed over the past two decades and forecast
potential changes for the next 20 years, with
a focus on risks, impacts, and trends associated
with  anticipated environmental  dynamics
(Malinga et al., 2015).

The present work aims to fill this research gap
by utilizing a coupling coordination degree (CCD)
model to examine the patterns and variations
in LUI and total ecosystem services (TES) in the
Citarum Watershed. The objectives of this study
are: (1) to examine LULC changes and ES, WY,
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SC, and carbon storage (CS) between 2010 and
2020; (2) to investigate the bivariate spatial
autocorrelation between LUI and ES during the
same period and location; and (3) to explore the
synchronization behaviors and spatiotemporal
distribution of LUl and TES in the watershed
using a CCD model. The results are expected to
be useful for regional planners and decision-
makers for sustainable watershed management.

MATERIALS AND METHOD

Study area

The study was carried out in the Citarum
Watershed, covering an area of 690,916 ha
in the West Java Province, Indonesia (Figure 1).
Geographically, the research location is situated
within the longitudes of 106°51° and 107°51° E
and the latitudes of 7°19’ and 6°24° S. The
research location is in a tropical climate area
with a yearly average rainfall of 2,358 mm. The
Citarum River is crucial for power generation,
agricultural activities, and the provision of
freshwater to inhabitants in many regencies of
West Java. The river traverses the watershed and
it is controlled by three prominent dams, namely
Saguling, Cirata, and Jatiluhur.

The topography in this region exhibits
considerable variation, including prominent hills
and volcanic structures. The slopes range from
5 to 90%. The upstream mountains have
elevations ranging from 750 to 2,300 meters
above sea level (m asl), whereas the plains
have comparatively moderate volcanic terrain
characteristics (Minister of Public Works and
Housing Regulation, 2016; Sholeh et al., 2018).

The Citarum Watershed can be classified
as upstream, midstream, and downstream
watersheds based on landform or morphological
features. The topography in the upstream areas is
similar to that of the Bandung Basin, a sizable
basin between 625 and 2,600 m asl. Tuff, lava,
breccia, and lapilli comprise most of the
geological composition of the upper Citarum
areas. In the highland and mountainous regions,
the minimum temperature is 15.3 °C, with
an average of 4,000 mm of rainfall annually
(Minister of Public Works and Housing
Regulation, 2016; Sholeh et al., 2018). According
to Khairunnisa et al. (2020), the soil types found
in the upper Citarum Watershed are Latosol
(35.7%), Andosol (30.76%), Alluvial (24.75%),
Red-Yellow Podzolic (7.72%), and Regosol
(0.86%).

Data used

This study utilizes ES data, including WY, SC,
and CS, as presented in Appendix 1. The ES of
Citarum Watershed has been studied by Nahib
et al. (2022; 2024b), and the ES output (WY, CS,
and SC) was used in this research. The TES value
was calculated by using the three ES matrices.
Additionally, the LUI value was determined by
multiplying the factor score for each LULC type by
its respective area.

Data analysis

Four steps were carried out to investigate
the CCD relationship between LULC and TES
(Figure 2). In the first step, an analysis of the
changes in the degree of LULC dynamics and
LUI was carried out using LULC data from 2010
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Figure 2. Research framework

and 2020. This analysis used LUI techniques,
a conversion matrix, and land use dynamics at
a resolution of 30 m. In the second step, three
primary variables of ES (CS, SC, and WY) were
used to determine the TES. Temporal and spatial
change analyses were conducted using TES data
from 2010 and 2020.

In the third step, the sub-district boundaries
were established, and TES and LULC were
calculated for each sub-district using the zonal
statistical tools on the ArcGIS 10.8 platform,
as presented in Appendix 2. In the fourth step,
the relationship between LULC and TES was
investigated, as well as CCD analysis and local
spatial autocorrelation were used.

LULC dynamic

The Google Earth Engine (GEE) platform
was employed to produce satellite images free
of cloud interference. The Landsat datasets,
which featured atmospherically corrected surface
reflectance, were processed using the Landsat
Ecosystem Disturbance Adaptive Processing
System (LEDAPS) algorithm (Yulianto et al.,
2021). Landsat pixels were classified into
six LULC categories through a supervised
classification method utilizing the Random Forest
(RF) algorithm on the GEE platform.

To make clear the transitions between various
land use categories within the study area, the

properties of LULC were studied using a land use-
type transfer matrix. Equation 1 represents this
matrix.

Yl 1 le s Yln
Yij =Y Yo ... Y (1)
Ynl Yn2 . Ynn

Where Y; represents the amount (hectares) of
LULC that changed from category i (e.g., forest,
agriculture, built-up, water, etc.) at time 1y
(beginning) to category j (e.g., forest, agriculture,
built-up, water, etc.) at time t, (end).

Both single and integrated dynamic land use
models were created to enhance the portrayal of
conversion intensity and land use coverage.
Equation 2 defines the single land use dynamics
model.

L,-L;

X %100 % )
Where the degree of single land use dynamics
is denoted by D, the study period is T, the area
of a certain land use type at the beginning is
represented by Li, the area of that land use type
at completion is represented by L., and so on.

For LUI, the classification is divided into four
classes: Class 1 (unutilized land and bare land),
Class 2 (water bodies, lakes, virgin forests,
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plantation forests, shrubs, and grasslands), Class
3 (agricultural land, including paddy fields, estate
crop plantations, and dry farming), and Class 4
(construction land, including settlement areas
and airports). This classification is defined by
Equation 3.

Qa: 100 x Z Ai X Ci (3)
i=1

Where Qa is combined LUI, A; denotes the level
of LUI, and C; represents the corresponding class.

TES

This study looks at three ES: WY, SC, and
CS. The previous research has provided the
measurements for these ES in the research area
(Nahib et al., 2022; Nahib et al., 2024b).

The WY module within the INVEST model is
used to analyze the spatial distribution of WY
within the designated study area. Operating on
the principle of water balance, the module defines
WY as the residual water post-precipitation within
each grid, accounting for plant transpiration and
surface evaporation. It assumes that the WY of
each grid unit eventually reaches the watershed
outlet via surface and subsurface runoff.
Estimation of WY involves factors such as
precipitation, potential evapotranspiration, root
system characteristics, and soil depth. This
estimation is further refined by incorporating
runoff data from hydrological stations located
at the basin’s outlet. Ultimately, the model
calculates the WY for each grid within the basin,
employing specific algorithms outlined by
Equation 4 and 5 (Sharp et al., 2020).

AET,;
ij =|1- P x Py (4)

X

AET(x)  T+wRy
P(x)  1+wRy+1/Ry;

®)

Where Y,; represents the WY of the x-th grid
of land use type j (m® hm?), AET, represents
the annual actual evapotranspiration of the X-n,
grid of land use type j (mm), Px represents the
annual average precipitation of the x-th grid
(mm), Ry represents the dryness index of the x-th
grid of land use type j, and Wy represents the
available water content of vegetation.

The sediment delivery ratio (SDR) module
within the INVEST model assesses SC within the
specified study region. Following the potential
soil loss equation, SC is determined by deducting
potential soil erosion (RKLS) from actual soil

erosion (USLE) to estimate soil loss per pixel.
This calculation is expressed by Equation 6, 7,
and 8 (Sharp et al., 2020).

SCi = RKLSi - USLE1 (6)
RI(LS1 =R; x K x LS1 (7)
USLE; = R; X K; x LS; x C; x P; (8)

Where SC; is SC, RKLS,; is the potential erosion
amount, USLE; is the actual erosion amount, R; is
rainfall erosivity factor, K; is soil erodibility
factor, LS; is the slope length factor, C; is the
vegetation cover management factor, and P; is the
factor of water and SC measures.

The carbon module within the INVEST model
is employed to quantify CS within the designated
study area. CS within the present landscape is
assessed by considering land use type data across
various periods and the corresponding carbon
pool storage. The calculation is conducted by
Equation 9 (Sun et al., 2018; Sharp et al., 2020).

CStotal = CSabove + CSbelow + CSsoil + CSdeald (9)

The total CS (CSiww) Iis comprised of
various components: aboveground carbon storage
(CSavove), underground carbon storage (CShelow),
soil carbon storage (CSsil), and carbon storage
of dead organic matter (CSgead). All values are
expressed in units of mg ha.

Three inputs were used to determine TES, such
as WY, SC, and CS. The values of these ES were
standardized to a range of 0 to 1, as their units
varied. The process outlined in Equation 10
(Peng et al., 2017) is then applied to get TES by
averaging the standardized values of each ES.

_ Esi,obs - Esi,min

' Esi,max - Esi,min

(10)

Where ES; represents the standard value of type
i ES, ESios denotes the raw value of i ES, and
ESimin and ESimax represent the minimum and
maximum values of i ES, respectively.

Spatial autocorrelation test

Examining spatial autocorrelation enables
the identification of geographical grouping and
heterogeneity in attribute values. Typically,
this analysis is assessed using global and local
Moran’s I indices, which provide insights into
the spatial distribution features (Anselin, 1995).
Some researchers studied the geographical
aggregation and dispersion patterns between ES
and LUI using Bivariate Moran’s I, which is
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a statistical measure that incorporates both global
and local indicators of bivariate spatial
autocorrelation (Anselin, 1988; Xiao et al., 2020).
The present study employed bivariate spatial
autocorrelation analysis to investigate the
geographical relationship between ES and LUI.

This study utilized the global Moran’s I index,
which takes values from -1 to 1. A negative
Moran’s I value denotes an inverse relationship
between LUI and ES, whereas a positive Moran’s
I value suggests a direct positive relationship
between the two variables. The proximity of
Moran’s 1 index to zero indicates that the
association between ES and LUI adheres to
a random or scattered pattern.

CCD between LUI and TES

A physics notion inspired the interwoven
interactions between TES and LUI (Kurniawan
et al,, 2019; 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). Researchers
created a model to determine the coupling
between LUI and TES using this physics theory of
coupling, as shown by Equation 11.

. j(LMX « TES,) an

(LUI, + TES,)?

Where, C represents the coupling strength
between LUI and TES, which goes from 0 to 1.
LUI represents the evaluation value for LUI, and
TES shows the comprehensive assessment for
total ES. Higher values of C indicate greater LUI
and TES interactions.

It is essential to understand, nevertheless,
that the coupling degree does not represent the
developmental state of the two systems; rather,
it only indicates the degree of correlation between
them. Both systems could have low values
and high coupling degrees at the same time.
Therefore, it is critical to understand the
difference between horizontal solid coupling

and high coupling values. Equation 12 and 13 of
the CCD model were used to measure the degree
of coordination between LUI and ES.

D=V CxT (12)
T = aLUI, + BTES, (13)

Where D stands for the LUI and TES coordination
coefficient. T is the overall synergy effect as
represented by the two systems’ thorough
assessment index. a and £ 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 o and S were
assigned the same value of 0.5 (Zhang and Li,
2020). The CCD has been categorized by recent
studies into five levels of imbalance and
coordination: necessary coordination (0.4 < CCD
< 0.6), decent coordination (0.6 < CCD < 0.8),
strong coordination (0.8 < CCD < 1), severe
imbalance (0 < CCD < 0.2), and moderate
imbalance (0.2 <CCD < 0.4) (Zhang et al., 2022).

RESULTS AND DISCUSSION

LULC dynamic

Image classification is prone to various errors,
making accuracy assessment essential. The
analysis shows that the 2010 Landsat image
achieved a Kappa coefficient of 84% and
an overall accuracy of 88%. Likewise, the 2020
Landsat image recorded a Kappa coefficient of
82% and an overall accuracy of 83%. These
results confirm that both the Kappa and overall
accuracy values exceed the 80% threshold,
indicating they fall within an acceptable range.
Additionally, all LULC categories have Kappa
values above 80%, reinforcing their reliability
as indicators of accuracy (Shao et al., 2019; Islami
et al., 2022).

By analyzing Landsat images from 2010 and
2020, the LULC types are presented in Table 1
and Figure 3. Table 1 presents the examination

Table 1. The area of each class, change, and degree of LULC of Citarum Watershed (2010 to 2020)

LULC 2010 2020 Change 2010-2020  Degree
ha % % ha % LULC
Forest 101,712.40 14.82 100,793.86 14.82 918.54  (0.78)  (0.08)
Construction land 72,482.33 11.39 77,984.19 11.47 502.18 0.65 0.06
Bare/shrubland 12,838.69  1.89 26,486.88 3.90 (13,648.19) 88.37 8.83
Agricultural land 439,801.45 64.68 452,618.96 66.55 12,817.51 291 0.29
Fishpond 19,719.26 2.90 20,146.55  2.96 427.29 2.17 0.22
Lake 15,221.70 2.24 15,208.41 2.24 (13.29) (0.09) (0.01)

Note: () = Indicates a minus (decrease)
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Figure 3. LULC in Citarum Watershed (a) Year 2010, (b) Year 2020

of LULC variations throughout the 10 years
(2010-2020). Furthermore, the degree of LULC is
shown in Table 1 and was computed using
Equation 2.

Table 1 illustrates that the dominant LULC
types in 2010 were agricultural land (64.68%),
forest (14.82%), construction land (11.39%), and
bare/shrubland (3.90%). The LULC in 2020 was
relatively the same as the LULC in 2010.
Significant increases were observed in the LULC
types of bare/shrubland (88.37%) and agricultural
land (2.91%). Conversely, there were decreases
in forest cover (2.91%) and lake area (0.09%).
Overall, LULC conditions did not undergo
substantial changes during this period, as depicted
in Figure 4, with detailed changes presented in the
LULC change matrix in Table 2.

According to Equation 2, in the 2010 to 2020
period, the level of LULC dynamics integration
changed by 0.258%. The integrated dynamic
degree for 2010 to 2020 is 0.816%. The analysis
reveals a fluctuating trend in integrated dynamics
across different land use types, with an initial
increase. These statistics were used to rank each
LULC type’s dynamic degree from highest to
lowest as follows: bare land/shrub > agricultural
land > fishpond > forest > lake. Between 2010 and
2020, changes in LULC in Citarum Watershed
have been largely impacted by anthropogenic
activities, especially urbanization (increased
construction land) and deforestation (Nahib et al.,
2023). The decrease in forests and the increase
in construction areas indicate heightened
anthropogenic activities, particularly urbanization
and deforestation (Nahib et al., 2024b).

In the upper Citarum Watershed, Siswanto and
Francés (2019) reported a 141% growth in urban
areas, resulting in a decrease in rice fields and
the replacement of forests with cultivated lands.
These alterations have significantly impacted
the region’s hydrological and sedimentological
processes, leading to a decrease in
evapotranspiration, an increase in water output,
and an increase in erosion-prone areas.
Furthermore, because of changes in LULC
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Figure 4. LULC changes in Citarum Watershed
from 2010 to 2020
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Table 2. LULC change matrix, 2010 to 2020 (ha)

2020

2010
Type of LULC

Forest

Fishpond Total
101,712.40
12,838.69
72,482.33
439,801.44

Lake

Construction land Agricultural land

Bare/shrubland

Forest
97,842.36

2,422.71
12,730.22

18.87
37.62
68,646.60

1,290.29
12,294.41

483.49

Bare/shrubland

3,618.47
433,184.94

171.96
12,730.22

45.31
2,422.71

Construction land
Agricultural land

Lake

427.28

9,281.10

15,221.70
19,719.26

15,208.41

13.28

19,719.26
20,146.55

Fishpond

77,984.19 452,618.96 15,208.41

26,486.88

100,793.87

Total

patterns and rapid urban growth, the expansion
of urban areas is predicted to worsen the urban
heat island (UHI) effect, raising temperatures
(Derdouri et al., 2021).

Yusuf et al. (2018) found several variables
affecting LULC shifts in Citarum Watershed
between 2010 and 2020, including (1) economic
activity and shifts in the economy that lead
to modifications in land use (the extension
of agricultural land for commercial usage);
(2) population growth and social dynamics, which
increase demand for land and result in LULC
changes; and (3) natural events such as floods,
which can alter land use patterns as affected areas
may be converted into agricultural land or other
uses to mitigate future impacts.

Key drivers of LULC changes in Citarum
Watershed have been studied by Nahib et al.
(2023) and the results show that rapid
urbanization, forest conversion, and agricultural
expansion are the main factors influencing LULC.
Meanwhile, Syaban and Appiah-Opoku (2024)
also studied LULC changes. They concluded
that natural habitats and agricultural lands were
converted into urban areas due to urbanization.
In contrast, habitat degradation, decreased
biodiversity, and conversion of natural habitats
into agricultural lands were caused by forest
conversion and agricultural growth. According to
Wang et al. (2020), these elements work together
to cause major LULC changes in Citarum
Watershed, which lead to environmental problems
such as soil erosion and decreased WY. Land
conversion for agricultural and urban areas has
resulted in changes in the topography, which
affects the watershed’s ecosystems and water
resources. According to previous research
(Husodo et al., 2021), land shrinkage frequently
happens in places bordering Bandung, most likely
due to the city’s growth into neighboring areas.
The study reveals that sub-districts experiencing
the largest shrinkage are those with relatively
small areas, such as Cipatat (74%) and Batujajar
(83%) (Agaton et al., 2019). However, between
1989 and 2019, some sub-districts, such as
Bojongsoang, Slawi, and Tanjungsari, increased
in vegetated land area (Husodo et al., 2021).

ES dynamic

Figure 5 and Table 3 illustrate the spatial
distribution and changes of three ESs within the
Citarum Watershed over a decade, from 2010 to
2020. These visual tools offer valuable insights
into the evolving dynamics and spatial patterns of
ESs in the study area.
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Table 3. The total amount of ESs in Citarum Watershed (2010 to 2020) and its changes

WY
Name 2010 2020 Changes 2010-2020
subwatershed Mean Total Mean Total Mean Total
(10°m*ha)  (10°m® (10°m’ha?) (10°m®) (10°m’ha’)  (10°m®)
Upstream 10.02 24.09 9.01 21.74 -1.01 -2.35
Middle 16.13 39.93 14.25 35.36 -1.88 -4.57
Downstream 15.07 27.68 11.36 20.83 -3.71 -6.85
Total 13.74 91.70 11.54 77.93 -2.20 -13.77
SC
Name 2010 2020 Changes 2010-2020
subwatershed Mean Total Mean Total Mean Total
(tons 10°ha™) (10°tons) (tons 10°ha™®) (10°tons) (tons 10°ha™) (108 tons)
Upstream 3.74 9.09 4.89 11.89 1.15 2.80
Middle 5.61 14.04 6.11 15.29 0.50 1.25
Downstream 2.50 4.56 2.10 3.84 (0.40) -0.72
Total 3.95 27.69 4.49 31.02 0.54 3.33
CS
Name 2010 2020 Changes 2010-2020
subwatershed Mean Total Mean Total Mean Total
(tons 10°ha™) (10%tons) (tons 10°ha™®) (10°tons) (tons 10°ha™) (108 tons)
Upstream 51.55 12.54 51.79 12.60 0.24 0.06
Middle 53.68 13.46 49.47 12.40 (4.21) -1.06
Downstream 39.24 7.31 35.69 6.65 (3.55) -0.66
Total 4.82 33.31 4.58 31.65 (0.24) -1.66

Sources: Nahib et al. (2024b)

Table 3 indicates an overall decline in WY and
CS within the Citarum Watershed from 2010 to
2020, while SC showed an increase during the
same period. In 2010 and 2020, the WY's were
recorded at 91.70x10%® m3® and 77.93x10% m?,
respectively, indicating a decline. The total WY
in 2020 decreased by 13.8x10%8 m*® (15.00%)
compared to 2010. Notable spatial variation in
WY was observed in 2020, with the midstream
area having the highest unit WY, followed by
the downstream area, while the upstream area
recorded the lowest value. A decline in WY was
observed across all subwatersheds from 2010 to
2020. The reduction was generally modest, except
for the downstream area, which experienced
a more pronounced decrease of 9.74% in the
upstream, 11.44% in the midstream, and 24.75%
in the downstream regions.

The trend of SC in Citarum Watershed is
rising. In 2010, the total SC was 27.68x10? tons,
increasing to 31.05x10® tons in 2020. Over 10
years, SC increased by 3.33x10% tons (12.05%).
The improvement of SC in the Citarum Watershed
reflects increasing efforts to protect and preserve

soil in the area. This can be achieved through
practices such as contour farming, terracing, and
the use of organic materials to enhance soil
structure and reduce erosion.

Table 3 indicates a declining trend in the CS of
Citarum Watershed, with values of 31.31x108 and
31.65x10° tons in 2010 and 2020, respectively.
However, the overall rate of decrease was rather
gradual. In 10 years (2010 to 2020), there was
a decrease in CS of 1.66x10°® tons (4.98%).

The conversion of forested areas into non-
forest uses not only affects CS but also
compromises other ES such as water regulation
and SC. Forests play a critical role in maintaining
water quality and availability; their degradation
can lead to increased sedimentation and flooding
(Pitaloka et al., 2020; Nahib et al., 2024a).
Citarum Watershed has undergone extensive
urbanization and agricultural expansion, leading
to the transformation of forested and agricultural
areas into built-up zones. This land use shift
has been associated with a notable decline
in aboveground CS. For instance, a study in
Rancakalong Sub-district recorded a reduction
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of 11,096 tons in aboveground CS from 2009 to
2021, primarily driven by the loss of mixed
gardens (Malik et al., 2023).

TES and changes

Equation 10 was implemented for calculating
TES values, as shown in Figure 6 and Table 4.
Figure 6 represents the spatial distribution and
variation of TES in Citarum Watershed: Figure 6a
displays TES conditions in 2010, Figure 6b
represents TES conditions in 2020, and Figure 6¢
illustrates the changes in TES between 2010 and
2020, both exhibit relatively similar distribution
patterns. Low TES values were generally found in
the central and western parts of the watershed.
High TES values were typically found in the
southern (upstream) and northern (downstream).
Changes in TES from 2010 to 2020 are presented
in Figure 6¢, which shows that, overall, the
changes were relatively small, with larger changes
occurring only in the western part of the
watershed.

Referring to Table 4, in the 2010 to 2020
period, the TES of Citarum Watershed decreased
(7.54%). The largest decrease in TES occurred
in the downstream Citarum Watershed area
(17.70%). Meanwhile, the upstream Citarum
Watershed area has a constant TES value, only

107°00"C 107200 107°400°T 10800 10700 107°200°C
1 1 1 1 1 1

a decrease of 0.88%. Land use changes are
influenced by natural and socio-economic causes,
which result in regional differences in ES.
Previous research has shown that urban expansion
into ecological areas, such as farmland,
woodlands, and water bodies, can result in
a decline in ES (Maimaiti et al., 2022). Regional
variations in the spatial distribution of ES are also
influenced by natural topography (Liu et al.,
2019).

Throughout the study period, the decline in ES
paralleled the increase in built-up land. The study
area’s fall in ES was mostly caused by urban
expansion, which grew at the fastest pace and
reduced ecological lands like forests. The findings
from a previous study by Nahib et al. (2024),
which utilized the Multiscale Geographically
Weighted Regression (MGWR) Model approach,
revealed that the coefficients for topography,
climate, vegetation, and socio-economic factors
varied spatiotemporally in their impact on the
trade-off synergy among ESs. Vegetation
contributed the most to the trade-off synergy
degree between WY and SC (34.51%), followed
by topography (31.99%), climate (20.92%), and
socio-economic factors (11.58%). These results
offer valuable insights for decision-makers in

107°400°T 108°00°E WT0°E 10772007 07400 T08° 00"
! ! L 1

Rivers

! g ¢
» [_] subwatershed [£ 27

Dams

TES 2010
mm High:2.11 2 g
< Downstream L i

. 8 — -
Citarum § Low: 0

0 125 25 0 125 25 S5

Kilometers Kilometers

:ISubWatershed '§ %"

TES 2020
e High: 217 ; z

e low: 0

Rivers
:’ Sub Watershed _é
:] Dams =
Changes of TES
2010 - 2020

B -1.024--0217 _é
[ 0.216-0.004 <
[ o004-0.104
[ 0.105-0.282
B o2s3-0706 | £

Rivers

Dams

% .

Duwns‘rrmm - ¥

Citarum = = &
¥

0 125 25

Kilometers

T x T T T
107200°E 107°400"E 108°00"E W07P00'E 107°200E

a. TES in 2010

T
107°00"E

b. TES in 2020

T T T T
W0 107 I WAL 108°0/0"T

¢. TES Change year 2010-2020

T
107400°E

Figure 6. Spatial distribution of TES in Citarum Watershed: (a) TES in 2010, (b) TES in 2020, and

(c) changes between 2010 and 2020

Table 4. The Citarum Watershed’s total amount of TES from 2010 to 2020

Name Area (ha) TES 2010 TES 2020 Change 20102020
subwatershed Mean Total Mean Total Total Percent
Upstream 245,413 0.42 1.13 0.42 1.12 -0.01 -0.88
Middle 251,373 0.62 1.72 0.59 1.63 -0.09 -5.23
Downstream 194,130 0.56 1.13 0.46 0.93 -0.20 -17.70
Citarum 690,916 0.53 3.98 0.49 3.68 -0.30 -7.54
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designing regional plans and ecological
management strategies that promote sustainable
development (Nahib et al., 2024b).

Urbanization has brought about social and
environmental problems like traffic congestion,
social isolation, and rural poverty in this region,
and it has also played a major role in land
conversion and ES loss (Liu et al., 2019). These
results are in line with earlier research, which
suggests that LULC is a major factor influencing
ES change and that LULC is increasing in both
rate and intensity (Lambin and Meyfroidt, 2011).
LULC changes in Hubei, China’s ES are driven
by variations in temperature, rainfall, population
density, land use patterns, and socio-economic
development levels. Furthermore, prior research
has shown that interactions between ES are
influenced by climatic conditions and land use
types (Sun et al., 2022). Research in the Citarum
Watershed found that changes in LULC
contributed between 5.8% and 10.42% to
variations in WY during the 2000 to 2018 period.
In contrast, climate change had a significantly
larger impact, contributing between 89.57% and
94.19% (Nahib et al., 2023).

Evaluation of LUC and TES using CCD
A Dbivariate spatial autocorrelation test used
local indicators of spatial association (LISA) to
further-investigate the spatial correlation between
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LUI and TES in Citarum Watershed. The results
are shown in Figure 7 and Table 5.

The results of the bivariate spatial
autocorrelation test showed that the average
values of Moran’s I index for TES and LUI in
2010 and 2020 were 0.274 and 0.294 (p < 0.001),
respectively. These values clarify the spatial
correlation between LUI and TES in Citarum
Watershed. This implies that LUl and TES have
a positive spatial correlation. This means that
as LUl increases, TES also increases. The spatial
autocorrelation distribution patterns during the
research period exhibited consistency between
2010 and 2020, predominantly featuring high-
high and low-low patterns. In areas classified
as high-high, both the average LUI and average
TES were high.

In 2010, 21 sub-districts showed this high-high
pattern, which increased to 23 sub-districts
in 2020. The middle and downstream areas of
Citarum Watershed were characterized by this
high-high pattern. Conversely, in areas classified
as low-low, both the average LUI and average
TES were low, with 24 sub-districts displaying
this pattern. This low-low pattern is
predominantly found in the upstream areas of
Citarum Watershed. In these low-low areas, both
the average LUI and TES are low, with 24 sub-
districts exhibiting this pattern.
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Table 5. LISA-bivariate cluster maps between LUI and TES from 2010 to 2020 on Citarum Watershed

(Sub-district scale)

LISA
CCD 2010 2020 Change 2010-2020
Number* % Number* % Number * %
High-High 21 12.88 23 14.11 2 9.52
High-Low 1 0.61 2 1.23 1 100.00
Not significant 109 66.87 107 65.64 -2 (1.83)
Low-Low 24 14.72 24 14.72 0 -
Low-High 8 491 7 4.29 -1 (12.50)
Total 163 100.00 163 100.00 - -

Note: * = Number of sub-districts

CCD for analyzing the interaction between
LUl and TES

The spatial distribution of LUl and TES
coordination development levels from 2010 to
2020 is presented using the CCD model. The
result on the sub-district scale is presented in
Table 6 and Figure 8.

Referring to Figure 8 and Table 6, in both 2010
and 2020, the CCD for LUI and TES exhibited
the same pattern: the majority of sub-districts
(65 to 68%) fell into the imbalance category,
while the remaining sub-districts (32 to 35%)
were in the balanced category. Regarding
temporal changes, the combined CCD for LUI
and ES was 0.604 in 2010 and 0.638 in 2020.
All coordination levels stayed in the primary
coordination state during this time, with 2020
seeing the greatest value and 2010 the lowest, the
trend shows an increase. The degree of alignment
or mismatch between LUI and TES is reflected
in the CCD, which measures the quality of
the relationship between humans and land (Liu
et al., 2018). Achieving green and sustainable
development in China requires accelerating
the development of ecological civilization in
tandem with economic growth. Sustainable land
management techniques and the maintenance of
ecosystem functionality in Indonesia depend on
an understanding of how LUI affects ES. Studies
indicate that improving the amount of vegetation
cover, taking part in greening initiatives, and
spreading awareness of ecological protection can
improve the coordination between LUl and TES.
On the other hand, unchecked LULC can impede
ES growth and deteriorate this link (He et al.,
2022).

During the study period, LUl and TES
coordination in Citarum Watershed was usually
dominant, with some sub-districts experiencing
substantial imbalances. This emphasizes the
crucial tension in the human-land relationship,
indicating the need for prompt adjustments to land

use planning and economic development policies.
Overall, the relationship between LUI and TES
is complex, with changes in one potentially
impacting the other (Wang et al., 2018). In regions
such as Indonesia, LUI substantially impacts ES.
According to Felipe-Lucia et al. (2020), increased
LUI can disrupt ecosystem functioning, diminish
biodiversity, and, ultimately, endanger human
well-being by interfering with the linkages
between biodiversity, ecosystem functions, and
services. Their findings also show that higher LUI
standardizes synergies between biodiversity,
ecosystem functioning, and services. This
comprehensive method aids in identifying key
ecological features for monitoring and preventing
major alterations (Felipe-Lucia et al., 2020).

More detailed studies, such as Liu et al. (2021)
on Jiangsu Province, reveal a positive correlation
between LUI and regional eco-efficiency. This
suggests that appropriate LUl can ensure
a continuous supply of eco-products and services
from the land ecosystem. The findings show that
as LUI increases, the eco-efficiency of Jiangsu
Province improves, with a correlation coefficient
of 0.683. However, the value of ES provided by
the land ecosystem decreases with increased LUI,
showing a negative correlation with a coefficient
of 0.911. Therefore, reasonable LUI is essential
for maintaining the supply of various eco-
products and services, thus enhancing regional
eco-efficiency.  Conversely, extensive and
unbalanced land use, without measures to sustain
the land ecosystem, can diminish ES and
ultimately  hinder  regional  eco-efficiency
improvement (Liu et al., 2021).

LUl affects food supply, soil microbial
diversity, CS, water conservation, water
purification, and habitat quality, among other ES.
According to Byers et al. (2024), intensive
agricultural techniques can potentially enhance
soil carbon loss by broadening the range of
microbial genes that break down carbon.
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Figure 8. Spatial distribution of coupling coordination between LUI and TES (sub-district scale)

Table 6. CCD between LUI and TES in Citarum Watershed (sub-district scale), 2010 to 2020

CCD 2010 2020 Change 2010-2020
N % N % N %

Severe imbalance 61.00 37.42 62.00 38.04 1.00 1.64
(0<CCD<0.2)
Moderate imbalance 46.00 28.22 50.00 30.67 4.00 8.70
(0.2<CCD<04)
Necessary coordination 38.00 23.31 34.00 20.86 -4.00 -10.53
(0.4<CCD<0.6)
Decent coordination 15.00 9.20 12.00 7.36 -3.00 -20.00
(0.6 <CCD<0.8)
strong coordination 3.00 1.84 5.00 3.07 2.00 66.67
(0.8<CCD<1)

Total 163.00 100.00 163.00 100.00 - -

According to Pereira et al. (2023), LUI also
affects ES bundles, exhibiting a negative
association with services including CS, water
purification, water conservation, and habitat
quality, but a favorable correlation with food
supply.

Furthermore, intensive agriculture increases
greenhouse gas emissions, pollution, soil erosion,
biodiversity loss, and greenhouse gas degradation,
all of which impact the provisioning, regulation,
and cultural aspects of ES (Gomes et al., 2021a).
The intensity of land management can change
the structure of the food web, favoring longer
trophic chains and macropredators, which can
affect the stability and functioning of ecosystems.
According to Priyadarshini et al. (2019), the
conversion of forests into plantation forests
(e.g., pine, teak, Albizia chinensis, or Cadamba)
or agricultural areas in the Sumber Brantas
Subwatershed, Batu City, East Java, leads to
reduced carbon stocks. Effective management

practices and the cultivation of woody plants with
high biomass are crucial for conserving carbon
stocks (Priyadarshini et al., 2019).

Sustainable management in areas with
a discrepancy between ES and LUI requires
a planned strategy. According to research by Liu
et al. (2021), managing trade-offs and regulating
ES requires scientific backing. This research
highlights the significance of comprehending the
spatial characteristics of ES and the influence
of human activities on ES supply and demand
(Liu et al., 2021). According to Li et al. (2023),
their investigation revealed that human activities
typically harm several kinds of ES balances,
with a few pixels showing a positive influence
from the gross domestic product (GDP) the
cultivated land ratio, and the area-weighted
average patch fractal dimension (Li et al., 2023).
The results of Turmudi et al. (2024) study in the
Cisadane Watershed, Banten Province, highlight
the importance of ES management in achieving
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sustainable river basin management, particularly
amidst the growing demand for natural resources
driven by population growth. Furthermore,
approximately 50% of sub-districts exhibited
unbalanced coordination between LUI and WY
in 2010 and 2020.

In contrast, in regions where LUl and ES are
well-coordinated, a strategic approach focuses
on environmentally friendly urbanization adapted
to local conditions. This includes promoting
intensive land wuse in specific areas and
establishing ecological pilot zones to protect
ecosystems. Studies conducted on Hanjiang River
Basin (YYang et al., 2022), Changchun City (Wang
et al., 2022), and China’s contiguous poor areas
(Zhang et al., 2024) emphasize the significance
of striking a balance between economic
development and environmental preservation.
Key strategies include environmental
prioritization, sustainable development pathways,
and incorporating ES into spatial planning and
socio-economic policies.

Integrating prudent LULC into future planning
and management is essential to support the
beneficial coupling between LULC and TES.
Unwise LULC can lead to resource degradation
and ecological damage (Bryan et al., 2018).
Sustainable LULC development solutions should
be used in regions with inadequate coupling
coordination to attain both efficient LULC and
ecological and  environmental  benefits.
Establishing ecological compensatory systems
and putting innovative urbanization plans into
practice can help achieve this (Xie et al., 2023).
According to Lyu et al. (2022), zoning
management that incorporates the characteristics
of ES and the socio-ecological environment
can effectively identify ecological issues and
encourage management recommendations in
various socio-ecological contexts. This can
provide new perspectives on incorporating ES
into actual decision-making and ecosystem
management.

In regions with a high CCD, the strategies
should focus on promoting balanced development
across various subsystems. This can be achieved
through several approaches. The first strategy is
adopting environmentally sustainable agricultural
practices and conservation technologies to reduce
water consumption and improve soil health. The
second one is implementing regular monitoring
and evaluation of CCD to ensure the effectiveness
of these strategies (Fan et al., 2023). The third
strategy is tailoring policies to local conditions
to encourage coordinated and sustainable

development (Ge et al., 2023). The last one is
raising community awareness about water
conservation and sustainable land-use practices.

Efforts to enhance the coordination between
LUl and WY include developing an index
system to assess urban development intensity
and water environmental carrying capacity and
evaluating efficiency and interlinkages across
various systems, such as high-tech industries
(Deng et al., 2023). Additionally, integrating
water resource management into land-use
planning, as demonstrated in Greece, can play
a pivotal role in environmental conservation
and sustainable development. This approach
emphasizes collaboration between land-use and
water management authorities through strategic
planning, stakeholder engagement, adaptive
management, and continuous monitoring to
address water management challenges and protect
the environment (Wang and Zhang, 2023).

Limitations of the study and future directions
The objective of this study was to investigate
the spatial correlation and  connecting
characteristics between LUl and ES. One
limitation of this study was that spatial
interactions between ES and other socio-
economic or environmental variables were not
considered. Therefore, a potential direction for
future investigation is to apply a spatial regression
model, namely regionally weighted regression,
to delve deeper into the relationship between
ES and several impacting variables. Furthermore,
the use of advanced methodologies, such as
geographic probes, Bayesian spatiotemporal
hierarchy models, and other sophisticated
approaches, is worth considering to better assess
the driving factors. This study focused on the
variations in ES driven by changes in land use area
without delving into the interconnections among
different ES. This gives an additional prospective
avenue for future research on ES assessment.

CONCLUSIONS

Between 2010 and 2020, LULC underwent
significant changes, with bare/shrubland and
agricultural areas expanding by 88.37% and
2.25%, respectively, while forest land and lakes
decreased by 0.78% and 0.09%. These LULC
changes affected ES values, as total WY and CS
declined by 15.01% and 4.98%, whereas SC
increased by 12.03%. TES in Citarum Watershed
declined by 7.54% from 2010 to 2020, with the
most substantial reduction (17.70%) occurring in
the downstream region. In 2010, 21 sub-districts
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exhibited a high-high pattern, which increased
to 23 sub-districts by 2020. The coupling
coordination between LUl and TES was
predominantly imbalanced, with 65 to 68% of
sub-districts classified as imbalanced and the
remaining 32 to 35% as balanced. These findings
highlight the need for more comprehensive
management approaches to enhance the balance
between LUl and ES, ensuring sustainable
development in Citarum Watershed.
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Appendix 1. The dataset, processing a source for ES
Parameter/Data Description Data and value Source
Precipitation (mm)  Map of average annual ~ Annual average Published on Nahib et al.

precipitation

rainfall (mm) Raster

(2022)

Rainfall and The National Bureau of  Numerical/Table Raster data with a spatial
temperature Meteorology, data, with location resolution of 30 m
Climatology, and coordinates; a spline
Geophysics; Citarum interpolation
Ciliwung River Basin technique
Center; PT. Jasa Tirta
Reference The amount of water Global potential Terra Modis Yearly L4

evapotranspiration
(mm)

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)

average
evapotranspiration
(mm) Raster

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

Soil

Soil depth is the soil
depth (mm)

A comprehensive
soil characteristics
dataset

(http://globalchange.bnu.
edu.cn/research/soil2)

Soil erodibility map
(K factor)

Indonesian Soil
Research Institute (The
soil map type of
1:100,000)

Vector file

30mx30m

Soil type data: Soil
texture, organic
matter content, and
effective rooting
depth

Citarum Ciliwung River
Basin Center

Extraction and
resampling,
conversion from
polygon to raster

Raster data with a spatial
resolution of 30 m

LULC maps 2010

Landsat/8 OLI
imageries with
acquisition date in 2010
(https:/www.usgs.gov/

Supervised
classification

30mx30m

and Google Earth
Engine)

LULC maps 2020  US Geological Survey,  Supervised Raster data with a spatial
http://www.usgs.govUS  classification resolution of 30 m

GS path/row122-121/64

Boundary shapefile

Map of watershed

Integer (ws_id) from

College of Forestry,

(watershed) boundaries one to n. Vector file  Environment and
(.shp) Resources Management;
Ministry of environment
and forestry, Republic of
Indonesia
Data biophysical FAO.org CSV File (Values 30mx30m

table (P USLE and
C USLE)

assigned per land
use/land cover (.csv)
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Appendix 2. Data of land use intensity and TES based on zonal statistical tools on the ArcGIS 10.8

(c) Land Use Intensity 2020
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(d) Total Ecosystem Services 2020
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