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Abstract: The sustainability of watershed management is a key issue that must be considered to
ensure the continuation of watershed services such as agriculture, food, and energy. This concern
has also been raised in Presidential Regulation No. 2/2015 and No. 18/2020 regarding the National
Medium-Term Development plans for the periods of 2015–2019 and 2020–2024, which mandate
the restoration of priority watersheds, one of which is the Upstream Bengawan Solo Watershed.
The purpose of this study is to fill this knowledge gap by measuring the sustainability of this
watershed from a time dynamics perspective. However, several factors can influence the achievement
of sustainable development. This paper assesses the sustainability of the watershed over several
periods using MDS (Multidimensional Scaling) analysis with the assistance of modified Rapfish
(Rapid Appraisal for Fisheries) software (2013 version). The information used in this case study was
collected from 20 districts in relation to social, economic, and environmental dimensions. Our result
shows that the average index of the social dimension increases from 2007 to 2019 and 2021, while the
economic dimension tends to fluctuate. A decrease occurs from 2007 to 2019, and then increases from
2019 to 2021. This differs significantly from the environmental dimension, which decreases from 2007
to 2019 to 2021. The sustainability scores were then compared across regions. The lessons learned
in this study can be incorporated into regional policies and actions to overcome challenges in the
implementation phase.

Keywords: sustainability assessment; watershed; Rapfish; spatiotemporal

1. Introduction

The Bengawan Solo Watershed is the longest and widest river on Java Island, Indonesia,
with an area comprising ±12% of the total area of the island. As part of Bengawan Solo,
the Wonogiri Multipurpose Reservoir (WMR), located in Wonogiri Regency, Central Java
Province, is an artificial lake/reservoir that dams the river. Some of the main functions of
reservoirs include: (1) controlling floods; (2) irrigation (the Bengawan Solo irrigates more
than 23,600 hectares of agricultural land in the Regencies of Sukoharjo, Klaten, Karanganyar,
and Sragen); (3) supplying raw water (the Bengawan Solo supplies water to the Local
Water Company (PDAM)) and industrial water; (4) generating hydroelectric power (the
Bengawan Solo generates 12.4 Megawatts; (5) tourism; and (6) inland fisheries [1]. WMR
has been operating since 1978 and has experienced siltation and a reduced capacity due
to sedimentation. In 1993–2005, the average annual sediment inflow into the Wonogiri
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reservoir reached 3.2 million m3/year [1,2]. Due to land conversion, sediment transport
through surface flows causes reservoir shallowing [3].

Watershed problems cannot be addressed from just one dimension at a time but must
be viewed from multiple dimensions, namely economic, social, and environmental, over
several periods [4–7], in the context of riparian ecosystems [8–10] and sustainability [11].
Reduced water quality and quantity has become a critical limitation in watershed devel-
opment around the world [12]. Therefore, a primary objective of watershed management
is to find solutions to mitigate this problem [13]. Stakeholder participation is needed
to produce an integrated catchment management plan that includes the restoration of
water quality and quantity. Decision-makers need adequate technical support, because
good decision-making depends on ex ante evaluation, continuous monitoring, and ex
post evaluation.

Based on the above, the following question arises: Were there any changes in sustain-
ability since the reservoir began operating in 1978? Measuring sustainability at this level
is still a challenge [14]. First, sustainable development indicators have been extensively
discussed at global, national, and regional levels, but they are still constrained at the local
level. However, at the local level, there is spatial interdependency between locations. So,
the sustainability performance of a location is affected by the conditions in its surrounding
areas [15]. Second, the process of preparing sustainability indicators is complex. Third,
sustainability measurement methods are complicated. Finally, there is a lack of resource
capacity and data availability at the regional level.

Given these limitations, it is essential to create a straightforward approach that is easy
to use and apply in order to evaluate sustainability. This paper improves upon previous
studies on watershed sustainability measurements conducted by Widicahyono (2020) [16],
Murdiyanto (2016) [17], Hamzah (2016) [18], and Syamsiyah (2023) [19], which were limited
to one period. The primary goal of this paper is to evaluate watershed sustainability over
multiple timescales, which can further assist in making more fundamental spatial planning
policy decisions in the future. We use MDS (Multidimensional Scaling) analysis and a
modified Rapfish (Rapid Appraisal for Fisheries) method that is easy to use and apply in
order to quickly evaluate the sustainability status of water resource management (rapid
appraisal) in several periods [4–7].

2. Literature Review

In this section, we present a literature review in order to establish a strong theoretical
basis for addressing the research problem, and also to compare the present research against
existing studies from other countries so that gaps in knowledge can be identified (Table 1).

Table 1. References of Watershed Sustainability.

No Reference Country Method

1 Kim 2021 [13] Korea Multivariate log-linear model

2 Razo 2023 [20] Mexico Watershed sustainability index (WSI)

3 Geng 2022 [21] China Spatial autocorrelation method

4 Li 2023 [22] China Linear regression and GIS analysis with a Loess
Plateau area coverage of 773.5 km2

5 Liang 2023 [23] China Partial least squares method on the Pearl River Basin

6 Lu 2021 [24] China Interval fuzzy two-stage stochastic model

2.1. Sustainability

The concept of three pillars of sustainability, consisting of social, economic, and en-
vironmental, was first proposed by Barbier (1987) [25]. Historically, there is no single
origin for this three-pillar concept. Still, it has gradually developed, with various criticisms
presented in the academic literature, in an effort to align economic growth as a solution to
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social and ecological problems [26]. In the development of this concept, these three pillars
have been found in various forms, including in academic literature, in policy documenta-
tion, in business literature, and online. Reinforcing their importance, the three pillars have
been embedded within the SDGs initiated by the UN [27].

The International Union for the Conservation of Nature is credited with first popular-
izing the term “sustainable development” (IUCN, 1980), better known as the Brundtland
Report, in 1987, which defined sustainable development as development that meets current
needs without compromising the ability of future generations to do so in order to meet
their own needs [28,29]. Although the importance of preserving resources has been ac-
knowledged since the 1800s [30], the basic principles of sustainable development, which
aim to address economic development while considering the environment, were estab-
lished in an international forum through the United Nations Conference on the Human
Environment [31], which produced the UN Environment Program and the Stockholm Dec-
laration. During the same time frame, Meadows et al.’s research in 1972 [32] marked the first
attempt to model how economic development affects resource depletion and the quality of
soil and water, which are currently regarded as crucial factors in sustainable development.

Economic sustainability refers to the processing of natural resources while considering
nature, society, and humans in the context of the equal distribution of prosperity. Economic
sustainability relates to production processes that meet current consumption levels without
sacrificing future needs [33].

Social sustainability encompasses the ideas of equality of utility, empowerment, ac-
cessibility, participation, and institutional stability to preserve the environment. Several
social researchers have identified a close relationship between social conditions (poverty)
and environmental damage, where poverty leads to the need to exploit resources without
considering the impact of environmental damage [34].

Environmental sustainability includes ecosystems, environmental carrying capac-
ity, and biodiversity, and states that natural capital needs to be maintained as economic
input and a waste absorber so that it cannot be used up before the residue can be assim-
ilated back into nature. Goodland (in text) argues that one must expect to “live within
limitations” [35–41].

Achieving economic, social, and environmental sustainability must occur alongside
and not at the expense of other initiatives. Likewise, without attaining social and economic
sustainability goals, environmental sustainability cannot be achieved. Poverty alleviation
and sustainable economic growth are essential elements of environmental sustainability,
and vice versa.

2.2. Sustainability Assessment

Sustainability is a multidimensional concept with economic, social, and environmental
aspects that must be considered and integrated [42,43], so an instrument is needed that
can measure sustainability by selecting appropriate indicators, which forms part of the
methodology of [44,45].

Agenda 21 was adopted during the United Nations Conference on Environment and
Development in Rio de Janeiro in 1992, which discussed measuring sustainable develop-
ment and developing indicators for its assessment for the first time. Agenda 21 called for
the creation of a system for tracking and assessing progress toward achieving sustainable
development through the adoption of indicators that track changes in the social, economic,
and environmental spheres [41,46].

Of the various indexes that have been proposed, none of which are universally ac-
cepted by the scientific and political communities as the preferred one, all attempt to rank
nations according to their accomplishments across a variety of indexes [47–54].

Sustainability assessments can be developed using a variety of approaches, depending
on the objectives, scale, and scope of the study [55]. As a result, the literature on this topic
is growing, offering various approaches [56]. Some examples of sustainability assessment
models can be found in studies by Boggia and Cortina (2010) [57], who developed a
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methodological approach based on multicriteria analysis to assess sustainability in specific
fields; Kropp and Lein (2012) [58] and Lombardi and Ferretti (2015) [59], who produced
aggregate sustainability indexes; and Lopez and Monzon (2010) [60], who proposed the
MCDSS, which works with three different indexes.

The sustainability index is a method used to measure the sustainability progress
achieved by a region so that the result can then be transmitted to the community and
decision-makers. In Razo’s research conducted in 2023, sustainable development in the
Santiago–Guadalajara River Basin (SGRB), which passes through Guadalajara, Mexico’s
second most populous city, is assessed using the watershed sustainability index (WSI).
The research results show that the SGRB has a low level of sustainability characterized
by alterations in land use that lead to environmental degradation; this is strengthened by
the fact that over the last 50 years, there has been an increase in the population. As the
country’s most contaminated canal, the SGRB was created through the rapid development
of agriculture and industry. Other factors that have contributed to environmental degra-
dation include insufficient municipal solid waste management, inadequate wastewater
treatment, and the extensive use of agricultural pesticides. Additionally, this study discov-
ered that while sustainability is at a medium level in the central region due to adequate
water resources, it is poor in the upstream and downstream portions of the river basin due
to environmental deterioration brought on by changes in land use. The study’s conclusions
can be used to educate interested parties about the state of the SGRB and the need for action
to promote its recovery and sustainability [20].

Research conducted by Geng et al., 2022 [21] explores the use of remote sensing to
monitor the urban ecological environment and investigate the key variables influencing its
changes, together with the negative ecological effects and environmental issues brought
about by rapid urbanization. Their study uses the remote sensing ecological index (RSEI) to
quantify the ecological quality of the region from 2000 to 2020. Geodetector and geographi-
cally weighted regression are used to analyze the data. According to the findings, there is
autocorrelation and an increase in Fuzhou City’s RSEI, followed by a decline, between 2000
and 2020. The main driving factors causing RSEI spatial divergence are height, slope, and
GRDP, and each factor’s driving influence and range changes over time.

In Indonesia, sustainability analysis with Rapfish was first conducted by the authors
of [61] in an analysis of fisheries’ sustainability in Jakarta Bay. Even though Rapfish was
designed for sustainability analysis in the fisheries sector, the analysis of sustainability
development can be applied to other sectors by understanding the analysis requirements
in those contexts [62]. Previous research in Indonesia has also used the Rapfish method to
identify the sustainability index or status in various fields [63–69].

The Rapfish (Rapid Appraisal for Fisheries) software, created by the Rapfish Group
Fisheries Center at the University of British Columbia in Canada, will be used in this paper
to calculate the sustainability index [70].

2.3. Watershed Management

River basins are natural landscapes that receive and accommodate rainwater, ground-
water, and surface water and channel it to lower areas of rivers, tributary reservoirs,
and other water bodies. A watershed is analogous to a water catchment area limited by
topography that holds and drains water [71–79].

River basins are providers of ecosystem services needed by humans, such as sup-
porting services for soil formation, food and water, wood, fiber, flood control, climate
adjustment, water filtration, and cultural services like leisure.

Water resources in many regions are considered commodities that can be exploited by
humans until they exceed the limits of their carrying capacity. Due to this, coupled with
the acceleration of the rate of land use change upstream and the impact of global climate
change, the quality and quantity of watershed services is decreasing rapidly [21,24,80–83].

Plant roots can absorb water that falls to the soil’s surface, and then, bind it into a
groundwater supply in the top layer of soil. Meanwhile, land converted into open/built-up
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land will produce more significant water runoff [84–87]. Runoff is an essential component
in watershed management, especially soil conservation, where the runoff value represents
the regulation of the relationship between rainfall intensity and runoff, as well as the
regulation of surface flow. A large amount of runoff indicates that the rainwater that falls
is not absorbed into the ground but directly becomes surface flow. The magnitude of the
surface flow coefficient indicates the physical condition of a watershed, where the greater
the value of the flow coefficient, the greater the amount of rainwater that becomes runoff
water, and thus, the less water becomes groundwater storage. The greater this value, the
more severe the damage to a watershed, causing flood disasters.

In addition to serving as raindrop buffers, preventing particle disaggregation, and
lowering sediment loads, crops can minimize the direct effects of rainfall [88,89]. Because
well-managed grasslands avoid erosion and preserve the physical, chemical, and biological
qualities of the soil, they can be regarded as sustainable. Vegetation-covered areas (includ-
ing thatch) generally show reduced soil loss, demonstrating the significance of vegetation
cover in preventing soil degradation.

In addition to vegetation cover, other factors that affect water infiltration into the
soil include texture, porosity, soil density, rainfall, and compaction level. Land processing
activities using tractors, hoes, and harvesting, which break up soil layers, should be
reduced and replaced with the planting of crops after harvest, such as corn and soybeans,
to minimize soil loss, which results in erosion [90–92].

Based on research conducted by Geng et al., 2022 [21], erosion is not caused by soil
texture or its location in upstream, middle, or downstream areas; it is more closely related to
land processing, where a system that involves fewer plants and more soil scarification will
result in more significant soil loss. To lower soil erosion and boost sustainability, producers
of agricultural products must cultivate crops year-round and, in comparison to covered
soil, limit soil disturbance.

In order to restore ecology, Li et al., 2023 [22] examined the traits and origins of runoff
variations. This study investigates the features of surface evolution and underlying meteo-
rological changes using a number of statistical techniques. The results show that human
activities have a more significant impact than climate change on reducing water runoff.
Thus, human efforts in the future will significantly influence environmental sustainability.

Key elements influencing regional water quality include variations in spatial charac-
teristics and land use patterns, where poor conditions occur upstream and good conditions
occur in the middle of the watershed. In [23], a regression model explains the quantitative
relationship between land use, landscape patterns, and water quality, and it is concluded
that urban land has the biggest impact on water quality.

To assess the attainment of water quality and determine the factors influencing it, such
as flow and season, a study used a multivariate log-linear model. The study’s outcomes
were statistically significant and suitable for forecasting BOD and TP concentrations [13].

Many environmental issues, including river and tributary pollution, chemical product
transportation, sedimentation-causing particle deposition, exposure to carbon deposits,
surface layer removal, road damage, flooding, dam breaks, and harm to local biodiversity,
are caused by the loss of land and water in upstream watersheds [88]. There is a need for
natural conservation methods, such as vegetation management programs, and engineer-
ing methods, such as terracing, improving soil reinforcement in water catchment areas,
improving drainage channels, and building dams.

Since watersheds are social–ecological and hierarchical systems with many levels
of management organization, comprehensive and multidisciplinary management is
required [89,93].

There are conservation policies in other countries that have succeeded in dealing with
problems in watersheds. For example, in Brazil, environmental conservation policies have
contributed to reducing soil and water loss, namely farming without tillage, restoring de-
graded springs, carbon sequestration, and implementing low-carbon agroforestry systems,
the protection of protected areas (protected forests, nature reserves), and the management
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of natural resources with the following aims: (1) guaranteeing that the water required
for current and future generations is available and meets the necessary quality standards
for use; (2) using water resources in a logical and integrated manner; (3) preventing the
development of critical hydrological criticalities, whether they are caused by improper
use or natural causes, in order to promote and enhance the collection, conservation, and
utilization of rainfall. In addition to reducing soil loss, this initiative helps to maintain bio-
diversity within biomes, raise carbon stocks, and prevent rivers and lakes from becoming
shallower due to continuous erosion processes [84].

To preserve pedological and edaphic resources as quickly as possible, land cover and
minimal disturbance are prerequisites. An alternate approach that can be discontinued in
this instance is the proper management of soybean plants using a direct planting system
and contour planting [88].

This research examines the ways in which sustainable land use can be effectively
supported by land use allocation. Models are used in a lot of research, including mathe-
matical and geographical analytic models to solve land use planning issues. These models,
however, do not consider all three of the factors that contribute to uncertainty in land use
systems. Thus, taking into account regional land–society–economic–environmental systems
under uncertain conditions, this study creates a model for allocating land usage. In order
to provide a sustainable development strategy, this model combines fuzzy interval social,
economic, and ecological factors with a two-stage random land use allocation model. The
results show that the model can accurately represent the quantitative relationship between
increasing economic advantages and ecological and social issues [24].

3. Materials and Methods
3.1. Study Area

The study area is located in the Upstream Bengawan Solo Watershed, Bengawan Solo
River Basin, which represents a water catchment area for the WMR. The study area is
136.931 hectares and administratively consists of 20 districts that form part of Wonogiri
Regency, Central Java Province, Indonesia (Figure 1).
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3.2. Data Collection Methods

Data collection was carried out through literature studies from various sources in the
central government, such as the Ministry of Environment and Forestry, the Ministry of
Agrarian Affairs and Spatial Planning/National Land Agency, and the Ministry of Public
Works and Public Housing, as well as regional governments, such as the Regional Planning
Agency, the Environmental Agency, the Department of Public Works and Public Housing,
and the Central Bureau of Statistics and State-Owned Enterprises.

Data were obtained from the Central Bureau of Statistics in the form of Village Potential
Documents, each of which consists of several time series (temporal), namely 2007, 1999,
and 2021. The data include social, economic, and environmental information for 20 districts.
The social dimension is constructed of 10 variables related to health, population, the use
of government land, and the use of social facilities. The economic dimension includes
9 variables related to human economic activities such as industry, agriculture, tourism,
transportation, and mining, along with the condition of facilities and utilization of irrigation
infrastructure. Meanwhile, the environmental dimension includes variables such as forestry,
disasters, water quality, the availability of water resources, and the condition of agricultural
land. Details of the variables and sub-variables for each dimension are given in Table 2.

Table 2. List of variables.

Code Themes Variables Sub-Variables Bad Good Description References

Social Dimension

VSOC1 drinking
water

number of
households served
by sustainable safe
drinking water

percentage of
households in each
district served by
Local Water
Company (PDAM)

1 10

10 = ≥76.5; 9 = ≥68 and <76.5;
8 = ≥59.5 and <68; 7 = ≥51 and <59.5;
6 = ≥42.5and <51; 5 = ≥34 and <43.5;
4 = ≥25.5 and <34; 3 = ≥17 and <25.5;
2 = ≥8.5 and <17; 1 = <8.5

[29,57,94–103]

VSOC2 sanitation

number of villages
whose residents
have access to
sanitation facilities

percentage of
villages in each
district whose
households have
toilets

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[29,57,94–
99,101,102]

VSOC3 health
facilities

number of health
facilities

number of health
facilities with
weight (health
center weight = 30
and hospital
weight = 70)

1 10

10 = ≥279; 9 = ≥248 and <279;
8 = ≥217 and <248; 7 = ≥186 and
<217; 6 = ≥155 and <186; 5 = ≥124
and <155; 4 = ≥93 and <124; 3 = ≥62
and <93; 2 = ≥31 and <62; 1 = <31

[94,95,97,102–
104]

VSOC4 density population density population density 1 10

1 = ≥9.36; 2 = ≥8.32 and <9.36;
3 = ≥7.28 and <8.32; 4 = ≥6.24 and
<7.28; 5 = ≥5.20 and <6.24; 6 = ≥4.16
and <5.20; 7 = ≥3.12 and <4.16;
8 = ≥2.08 and <3.12; 9 = ≥1.04
and <2.08; 10 = <1.04

[95,102,103]

VSOC5 sanitation

number of villages
whose residents
discard rubbish in
the river

percentage of
villages in each
district that throw
rubbish into
the river

1 10

1 = ≥18; 2 = ≥16 and <18; 3 = ≥14
and <16; 4 = ≥12 and <14; 5 = ≥10
and <12; 6 = ≥8 and <10; 7 = ≥6
and <8; 8 = ≥4 and <6; 9 = ≥2 and <4;
10 = <2

[29,57,94–
97,99,101–103]

VSOC6 sanitation

number of villages
whose residents
use the river for
bathing and
washing

percentage of
villages in each
district that use the
river for washing
and bathing

1 10

1 = ≥72; 2 = ≥64 and <72; 3 = ≥56
and <64; 4 = ≥48 and <56; 5 = ≥40
and <48; 6 = ≥32 and <40; 7 = ≥24
and <32; 8 = ≥16 and <24; 9 = ≥8
and <16; 10 = <8

[94,96,97,102,
103]

VSOC7 settlement
pattern

number of
households
residing on the
riverbanks

number of
households
residing on the
riverbanks

1 10

1 = ≥72; 2 = ≥64 and <72; 3 = ≥56
and <64; 4 = ≥48 and <56; 5 = ≥40
and <48; 6 = ≥32 and <40; 7 = ≥24
and <32; 8 = ≥16 and <24; 9 = ≥8
and <16; 10 = <8

[94–97,101–
104]
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Table 2. Cont.

Code Themes Variables Sub-Variables Bad Good Description References

VSOC8 organization

number of villages
where residents
exhibit mutual
cooperation

percentage of
villages in each
district where
residents exhibit
mutual
cooperation

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[29,96,97,102,
103]

VSOC9 cooperative
number of villages
that have
cooperatives

number of villages
that have
cooperatives

1 10

10 = ≥465; 9 = ≥430 and <465;
8 = ≥395 and <430; 7 = ≥360 and
<395; 6 = ≥325 and <360; 5 = ≥290
and <325; 4 = ≥255 and <290;
3 = ≥220 and <255; 2 = ≥185
and <220; 1 = <185

[29,95–
97,102,103]

VSOC10 energy use

number of
households served
by the State
Electricity
Company (PLN)

number of
households served
by the State
Electricity
Company (PLN)

1 10

10 = ≥22.698; 9 = ≥20.176 and <22.698;
8 = ≥17.654 and <20.176; 7 = ≥15.132
and <17.654; 6 = ≥12.610 and <15.132;
5 = ≥10.088 and <12.610; 4 = ≥7.566
and <10.088; 3 = ≥5.044 and <7.566;
2 = ≥2.522 and <5.044; 1 = <2.522

[29,57,94,95,97–
99,101–103]

Economic Dimension

VEC0N1 economic
activities

number of
small–medium
industries

number of
small–medium
industries

1 10

10 = ≥1404; 9 = ≥1248 and <1404;
8 = ≥1092 and <1248; 7 = ≥936
and <1092; 6 = ≥780 and <936;
5 = ≥624 and <780; 4 = ≥468 and
<624; 3 = ≥312 and <468; 2 = ≥156
and <312; 1 = <156

[29,57,94–105]

VEC0N2 economic
activities

number of
economic facilities

number of
economic facilities 1 10

10 = ≥63; 9 = ≥56 and <63; 8 = ≥49
and <56; 7 = ≥42 and <49; 6 = ≥35
and <42; 5 = ≥28 and <35; 4 = ≥21
and <28; 3 = ≥14 and <21; 2 = ≥7
and <14; 1 = <7

[94,96,97,101,
103–105]

VEC0N3 economic
performance

number of villages
where the main
source of income
is agriculture

percentage of
villages in each
district where the
main source of
income is
agriculture

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[57,94–
97,99,101,103–
105]

VEC0N4 economic
performance

number of villages
where the main
commodity or
sub-sector is
agriculture (paddy)

percentage of
villages in each
district where the
main commodity
or sub-sector is
agriculture (paddy)

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[94,96,97,103–
105]

VEC0N5
water
resource
usage

number of villages
whose inhabitants
use the river for
irrigation of
agricultural land

percentage of
villages in each
district whose
inhabitants use the
river for irrigation
of agricultural land

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[29,102,103]

VEC0N6
water
resource
usage

number of villages
whose inhabitants
use the river for
commercial
purposes (tourism
and industry)

percentage of
villages in each
district whose
inhabitants use the
river for
commercial
purposes (tourism
and industry)

1 10

10 = ≥36; 9 = ≥32 and <36; 8 = ≥28
and <32; 7 = ≥24 and <28; 6 = ≥20
and <24; 5 = ≥16 and <20; 4 = ≥12
and <16; 3 = ≥8 and <12; 2 = ≥4
and <8; 1 = <4

[29,97,102,103]

VEC0N7
water
resource
usage

number of villages
whose inhabitants
use the river for
transportation

percentage of
villages in each
district whose
inhabitants use the
river for
transportation

1 10

10 = ≥9; 9 = ≥8 and <9; 8 = ≥7
and <8; 7 = ≥6 and <7; 6 = ≥5 and <6;
5 = ≥4 and <5; 4 = ≥3 and <4; 3 = ≥2
and <3; 2 = ≥1 and <2; 1 = <1

[29,97,102,103]
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Table 2. Cont.

Code Themes Variables Sub-Variables Bad Good Description References

VEC0N8 economic
activities

distance to
economic facilities

distance to
economic facilities
in kilometers

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[94,96,97,101,
103–105]

VEC0N9 mining
number of villages
that have group C
mining sites

percentage of
villages in each
district that have
group C
mining sites

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[95,98,100]

Environmental Dimension

VENV1 degradation converted forest
area

comparison of
forest land use area
and forest area
based on
Ministerial Decree

1 10

10 = ≥18; 9 = ≥16 and <18; 8 = ≥14
and <16; 7 = ≥12 and <14; 6 = ≥10
and <12; 5 = ≥8 and <10; 4 = ≥ 6
and <8; 3 = ≥4 and <6; 2 = ≥2 and <4;
1 = <2

[29,95–98,102–
105]

VENV2
number of
disaster
events

number of
landslide events

number of
landslide events
each year

1 10

1 = ≥18; 2 = ≥16 and <18; 3 = ≥14
and <16; 4 = ≥12 and <14; 5 = ≥10
and <12; 6 = ≥8 and <10; 7 = ≥ 6
and <8; 8 = ≥4 and <6; 9 = ≥2 and <4;
10 = <2

[29,95,97,98,
103,104]

VENV3
number of
disaster
events

number of
flood events

number of flood
events each year 1 10

1 = ≥18; 2 = ≥16 and <18; 3 = ≥14
and <16; 4 = ≥12 and <14; 5 = ≥10
and <12; 6 = ≥8 and <10; 7 = ≥ 6
and <8; 8 = ≥4 and <6; 9 = ≥2 and <4;
10 = <2

[29,95,97,98,
103,104]

VENV4 water quality
number of villages
where rivers are
polluted by sewage

percentage of
villages in each
district whose
rivers are polluted
by sewage

1 10

1 = ≥10; 2 = ≥9 and <10; 3 = ≥8
and <9; 4 = ≥7 and <8; 5 = ≥6 and <7;
6 = ≥5 and <6; 7 = ≥ 4 and <5; 8 = ≥3
and <4; 9 = ≥2 and <3; 10 = <1

[29,57,94–97,
99,101,103,104]

VENV5 degradation

number of villages
where soil
contamination has
occurred due
to industry

percentage of
villages in each
district where soil
contamination has
occurred due
to industry

1 10

1 = ≥10; 2 = ≥9 and <10; 3 = ≥8 and
<9; 4 = ≥7 and <8; 5 = ≥6 and <7; 6 =
≥5 and <6; 7 = ≥ 4 and <5; 8 = ≥3
and <4; 9 = ≥2 and <3; 10 = <1

[29,57,94–105]

VENV6 degradation built-up area

percentage of
built-up land
compared to total
land in each
sub-district

1 10

1 = ≥36; 2 = ≥32 and <36; 3 = ≥28
and <32; 4 = ≥24 and <28; 5 = ≥20
and <24; 6 = ≥16 and <20; 7 = ≥12
and <16; 8 = ≥8 and <12; 9 = ≥4
and <8; 10 = <4

[29,57,97,99,
101,105]

VENV7 disaster
mitigation

number of villages
that have an early
warning system for
natural disasters

percentage of
villages in each
district that have
an early warning
system for
natural disasters

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[29,96,97,101,
103]

VENV8 disaster
mitigation

number of villages
that have
normalization
programs for rivers,
canals,
embankments,
ditches, or
drainage

percentage of
villages in each
district that have
normalization
programs for rivers,
canals,
embankments,
ditches, or
drainage

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[29,96,101,103]

VENV9 water spring number of villages
that have springs

percentage of
villages in each
district that
have springs

1 10

10 = ≥90; 9 = ≥80 and <90; 8 = ≥70
and <80; 7 = ≥60 and <70; 6 = ≥50
and <60; 5 = ≥40 and <50; 4 = ≥30
and <40; 3 = ≥20 and <30; 2 = ≥10
and <20; 1 = <10

[57,97,99]
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Table 2. Cont.

Code Themes Variables Sub-Variables Bad Good Description References

VENV10 degradation

number of villages
that have a
community custom
of burning fields
for agricultural
purposes

percentage of
villages in each
district that have a
community custom
of burning fields
for agricultural
purposes

1 10

1 = ≥45; 2 = ≥40 and <45; 3 = ≥35
and <40; 4 = ≥30 and <35; 5 = ≥25
and <30; 6 = ≥20 and <25; 7 = ≥ 15
and <20; 8 = ≥10 and <15; 9 = ≥5
and <10; 10 = <5

[95,103]

VENV11 agriculture areas of agriculture
and plantations

percentage of the
areas of agriculture
and plantations
compared to the
total land in
each district

1 10

1 = ≥45; 2 = ≥40 and <45; 3 = ≥35
and <40; 4 = ≥30 and <35; 5 = ≥25
and <30; 6 = ≥20 and <25; 7 = ≥ 15
and <20; 8 = ≥10 and <15; 9 = ≥5
and <10; 10 = <5

[29,57,97,99,
101,105]

3.3. Analysis Methods

In this study, the sustainability analysis conducted using the Rapfish method included
several stages, namely (1) determining the attributes/criteria for each dimension of sus-
tainability through a literature review; (2) the assessment of the attributes/criteria for
each dimension of sustainability; (3) index and sustainability status assessment through
ordination analysis using MDS, leverage analysis, and Monte Carlo analysis.

a Multidimensional Scaling (MDS)

MDS is a multivariate analysis tool used to determine the closeness/similarity of
relationships between objects in a multidimensional manner and is based on assess-
ments/perceptions related to closeness/similarity. The ordination technique in MDS places
objects in a sequence of measured attributes and basically carries out a multidimensional
transformation into lower/simple dimensions.

The MDS approach is used to deliver thorough, quick, and impartial findings regard-
ing the sustainability of watersheds and has advantages compared to other multivariate
analyses such as factor analysis and multi-attribute theory, which do not produce stable
outputs [70].

Data pertaining to the social, economic, and environmental dimensions were processed
using the MDS technique, where, in principle, the data are mapped to the perceived distance
between one unit and another unit using scoring. The scoring is determined based on
experience, where the minimum score is 1 (bad) and the maximum is 10 (good).

After scoring, an ordination analysis was then carried out and the results plotted on a
two-dimensional curve, where the horizontal (x-axis) has indicators from bad (B) to good
(G), while the Y-axis has indicators from down (D) to up (U), only provides variation, and
is not related at all to the degree of sustainability.

The values of the sustainability index, created by Columbia University in Canada, are
shown in Table 3.

Table 3. Sustainability index categories.

Index Categories

0.00–25.00 not sustainable
25.01–50.00 less sustainable
50.01–75.00 reasonably sustainable

75.01–100.00 sustainable

b Leveraging Analysis

This analysis aims to detect the dominance of variables and examine whether there is
a change in ordination (bad and good positions) when these variables are removed one by
one, so it is expected that the constructed variables will truly reflect the assessed themes
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and dimensions. In other words, leverage also shows sensitivity analysis, where the length
of the bar shows the magnitude of the influence of the variable in the bad–good ordination,
and the size of number shows the percentage difference if the variable is removed from the
ordination position. Kavanagh and Pitcher (2004) and Fauzi (2019) [62] state that errors in
Rapfish can occur due to various factors, including the following:

• Errors in determining variable scores;
• The variables used may not be appropriate for the theme being built.

c Monte Carlo Analysis

This analysis was carried out to detect sources of errors of diversity. The Monte Carlo
graph shows that the wider the dot distribution, the higher the disturbance, and conversely,
the narrower the distribution, the lower the disturbance. The results of the analysis are
shown in the following section.

4. Results and Discussion
4.1. Social Dimension

In the social dimension, the sustainability status of the Upstream Bengawan Solo
Watershed is as follows: in 2007, there are 8 districts with reasonably sustainable and 12
with sustainable statuses; in 2019, there are 2 districts with reasonably sustainable and 18
with sustainable statuses; and in 2021, there is 1 district with a reasonably sustainable status
and there are 19 with sustainable statuses. This indicates that the change in sustainability
values from 2007 to 2021 led to sustainable conditions, which is visually represented by
the movement of points from left to right, namely from bad (B) in 2007 to good (G) in 2021
(Figure 2).
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Figure 2. (a) Ordination of social sustainability dimension in 2007; (b) ordination of social sustainabil-
ity dimension in 2019; (c) ordination of social sustainability dimension in 2021.

The most sensitive attributes in determining sustainability in the social dimension
in 2007, 2019, and 2021 are health facilities, sanitation facilities, and population density
(Figure 3). Based on data from the Central Statistics Agency from 2007 to 2021, there has
been an increase in the number of hospitals, namely in the Selogiri and Wonogiri districts.
Regarding sanitation facilities, there has been an increasing number of toilets such that, in
2021, the entire population had access to them (100%).
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Figure 3. Leverage of social sustainability dimension in 2007, 2019, and 2021.

The results of the Monte Carlo analysis (Figure 4) show that the distribution of units
tends to be dense and not wide, which indicates insignificant disturbances related to the
social dimension.
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4.2. Economic Dimension

In the economic dimension, the sustainability status of the Upstream Bengawan Solo
Watershed was as follows: in 2007, there are 5 districts with less sustainable and 15 with
reasonably sustainable statuses; in 2019, there are 14 districts with reasonably sustainable
and 6 with reasonably sustainable statuses; and in 2021, there are 3 districts with less
sustainable and 17 with reasonably sustainable statuses. This indicates that the change
in sustainability values from 2007 to 2021 led to sustainable conditions, which is visually
represented by the movement of points from left to right, namely from bad (B) in 2007 to
good (G) in 2021 (Figure 5).
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Figure 5. (a) Ordination of economic sustainability dimension in 2007; (b) ordination of economic
sustainability dimension in 2019; (c) ordination of economic sustainability dimension in 2021.

The results of the leverage analysis indicate that the most sensitive attributes in
determining sustainability in the economic dimension in 2007, 2019, and 2021 are economic
facilities, the agricultural sector, and the use of rivers for irrigation (Figure 6). There
was a 53% increase in the number of economic facilities, such as markets, minimarkets,
and restaurants. The agriculture, forestry, and fisheries sectors were the most significant
contributors to gross regional domestic product from 2010 to 2021, at 28% to 36% [106], and
the percentage of villages utilizing rivers for irrigation by 2021 was 84% [107].
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Figure 6. Leverage of economic sustainability dimension in 2007, 2019, and 2021.

There is a variable that stands out, namely VECON2 (percentage of economic facilities),
with a leverage value of up to 53%. Based on a review of the data, this was caused by an
increase in the number of sub-variables from VECON2, namely the number of traditional
markets, the number of restaurants, and the number of modern markets, which increased
by 77 units or 43% from 2007 to 2019 [107].
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The results of the Monte Carlo analysis (Figure 7) show that the distribution of units
tends to be dense and not wide, which indicates insignificant disturbances related to the
economic dimension.
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4.3. Environmental Dimension

In the environmental dimension, the sustainability status of the Upstream Bengawan
Solo Watershed was as follows: in 2007, there are 4 districts with reasonably sustainable and
16 with sustainable statuses; in 2019, there are 8 districts with reasonably sustainable and 12
with sustainable statuses; and in 2021, there are 11 districts with reasonably sustainable and
9 with sustainable statuses. This indicates that the sustainability value of the environmental
dimension from 2007 to 2021 led to less sustainable conditions, which is visually represented
by the movement of points from right to left, namely from good (G) in 2007 to bad (B) in
2021 (Figure 8).
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Figure 8. (a) Ordination of environmental sustainability dimension in 2007; (b) ordination of environ-
mental sustainability dimension in 2019; (c) ordination of environmental sustainability dimension
in 2021.

The results of the leverage analysis indicate that the most sensitive attributes in
determining the sustainability value in the environmental dimension are the existence of
springs, disaster mitigation systems, and river normalization programs (Figure 9). The
community needs the disaster mitigation system because most areas in Wonogiri Regency
have a high landslide disaster risk. This is because 49% of the soil is lithosol, which is very
sensitive to erosion, and the risk is increased by the steep slopes in each sub-district [108].
Drought-prone disaster risk in the Wonogiri Regency is in the high category [109], so water
source availability and river normalization programs are important for residents.
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Figure 9. Leverage of environmental sustainability dimension in 2007, 2019, and 2021.

The results of the Monte Carlo analysis (Figure 10) show that the distribution of units
tends to be dense and not wide, which indicates insignificant disturbances related to the
environmental dimension.
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4.4. Multidimensional Scaling

The average results of the social dimension index tend to increase from 2007 to 2019
and 2021. This illustrates that regarding health, population, the use of government land,
and the use of social facilities, the impact of changing conditions is lessening. These
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improvements can be supported by better and fairer government programs that can be
utilized by the community.

While the economic dimension tends to fluctuate, a decrease occurred from 2007 to
2019 and then increased in 2021. This indicates that human economic activities such as
industry, agriculture, tourism, transportation, and mining, along with the condition of
facilities and utilization of irrigation infrastructure, are experiencing fluctuating conditions.
A decline in 2019 is identified because sectors relevant to space utilization in watershed
areas, such as agriculture, forestry, and fisheries, experienced an economic contraction of
minus 0.15 percent based on the Wonogiri Regency GRDP Document of 2015–2019 [110].

This is very different when compared to the environmental dimension, which expe-
rienced a decline from 2007 to 2019 and 2021. Environmental conditions such as forestry,
disasters, water quality, the availability of water resources, and agricultural land conditions
experienced a decline in quality and quantity. For example, in 2007, there were 71 landslide
incidents, and there were 81 incidents in 2021, and the number of villages with springs
decreased from 139 in 2007 to 121 in 2021. However, the decrease in the average value on
a regional scale did not necessarily occur evenly in individual districts; for example, of
20 districts, there were 14 for which the values decreased and 6 for which they increased.
Based on data checking, for all variables forming the environmental dimension—including
converted forest area (square meters), the number of landslide events (%), the number
of flood events (%), the number of villages where rivers are polluted by sewage (%), the
number of villages where soil contamination has occurred due to industry (%), built-up
areas (%), the number of villages that have an early warning system for natural disasters
(%), the number of villages that have normalization programs for rivers, canals, dams,
ditches, drainage, the number of villages that have springs (unit), the number of villages
that have a community custom of burning fields for agriculture (%), agricultural and plan-
tation areas (%)—in six districts (Baturetno, Girimarto, Giritontro, Jatipurno, Jatisrono, and
Pracimantoro), the weighting score tends to increase; in other words, the condition of the
six districts in the environmental dimension tends to improve from 2007 to 2021 (Table 4
and Figure 11) [107].
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The radar diagrams below indicate that the social dimension has the highest sustain-
ability value compared to the economic and environmental dimensions in 2007, 2019, and
2021. For the environmental dimension, the sustainability value decreases from 2007 to
2019 and 2021, while for the economic dimension, it experiences a downward trend in 2019
and an increasing trend in 2021 (Figure 12).
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Table 4. Average index values of social, economic, and environmental dimensions of sustainability.

Social Dimension Economic Dimension Environmental Dimension
District

Code District 2007 2019 2021 2007 2019 2021 2007 2019 2021

baturetn Baturetno 79.11 80.02 79.77 62.58 52.39 60.45 78.49 75.23 79.77
batuwarn Batuwarno 79.83 87.05 86.80 57.76 51.73 56.53 83.41 87.47 81.75
eromoko Eromoko 72.14 85.79 84.52 61.65 45.80 58.17 82.03 85.69 63.53
girimart Girimarto 81.02 85.08 83.91 62.25 48.26 55.79 81.63 88.11 92.36
giritont Giritontro 84.79 87.14 87.18 35.11 31.30 40.36 81.88 74.27 94.11
giriwoyo Giriwoyo 77.86 85.16 85.21 55.00 45.37 51.37 81.80 72.22 52.77
jatipurno Jatipurno 72.59 84.97 83.69 61.39 46.79 61.97 78.91 78.53 80.88
jatiroto Jatiroto 71.22 80.19 79.23 51.45 42.59 55.33 70.43 67.70 67.56
jatisron Jatisrono 79.97 86.10 82.84 55.63 53.52 63.43 65.40 78.16 89.63
karangte Karangtengah 71.28 56.55 70.89 60.00 41.23 53.17 80.14 80.92 66.28
kismanto Kismantoro 81.31 77.21 76.13 53.69 48.00 52.57 78.57 72.36 77.47
manyaran Manyaran 83.05 84.16 85.70 51.09 65.43 65.81 82.06 81.46 74.97
ngadiroj Ngadirojo 72.89 81.94 82.52 50.39 43.45 57.82 85.53 60.76 69.64
nguntoro Nguntoronadi 85.28 73.72 86.06 51.50 50.01 53.36 87.02 73.62 75.15
praciman Pracimantoro 67.44 86.30 82.37 35.62 26.49 47.23 76.98 82.58 89.44
sidoharj Sidoharjo 59.87 84.78 82.77 48.87 46.45 64.58 78.06 77.80 71.97
slogohim Slogohimo 82.26 86.04 84.78 56.64 54.10 59.40 73.75 76.66 72.22
tirtomoy Tirtomoyo 66.64 78.56 77.19 48.98 42.29 60.24 71.23 69.02 60.75
wonogiri Wonogiri 76.82 86.93 88.78 42.51 48.85 48.29 75.98 73.99 72.04
wuryanto Wuryantoro 81.39 86.69 86.69 50.13 46.41 66.17 77.96 79.82 74.20

mean 76.34 82.22 82.85 52.61 46.52 56.60 78.56 76.82 75.33
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Figure 12. (a) Radar chart of social, economic, and environmental sustainability dimensions in 2007;
(b) radar chart of social, economic, and environmental sustainability dimensions in 2019; (c) radar
chart of social, economic, and environmental sustainability dimensions in 2021.
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5. Conclusions

The average index results for the social dimension tend to increase from 2007 to
2019 and 2021. This illustrates that regarding health, population, the use of government
land, and the use of social facilities, the impact of changing conditions is lessening. These
improvements can be supported by better and fairer government programs that can be
utilized by the community. While the economic dimension tends to fluctuate. A decrease
occurs from 2007 to 2019 and then increases in 2021. This indicates that human economic
activities such as industry, agriculture, tourism, transportation, and mining, along with
the condition of facilities and utilization of irrigation infrastructure, are experiencing
fluctuating conditions. A decline in 2019 is identified because sectors relevant to space
utilization in watershed areas, such as agriculture, forestry, and fisheries, experienced an
economic contraction of minus 0.15 percent. This is considerably different compared to
the environmental dimension, which experienced a decline from 2007 to 2019 and 2021.
Environmental conditions such as forestry, disasters, water quality, the availability of water
resources, and agricultural land conditions experienced a decline in quality and quantity.
For example, in 2007, there were 71 landslides, and there were 81 in 2021, and the number
of villages with springs fell from 139 in 2007 to 121 in 2021.

The sustainability scores were compared between regions in terms of their sustainabil-
ity performance. For the social dimension, the highest is in the Giritontro district and the
lowest is in the Karangtengah district; for the economic dimension, the highest is in the
Manyaran district and the lowest is in the Giritontro district; and for the environmental
dimension, the highest is in the Girimarto district and the lowest is in the Tirtomoyo district.
The lessons learned here can be incorporated into regional policies and actions to address
issues encountered during the implementation phase.

This research improves upon previous studies on watershed sustainability measure-
ments conducted by Widicahyono (2020) [16], Murdiyanto (2016) [17], Hamzah (2016) [18],
and Syamsiyah (2023) [19], which were limited to the one period. Furthermore, the sustain-
ability values provide straightforward information about which components contribute to
regional development the most and can be used to assess the success of policymakers in
implementing development programs.

This study’s findings highlight a few important observations that illustrate the com-
plexity of problems in the Upstream Bengawan Solo Watershed that require integrated
planning and management by cross-agency groups and stakeholders. This research still has
shortcomings, so further studies are needed, such as those identifying and mapping the
influence of smaller areas at the village level, studying suitability through spatial planning,
and formulating policies and space utilization programs in watersheds. Furthermore, poli-
cies and measures are needed to sustain watersheds, such as Erosion and Sedimentation
Control, Sustainable Forest and Land Management, Water Resource Management, and
Institutional Social Management.
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