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Abstract: The Irawan Watershed in Puerto Princesa, Philippines, is an important resource that sup-
ports domestic, agricultural, and industrial water needs. This study applies the Water Evaluation and
Planning (WEAP) model to project the impacts of climate change on future surface water availability,
integrating the findings into an Integrated Water Resource Management (IWRM) framework. Us-
ing bias-corrected General Circulation Models (GCMs) under four shared socioeconomic pathways
(SSPs), this study examines scenarios from low to high emissions (SSP126, SSP245, SSP370, and
SSP585) for the assessment of potential variations in water supply. The results indicate a significant
vulnerability to water availability, especially under SSP370 and SSP585, where climate warming
is pronounced, leading to significant reductions in streamflow. Conversely, SSP126 suggests rela-
tively stable conditions with less pronounced hydrological changes. The study also explores the
socioeconomic drivers that affect water demand, including population growth and land use changes
that influence agricultural water needs. The findings underscore the urgency of using adaptive
management strategies to conserve water resources in the face of these anticipated challenges. Key
recommendations include optimizing water use efficiency in all sectors, establishing protective zones
around natural ecosystems, implementing climate-resilient infrastructure, and promoting community
engagement in water management. These measures are critical for enhancing water security and
promoting sustainable development within the watershed, contributing to the broader goals of
Sustainable Development Goal (SDG) 6. This study offers decision-makers and resource managers an
evidence-based framework for integrating hydrological modeling into IWRM, providing valuable
insights to navigate the complexities of climate change and ensure the long- term sustainability of
water resources in the Philippines.
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1. Introduction

Water resources are necessary for both economic growth and human existence. Never-
theless, water supplies are in danger of becoming scarce and of low quality due to various
socioeconomic and environmental variables, such as population increase, land use changes,
and climate change [1-3]. As the frequency of extreme weather events rises and precipita-
tion patterns are altered by climate change, more threats are being made to the watershed’s
water resource availability and quality [4,5]. Globally, more than 2 million people live in
countries experiencing high water stress, as demands on freshwater resources far exceed
sustainable supply [6]. Climate change is exacerbating this issue, altering rainfall patterns
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and increasing the frequency of extreme weather events, such as droughts and floods,
which both threaten the availability and quality of freshwater resources. These pressures
require urgent and innovative water management solutions to ensure the resilience of water
systems against these challenges [5,6].

Over 100 million people in Southeast Asia are adversely affected by resource mis-
management and water shortages [7]. The region’s varied temperature and environment
cause significant variations in rainfall and river flows, which are made more erratic by
climate change. Water abstraction has increased due to increased demands from industry,
urbanization, and agriculture, which has led to pollution, biodiversity loss, and water degra-
dation [8]. Inadequate infrastructure and lack of institutional capacity exacerbate these
problems, making it difficult for Southeast Asian nations to successfully adopt sustainable
water management techniques [7,9].

The physical and economic conditions of the Philippines make it susceptible to prob-
lems concerning water resources. The nation often experiences typhoons, floods, and
extended dry periods, all of which impair the quality and availability of water [10]. Exist-
ing water supplies are severely strained by the fast organization and population increase,
particularly in important areas like Metro Manila and Puerto Princesa [11]. The nation is
also vulnerable to seasonal fluctuations and pollution because it relies on surface water
sources and limited groundwater reserves.

There has never been a greater pressing need for a thorough and flexible approach
to water management. The Irawan Watershed, located in Puerto Princesa, Philippines, is
one of the most important sources of surface water in the area for agriculture and residen-
tial applications. However, the watershed is facing significant challenges due to climate
change and socioeconomic factors, which will likely impact its future water supply. Finite
freshwater resources are being steadily depleted by population increase, fast urbanization,
and climate change, which affect both the quality and quantity of water [12,13]. Water
scarcity and poor water quality are major concerns since institutional capacity is frequently
constrained, especially in developing countries [14-16]. Scenario analysis and numerical
quantification are extremely important for addressing important decision points and en-
abling focused action to address future water quality issues and forecast future conditions.
However, like in other situations, water quality scenarios call for multidisciplinary methods
that incorporate social science, hydrological science, climatic science, and local government.
In order to get ready for a robust future and reach global goals like Sustainable Develop-
ment Goal 6.0, it is critical to ensure that hydrological modeling and scenario analysis at
the watershed level are understandable, relatable, and utilized by local policymakers [17].

Climate change is causing changes in precipitation patterns, resulting in water scarcity
in many regions worldwide [18]. In addition, socioeconomic elements, including urbaniza-
tion and population rise, are putting pressure on water resources, resulting in increased
demand for water [19]. These elements working together have the potential to have a big
influence on the availability of surface water in the future in the Irawan Watershed [20].

The difficulty is in implementing the IWRM concept into practice at the river basin
level through suitable coordinating entities [21]. A prioritization study was conducted
to determine strengths, such as the separation of water resource management and water
service provision in implementing IWRM, and address the threat of increasing negative
impacts of climate change in Puerto Princesa [22]. These observations were the driving force
behind selecting the Irawan Watershed in Puerto Princesa as the pilot catchment for further
study. Several studies have been carried out to investigate the impact of climate change and
socioeconomic factors on water resources in various regions worldwide [23-25]. However,
few studies have focused on the Irawan Watershed and incorporated it in INRM. Given
that Irawan is only one of millions of catchments globally, this makes sense. Nonetheless,
the Irawan Watershed has unique characteristics that make it especially pertinent to IWRM
research. The Irawan Watershed is a significant freshwater supply for local agriculture
and residential use. Its tropical environment, which has distinct wet and dry seasons,
puts strain on water resources during the dry season and causes seasonal variations in the
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water availability. The watershed is important ecologically because it sustains a variety
of biodiversity and offers a habitat for a wide variety of flora and fauna, which helps to
maintain the environmental sustainability of the area. The watershed is essential to the
local economy and society since it provides water to the expanding urban population and
sustains agricultural operations. Nevertheless, the watershed is confronted with issues
including deforestation, changes in land use brought by urbanization, and rising water
demand as a result of population increase. In order to manage conflicting water needs and
maintain ecological health, the Irawan watershed is an ideal case study for analyzing the
use of INRM concepts. Although the significance of this matter to the local community and
regional agriculture is high, research assessing how climate change affects water supply
and demand in the research region has not yet been carried out by utilizing the results of
General Circulation Models (GCMs). GCMs are widely used in climate studies to simulate
the effects of different greenhouse gas emission scenarios on global and regional climates.
Although RCMs provide higher spatial resolution and more comprehensive detail, they are
often expensive and not always accessible, especially in data-limited regions. For this study,
GCMs were chosen as a practical and valid tool to project future climate conditions in the
Irawan Watershed. Their widespread application and established reliability in simulating
large-scale climate processes make them suitable for evaluating climate impacts on water
resources in this region. This study aims to examine the impact of socioeconomic and
climate change factors on future surface water supply in the [rawan Watershed of Puerto
Princesa, Philippines.

The Philippines is a fast-expanding nation (GDP above 7%), yet rapid urban expansion
has been uncoordinated, and wastewater management infrastructure is inadequate [26].
Surface water supplies continue to be under extreme stress due to the direct discharge of
wastewater. The deterioration of the water quality is made worse by a number of severe
weather occurrences, such as floods and typhoons. In order to fill the gap in the watershed
level in the land use planning process for incorporating climate change adaptation and
mitigation strategies, a prioritization study was conducted to determine strengths, such as
the separation of water resource management and water service provision in implementing
IWRM, and address the threat of increasing negative impacts of climate change in Puerto
Princesa [22]. These observations were the driving force behind selecting the Irawan
Watershed in Puerto Princesa as the pilot catchment for further study. Further, the area was
selected because the watershed is the main water source of the city and is experiencing a
rapid industrial expansion. This has resulted in a sharp decrease in the quality of water,
a rise in population, and a rapid shift in land use. The Water Evaluation and Planning
(WEAP) model was chosen for this study because of its relevance to the hydrological
dynamics of the Irawan Watershed, transparency, adaptability for data-scarce situations,
and compatibility with the concepts of IWRM. The Irawan Watershed is one area where
WEAP is very useful since it takes less complicated data inputs while still producing
reliable estimates [27,28]. The watershed tropical climate and water requirements depend
on surface- and groundwater, climatic variability, and seasonal demand changes, all of
which are included in the model to account for supply and demand [29]. Furthermore,
the intuitive interface of WEAP facilitates scenario analysis and stakeholder interaction,
bolstering cooperative resource management initiatives [30,31]. Given its adaptability,
WEAP is frequently used to assess various water use scenarios, which fits in nicely with the
goal of this study, which is to balance ecological, agricultural, and household needs under
IWRM [31-33].

Hydrological models, which replicate the flow, distribution, and quality of water
within a watershed, offer a thorough understanding of water systems that is essential for
sustainable management. These models are crucial tools for tackling the complexity of
IWRM since they incorporate many hydrological processes and enable the assessment
of alternative management scenarios. Hydrological modeling aids in IWRM by offering
a comprehensive understanding of the water cycle, forecasting the effects of different
environmental and human-caused changes, and guiding decision-making procedures.
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Hydrological model integration with IWRM facilitates the accomplishment of several
important goals. Hydrological models are used to mimic various processes, such as precipi-
tation, evapotranspiration, infiltration, runoff, and groundwater movement. These models
aid in the comprehension of the flow of water through the environment and its interactions
with various watershed components [34]. The amount of water that is accessible for various
applications, such as domestic, industry, and agriculture, is estimated using models. This
is necessary in order to create plans for the effective and equitable distribution of water
resources [35]. Water conservation measures, land use changes, reservoir operations, and
other management strategies can all be simulated using hydrological models. This aids in
evaluating the possible advantages and disadvantages of different approaches by decision-
makers [36]. The effects of temperature and precipitation variations on water resources can
be predicted by integrating hydrological and climatic models. This is necessary in order
to design adaptation strategies that will decrease the impact of climate change on water
supply [37]. Hydrological models are essential for anticipating and controlling catastrophic
weather occurrences like floods and droughts. To safeguard populations and ecosystems,
they assist in identifying risk regions, predicting occurrences, and creating mitigation
strategies [38].

Hydrological modeling developments in recent years have improved the precision and
usefulness of these techniques in IWRM [1,39]. The ability to simulate future climate scenar-
ios and their effects on water resources is made possible by advancements in the coupling
of hydrological models [40]. Through this combination, effective adaptation methods for
managing water resources in the face of changing climate circumstances are developed [41].
Hydrological, ecological, and socioeconomic components combined in integrated models
offer a comprehensive water resource management method. These models replicate how
human activity and water resources interact, promoting sustainable management tech-
niques [42]. Studies conducted recently have shown how useful hydrological models are for
assisting IWRM. For example, Asadieh and Krakauer [43] evaluated the impact of climate
change on water availability in the Middle East using hydrological models. Comparably,
Xue et al. [44] estimated the water resources management plan in Chia’s coastal Binhai New
Area using the WEAP model and suggested integrated risk reduction measures. These
illustrations highlight how crucial it is to incorporate hydrological modeling into IWRM in
order to improve water security and inform decision-making.

The purpose of this study is to look at how socioeconomic development and climate
change affect the availability of surface water in the Irawan Watershed. This will be accom-
plished by examining several possibilities for the future, including SSPs. The application
of a multi-scenario approach would facilitate the discovery of several factors, such as
socioeconomic growth and climatic change, that affect the supply of water in different
basins within the Irawan Watershed. An overview of the study area is presented, together
with important features and current anticipated climatic forecasts for the region. Following
this, the INRM approach for the study area is a separate case study detailing strengths,
weaknesses, opportunities, and threats [22,45]. In addition, this study seeks to assess how
well hydrological modeling supports the Irawan Watershed in Integrated Water Resource
Management (IWRM).

In light of the hydrological simulation findings, the local government ought to include
suitable adaptation and mitigation countermeasures in its local policy. The results of this
study will help to clarify how socioeconomic variables and climate change affect the water
resources in the Irawan Watershed and offer guidance for the regional planning and man-
agement of the resources. The study seeks to demonstrate the critical role of hydrological
modeling in developing and implementing effective IWRM plans, contributing to the
sustainable management of water resources in the Irawan Watershed and similar regions.
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2. Materials and Methods
2.1. Study Area

Situated between 9°47" and 9°53’ in the north latitude and between 118°37" and 118°43’
in the east longitude, the Irawan Watershed (Figure 1) is one of Puerto Princesa City’s prin-
cipal watersheds [46]. The distance is roughly 14 km from the city center and 580 km from
Manila [46]. It lies in Puerto Princesa City inside the political bounds of barangay Irawan
and a tiny section of barangay Bacungan and has an area of 3679 hectares [46]. The area
has seven sub-watersheds, each with a designated stream channel. The management of the
watershed is currently overseen by the Puerto Princesa City Water District (PPCWD) [46].
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Figure 1. Location map of Irawan Watershed.

The warm season defines the Type III climate of the watershed. Generally, dry weather
is seen from December to April, with wet weather the rest of the year. The Puerto Princesa
City station gets rainfall ranging from 1489.6 to 2338.3 mm, with an average of around
1769.14 mm, according to data from the Philippine Atmospheric Geophysical and As-
tronomical Services Administration (PAGASA) for the previous five years (2007-2011).
Conversely, the average temperature was 28.32 °C.

The 115,610 hectares of Puerto Princesa City’s watershed area are divided into five
major and six smaller river basins. The eleven watersheds and the corresponding catchment
areas are listed in Table 1. Among these, the Irawan River was chosen for this study because
it serves as the primary water source in the city [47]. The Irawan Watershed faces distinct
challenges, including rapid urban growth, rising water demand, and climate variability,
making it especially vulnerable to potential water shortages [48,49]. By focusing on this
watershed, this study can better assess how these pressures impact water availability and
offer practical insights for sustainable management that may also benefit other basins facing
similar challenges. The five river basins with the most catchment area in Puerto Princesa are
the Babuyan, Montible, Langogan, Inagawan, and Bacungan Rivers, contributing 25, 20, 14,
12, and 10 percent of the total catchment area, respectively [46]. In comparison, the Irawan
Watershed, which accounts for only 3% of the overall catchment area, plays a dispropor-
tionately critical role as the primary source of the city’s water supply. Despite covering only
a small amount of the city’s total catchment area, the watershed provides approximately
51% for domestic use [46,50]. The remaining supply is allocated for other purposes, includ-
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ing agricultural irrigation, industrial processes, and maintaining environmental flows to
support the watershed’s ecological health. This distribution highlights the watershed’s
critical role in meeting both human and environmental water demands in the city.

Table 1. Significant rivers and catchment regions in the watersheds of Puerto Princesa City [46].

Major Rivers Catchment Area (Hectares) % of Total
Babuyan River 28,786 24.89
Montible River 23,156 20.02
Langogan River 16,292 14.09
Inagawan River 14,592 12.62

Bacungan River 11,343 9.81
Sabang River 1674 1.44
Cabayugan River 3814 3.29
Irawan River 3679 3.18
Tanabag River 5622 4.86
Concepcion River 4225 3.65
Bahile River 2427 2.09
Total 115,610 100.00

2.2. WEAP Modeling in Irawan Watershed
2.2.1. Model Description

The scenarios in this study assess the impacts of climate change and socioeconomic
development on the [rawan Watershed. Climate change scenarios explore varying levels of
temperature rise and precipitation shifts to gauge water availability under different climate
conditions. Socioeconomic development scenarios examine the effects of population growth
and urbanization on water demand. Combined scenarios integrate these factors to evaluate
how simultaneous changes in climate and socioeconomic conditions could impact water
resources and future availability. INRM models were built for each scenario at a monthly
time step using the Water Evaluation and Planning System (WEAP). WEAP is a software
application utilized for the purpose of integrating the planning and management of water
resources [45,51,52]. The methodology employed involves a mass balance technique to
determine the prioritized supply and demand at every node, including but not limited
to demand sites, groundwater, aquifers, reservoirs, and water treatment facilities. These
nodes are interconnected via transmission and return flow lines. The aforementioned tool
facilitates the prediction of forthcoming water demands for diverse climate—socioeconomic
scenarios by water planners and policymakers. This enables the formulation of suitable
water resource policies to cater to future water demands. The object-oriented approach and
all equations are detailed in Yates et al. [51]. Relevant WEAP application examples include
the policy analysis of Syria and Spain for alternate groundwater management plans [53];
the impact of changing climate and socioeconomic conditions on the availability of surface
water in the upper Indus Basin of Pakistan [54]; and projecting hydrological responses to
climate change and urbanization in the main watersheds of the Bicol River Basin [40].

In this study, the WEAP software’s (Version 2023.0) soil moisture method, described
by Sieber (2015) [11], was utilized to replicate catchment processes. The soil moisture model
facilitated the regulation of soil and land characteristics during the streamflow process.
When a basin is split into many sub-basins because of variations in land use or type, the
water balance equation (Equation (1)) is computed separately for each sub-basin. The
climate in each sub-basin is considered to be constant [11].

521 - 273

= Po(t)—ETo(t)K,(t) <3> _Pe(t)foFj_fjks,jZi]‘_ (1- fj)KS,jZij 1)

Relative storage, denoted by Z; j, is the overall storage capacity, expressed in millime-
ters (mm), in the root zone of the soil in area j. The soil cover’s ability to retain dirt in
area j is represented by Rd;. The Penman—Monteith technique, which takes into account
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the crop or plant coefficient (k ;) unique to each covered area, is used to calculate PET
(Potential Evapotranspiration). The effective precipitation is denoted by P,, while the runoff
resistance coefficient for the given region is shown by RRF;. Surface runoff is indicated
by Pe(t)ZL]-RRF 7, and inflow into the first soil layer is indicated by the term f; ks,]-Z21j. The
saturated root zone conductivity, expressed in millimeters per unit of time, is denoted by
K; j. The distinction between horizontal and vertical flow dependent on topography, plant
cover, and soil qualities is represented by the coefficient f;.

Climate, hydrological, socioeconomic, and water demand statistics are among the
input data needed for the model, which is compiled in Table 2. It consists of the key datasets
used in the WEAP simulation, each chosen to ensure that the model accurately reflects
the Irawan Watershed'’s specific climate, water demand, and socioeconomic conditions.
Climate data are essential for modeling future temperature and rainfall patterns, allowing
the simulation of different climate scenarios. Streamflow data, along with population
and agricultural statistics, provide a picture of the current water demand and help in
projecting future needs. Crop water requirements and other domestic water consumption
data specific to the study area were also included to improve the accuracy of water use
estimates across different sectors. These datasets are foundational for creating a model that
captures the unique characteristics and water needs of the study area. This information
comes from several agencies, including the Puerto Princesa City Water District (PPCWD),
the Philippine Statistics Authority (PSA) [55], the Philippine Atmospheric, Geophysical
and Astronomical Services Administration (PAGASA) [56], and the Puerto Princesa City
Government (PPCG) [57].

Table 2. List of the datasets used in WEAP simulation.

Data Description Sources
Monthly gage (2010-2020)
. Monthly gridded data for three GCMs PAGASA Puerto Princesa Synoptic Station
Climate data

(AWI-CM-1, CESM2, and MRI-ESM2) under Coupled Model Intercomparison Project (CMIP6)
four SSP scenarios (2025-2100)

Streamflow data

Monthly gauge data (2010-2020) Puerto Princesa City Water District

Population data

Population census, growth rate Philippine Statistics Authority

Agricultural data

Philippine Statistics Authority

Integrated Evaluation of Changing Water
Resources in an Active Ecotourism Area: The
Case of Puerto Princesa City, Palawan,
Philippines [49]

Cultivable land, land decline rate
Crop water requirement

Domestic water abstraction

Integrated Evaluation of Changing Water
Per capita annual domestic consumption, unit ~ Resources in an Active Ecotourism Area: The
industrial water demand Case of Puerto Princesa City, Palawan,
Philippines [49]

2.2.2. Model Set-Up

The WEAP model was used to evaluate the water balance in the basin following data
collection and analysis. After combining the input data into monthly numbers and making
important assumptions, the model was built for the potential future situations listed in
Table 3. River water is used to supply the water demand requirements of the communities
in the basin, which are the demand sites. The amount of water required for domestic use
will depend on the annual per capita water use. Variables, like crop area and crop water
needs, were provided by the pertinent literature in order to compute agricultural water
demands. All of the supply and demand nodes utilized in the WEAP simulations are shown
schematically in Figure 2. Before utilizing the CMIP6 climate data to power streamflow
models in the future, bias correction was applied with respect to future climatic variables.
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Table 3. Key assumptions in WEAP.

Parameter

Unit

Municipal demand

26 m3/cap/yr for urban areas [11]
14 m3/cap /yr for rural areas [11]

Agriculture demand

629 m3 ha—1! yr_1 [11]

Population growth rate

3.98% annual growth for low population growth (LPG) scenario [55,58]
5.0% annual growth for high population growth (HPG) scenario [55,58]

Agricultural decline rate

—0.5% annual rate for low land decline (LLD) scenario [55]
—1.2% annual rate for high land decline (HLD) scenario [55]
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Figure 2. Diagram of the Irawan study area for hydrological modeling with the WEAP framework.
The illustration’s green dot denotes the catchment area, the red dots correspond to regions where
agricultural, domestic, and rural water demand is felt, and the sky-blue lines depict the major
river’s courses as the primary water supply sources. A solid green transmission line connects
demand locations to the supply source, while a solid red return flow line indicates how much of the
consumed water flows back into the river. A dotted blue line represents the runoff that originates
from the catchment. A blue dot with arrows shows the catchment’s streamflow gauge, indicating the
river’s terminus.

Equation (2) is used in the WEAP model to calculate water demand (WD). This formula
takes into account a number of variables, including the monthly share (MS), expressed as a
percentage (%), the annual activity level (AL), and the annual water usage (AWU), which
is measured in cubic meters (m?). The population in the household sector, the number
of production units in the industrial sector, and the agricultural area measured in square
kilometers (km?) for farming activities are all related to the activity level (AL) [54].

WD = AL x MS x AWU @)
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2.2.3. Model Calibration and Validation

The allocation of water to the demand sites was carried out based on priority in
practice. Nonetheless, for the purposes of this investigation, it was assumed that all
demand sites held the same level of priority. Consequently, any modifications in either the
supply or demand would have an equal effect on all demand sites.

The study involved calibrating the model for the period spanning 2011 to 2013, fol-
lowed by validation for the years 2014 to 2016. This was performed using monthly climate
data obtained from the meteorological stations of the PAGASA Puerto Princesa Synoptic
Station, as well as streamflow data sourced from the gauges of Puerto Princesa City Water
District (PPCWD). The present study utilized socioeconomic population data, water us-
age statistics, cultivable land metrics, and other relevant data from prior periods. These
data were extracted from various literature sources, as well as governmental reports and
datasets. The hydrologic model’s necessary parameters were estimated using the built-in
parameter estimation tool (PEST) in WEAP for calibration purposes. The parameters under
consideration encompassed crop coefficient, soil water capacity, deep water capacity, runoff
resistance factor, root zone conductivity, deep conductivity, and preferred flow direction.
The parameters were established according to the geographical characteristics of the study
region and their permissible intervals, which were subsequently fine-tuned within those
limits through the utilization of PEST. Supplementary Table S1 represents the ranges of the
model’s parameters and the optimized values used in this study.

2.3. Scenario Development

The dynamics between water supply and demand were evaluated using potential
future population and climate scenarios (Table 4). These scenarios are created by integrating
the WEAP simulation predictions of population growth, agricultural land decline, domestic
demand, and climate change scenarios to project water demand.

Table 4. The sixteen pathways in WEAP simulations.

. . Water Demand Population Growth Agricultural Land
Climate Scenario . . . .
Scenario Scenario Decline Scenario
MD LPG LLD/HLD
S5P126 MD + SAE HPG LLD/HLD
MD LPG LLD/HLD
S5P 245 MD + SAE HPG LLD/HLD
MD LPG LLD/HLD
SSP 370 MD + SAE HPG LLD/HLD
MD LPG LLD/HLD
S5P 585 MD + SAE HPG LLD/HLD

SAE—Service area expansion (increased domestic demand: increased to 30 m3/ cap/yr for urban areas;
16 m3/cap/yr for rural areas). LPG—low population growth (3.98% per annual); HPG—high population growth
(5% per annual). —0.5% annual rate for low land decline (LLD) scenario; —1.2% annual rate for high land decline
(HLD) scenario

2.3.1. Climate Scenario

Several scenarios of climate change drove the hydrological model in the WEAP in
order to anticipate future periods. The Intersectoral Impact Model Intercomparison Project
(ISIMIP; [59]) provided three bias-corrected GCM forecasts, which included Alfred Wegener
Institute Climate Model 1 (AWI-CM-1-1-MR [60]), Community Earth System Model version
2 (CESM2, [61]), and Meteorological Research Institute Earth System Model version 2.0
(MRI-ESM2-0, [62]), as listed in Table 5. Notably, these three GCMs were frequently utilized
to drive the hydrological models on global and regional levels and support the hydrological
models, providing reliable climate inputs for this study [54,63,64]. All GCMs are associated
with shared socioeconomic pathways (SSPs), namely, SSP126, SSP245, SSP370, and SSP850.
These paths cover a variety of predicted temperatures and emission levels to the end of the
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century. The underlying presumptions that underpin these projections relate to population
growth, energy resources, economic activity, and other socioeconomic issues [65].

Table 5. The three selected GCMs from CMIP6.

Model Name Country Resolution
Alfred Wegener Institute Climate Model (AWI-CM-1-1-M) [60] Germany 1° x 1°
Community Earth System Model Version 2 (CESM2) [61] USA 1° x 1°
Meteorological Research Institute Earth System Model version 2.0 (MRI-ESM2-0) [62]  Japan 1° x 1°

Given the limited availability of observed meteorological data and the sparse distribu-
tion of weather stations in the region, the spatial resolution of GCM data is less critical for
the basin. Consequently, bias correction methods were applied to address the systematic
errors in the GCM outputs, aligning them more closely with the observed climatic condi-
tions. The bias-corrected values are listed in Tables S2 and S3. To reduce the uncertainties
inherent in each GCM, this study employed a multi-model approach. Research suggests
that a multi-model ensemble offers more robust and reliable projections compared to the
use of a single model. By averaging projections from multiple climate models within
the WEAP simulation, the study provides a more comprehensive assessment of future
climate conditions.

The “peak-and-decline” scenario among these paths is exemplified by SSP126, in
which radiative forcing peaks around 3.1 W/m? by mid-century and then falls to 2.6 W/m?
by 2100. This scenario focuses on environmental preservation, renewal of energy tech-
nologies, and human well-being while enacting significant reductions in greenhouse gas
(GHG) emissions [66]. SSP585, nevertheless, is a very high-emission scenario that calls for
increasing emissions of greenhouse gases over the century, raising average world tempera-
tures. While SSP370 portrays moderate situations where local and regional concerns are
prioritized above global ones in policy, SSP245 reflects a routine operations scenario with
limited advancements in sustainability and moderate levels of GHG emissions [65].

The bias-corrected CGM scenarios from ISIMIP were further downscaled using the
quantile mapping (QM) approach [67,68]. The QM method aligns modeled empirical
cumulative distribution functions (ECDFs) with observational ECDFs from the gauging
station. It is a prevalent empirical and statistical correction technique applied to daily
precipitation and temperature data [67-69].

Quantile Mapping Bias Correction of Meteorological Projections

Quantile mapping (QM) was employed in this study to correct biases in the meteoro-
logical data derived from GCMs, thereby improving the data accuracy of the hydrological
projections and addressing systematic errors in GCM outputs. QM is a widely adopted
post-processing technique that connects climate model simulations to practical impact
assessments across various spatial scales [70]. This statistical approach aligns the statisti-
cal characteristics of GCM outputs with observed historical data, typically on a monthly
basis [71]. By applying QM bias correction, the study preserves the overarching climate pat-
terns represented by the GCMs while adjusting for local-scale discrepancies. The primary
objective of QM is to identify a transformation that makes the distribution of the modeled
variable (P;;) equivalent to that of the observed (P,), thereby ensuring that projections more
accurately reflect local climate patterns [68]. The transformation is generally formulated, as
shown in Equation (3).

P, =hPy 3

Statistical transformation serves as a practical application of the probability integral
transform [72]. When the distribution of the variable under study is established, the
transformation is typically represented in the form shown in Equation (4).

PozFoil[Fm(Pm)] (4)
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Here, F,, denotes the cumulative distribution function (CDF) for P,,, while F, !
represents the inverse CDF associated with P,

2.3.2. Water Demand Scenario

Domestic demand typically reflects the prevailing population distribution and so-
cioeconomic factors within the designated service area. Domestic demand encompasses
various sectors, such as residential, commercial, industrial, and institutional users. Factors
influencing domestic water demand include population size, urbanization rate, economic
activities, lifestyle patterns, and water conservation practices. Service Area Expansion
(SAE) denotes the enlargement of the service region accompanied by an elevation in do-
mestic water demand. Specifically, this increase has been observed to reach 30 m?/cap/yr
for urban areas and m3/cap/yr for rural areas [11]. These modifications are essential to
understanding the changing dynamics of demand estimates and patterns of water usage in
various demographic contexts.

2.3.3. Population Growth Scenario

The primary information used to determine the traditional water demand in the region
is the population. According to the Philippine Statistics Authority, the study area pro-
vides the following population statistics: LPG—low population growth (3.98% annually);
HPG—high population growth (5% annually) [58,73]. These numbers are essential for
comprehending the demographic changes that affect demand forecasts and patterns of
water usage.

2.3.4. Agricultural Decline Scenario

The anticipated decrease in agricultural land as a result of industrialization is another
important premise in the research. The region’s land area has been steadily declining at a
rate of 0.5% per year, according to the Census of Agriculture (1991-2002) [55]. These data
serve as the foundation for the low land decline (LLD) scenario, which takes into account
an average yearly loss in agricultural land area of 0.5%. Furthermore, an estimated 1.2%
reduction in the extent of agricultural land area is taken into account for the high land
decline (HLD) scenario. These scenarios provide helpful observations into the probable
ramifications of industrialization on agricultural land utilization in the area.

2.3.5. Combined Future Pathways

This study includes scenarios pertaining to climate change, water demand projec-
tions, population dynamics, water consumption trends, and local agricultural scenarios
to create sixteen pathways (Table 4). These pathways were designed to forecast future
water demands using the Water Evaluation and Planning System (WEAP). Each pathway
represented a unique combination of these factors, providing insights into potential trajec-
tories of water demand under different circumstances. The WEAP model facilitated the
analysis of projected water demands against existing water supply capacities, infrastructure
capabilities, and environmental sustainability considerations.

2.4. Development of INRM Plan

Based on the model outputs and scenario analyses, recommendations for sustainable
water resource management practices that address current and future challenges in the
Irawan Watershed were developed. Further, a comprehensive IWRM plan that integrates
hydrological modeling results and proposes management strategies to guide future water
resource management efforts is recommended.

3. Results and Discussions
3.1. Model Calibration and Validation

The monthly streamflow data for the Irawan Watershed was analyzed using the WEAP
model over the calibration period of 2011-2013 and the validation period of 2014-2016. The
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observed and simulated streamflow results are presented in Figure 3. The statistics on the
quality of fit, namely, the Nash-Sutcliffe coefficient (NSE) and coefficient of determination
(R?), are presented for both time periods.

Irawan Watershed
]
4+ Calibration Period | Validation Period
R*=0.78 R°=0.76

— NSE = 0.74 | NSE = 0.79
HE 3 - I
- l
3 — Qmod
8 21 |
E — Qobs
(]
o
P 1-

O L LJ ! Ll

2012 2014 2016
Year

Figure 3. Simulated and observed streamflow at monthly time steps for Irawan Watershed. The
corresponding model fit measures, coefficient of determination (R?), and Nash-Sutcliffe efficiency
(NSE) are displayed for both periods.

The observed and simulated data show a moderate to strong correlation, as indicated
by R2, which varies from 0.76 to 0.78. Furthermore, the NSE varies between 0.74 and 0.79,
suggesting that the model reasonably simulates the basin’s hydrological characteristics. By
keeping the calibrated parameters in place until the year 2100, these results offer assurance
regarding the model’s capacity to forecast future flows with accuracy. Numerous research
projects have effectively used this approach [54,74].

The differences observed between modeled and observed streamflow in Figure 3
highlight the limitations of the model in accurately capturing peak streamflow events.
These inaccuracies can be attributed to several factors, including the resolution and accuracy
of input climate data, such as precipitation intensity and distribution, and potential, which
is a simplification of the hydrological processes represented in the model. Peak streamflows
are often sensitive to extreme rainfall events, and the underestimation or overestimation of
rainfall outputs can lead to deviations in the modeled results.

3.2. Climate Change and Streamflow Projections

Temperature and precipitation are two major determinants of the water supply in
the study area, primarily dependent on streamflow. To evaluate the water availability in
the area, this study involves simulating streamflow data (Figure 4) in several scenarios of
climate change. The findings unequivocally show that both watersheds are expected to
have warming trends in the future. Out of all the scenarios that were studied, SSP370 had
the strongest warming trend, followed by SSP585, while SSP126 showed the least warming,
and SSP245 showed moderate warming (Figure 5). The mean annual precipitation, on the
other hand, showed no discernible trend in any of the scenarios (Figure 6). Additionally,
the SSP370 scenario had the largest trend in streamflow, followed by SSP585 and SSP245,
but SSP126 demonstrated the lowest trend in streamflow.
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Figure 4. Time series with Sen’s slope values and boxplots of ensemble mean of streamflow projections
in Irawan Watershed for the period 2025 to 2100 (SSP, shared socioeconomic pathway).
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Figure 5. Time series with Sen’s slope values and boxplots of ensemble mean of average annual
temperature from three global circulation model projections for Irawan Watershed for the period
2025 to 2100 (SSP, shared socioeconomic pathway).
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Figure 6. Time series with Sen’s slope values and boxplots of ensemble mean of average annual
precipitation from three global circulation model projections in the Irawan Watershed for the period
2025 to 2100 (SSP, shared socioeconomic pathway).
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3.3. Socioeconomic Scenarios

Socioeconomic transformations can precipitate several consequential shifts, including
population escalation, enhancements in living standards, the proliferation of agricultural
land, and the expansion of industrial endeavors. With an augmented populace, the demand
for domestic water is bound to surge, especially in tandem with urbanization trends.
This research employs quantitative scenarios delineated from the shared socioeconomic
pathway (SSP) framework pioneered by Jones and O’Neill [75], which are accessible via
the ISIMIP database [59]. These scenarios offer invaluable insights into the interplay
between socioeconomic dynamics and water consumption patterns, thereby facilitating a
comprehensive understanding of future trajectories and potential challenges.

The economy of Puerto Princesa exhibits diverse sectors, ranging from agriculture
and fisheries to tourism and commerce. The availability and quality of water resources
significantly impact key economic activities within these sectors. Reliable access to water
is essential for sustaining agricultural productivity in the city. According to the Palawan
Council for Sustainable Development (PCSD) [76], the city’s agricultural sector relies heav-
ily on water resources for irrigation, particularly in rural areas where farming is a primary
source of livelihood. Water plays a crucial role in supporting commercial and industrial
activities, including manufacturing, aquaculture, and beverage production. Access to reli-
able water supply is essential for businesses to operate efficiently and sustainably. Access
to dependable and clean water sources is fundamental to public health and community
well-being in the city. The City Government of Puerto Princesa emphasizes the impor-
tance of providing all residents with clean water and sanitation facilities. Safeguarding
equitable access to water resources is essential for promoting public health and reducing
socioeconomic disparities [57]. The city faces various water-related challenges, including
floods, droughts, and water pollution. Climate change exacerbates these risks, posing
significant threats to socioeconomic development and community resilience. The PCSD
advocates for climate resilience and disaster preparedness measures to mitigate the impacts
of water-related disasters [76].

3.4. Water Supply and Demand Under Various Scenarios

The heatmaps in Figure 7 illustrate the projected unmet water demand (UMD) across
different sectors and demand scenarios (high land decline, HLD) and (low land decline,
LLD) for agricultural, rural, and urban domestic water use under four SSPs (SSP126,
SSP245, SSP370, and SSP585) from 2025 to 2100. Panels (a) and (b) display agricultural
UMD under HLD and LLD conditions, respectively. High unmet water demand for
agriculture is evident, especially under the SSP585 scenario in both demand levels, with
unmet needs intensifying toward the end of the century. This suggests that agricultural
water requirements may increasingly exceed supply, particularly in high-emission scenarios.
Panels (c) and (d) depict rural domestic unmet demand under HLD and LLD conditions.
Here, unmet demand is generally lower than for agriculture but shows periodic spikes,
particularly in SSP585 under HLD conditions, indicating challenges in meeting rural water
needs as demand and population increase. The LLD scenario, however, shows relatively
low unmet demand across all SSP scenarios, indicating that managing demand could
mitigate some of the pressure on rural water supply. Panels (e) and (f) represent urban
domestic unmet demand under HLD and LLD conditions, respectively. While unmet
demand in urban areas is moderate across most SSPs under LLD conditions, it becomes
substantial in HLD conditions, particularly under SSP585 near the century’s end. This
pattern underscores the potential challenges for urban water security, as rising urban
demand and high emission scenarios may exacerbate water security in urban areas, even
with conservative demand estimates. Across all sectors, SSP 585 consistently presents
the highest unmet demand, emphasizing the compounding impact of high emissions and
rapid socioeconomic change on water scarcity. Additionally, high-level demand scenarios
generally show significantly more unmet demand across all sectors compared to LLD
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Figure 7. Projected annual unmet water demand (UMD) in Irawan Watershed under four climatic
(SSP126, SSP245, SSP370, and SSP585) and two land decline (LLD and HLD) scenarios by 2100 (SSP,
shared socioeconomic pathway; LLD, low land decline; HLD, high land decline).

In all cases, the estimated annual water demand is predicted to decline gradually be-
tween 2025 and 2100. This decline is mostly attributable to the study area’s industrialization-
related loss of agricultural land. When it comes to the various scenarios, the high land
decline (HLD) scenario shows a possible decline that is more pronounced than the low
land decline (LLD) scenario on annual water demand. The predominant cause of this
phenomenon is the heavy reliance of agriculture on water resources [74]. As industrial-
ization progresses and agricultural land decreases, the water demand for agriculture also
decreases, reducing UMD. These findings validate the significant water requirement of
agricultural activities [54,77]. Conversely, expanding agricultural areas increases water
demand, thereby escalating UMD. By the end of the study period, the estimated water
supply—demand imbalance for the watershed under different agricultural and climatic
scenarios shows a generally falling trend (Figure 7). The Irawan Watershed has a long-term
water deficit, according to the results.
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Predicated on the ensembled yearly unmet water demand statistics displayed in
Figure 8, HLD has a significantly lower level in comparison to LLD. Notably, the lower
limit of UMD lies at zero considering HLD among the examined scenarios. In the figure,
each pair of bars corresponds to a specific combination of SSPs along with the key drivers
and management strategies, such as domestic demand (DD), service area expansion (SAE),
high population growth (HPG), and low population growth (LPG). The height of each bar
indicates the level of UMD, while black whiskers represent a variability of uncertainty
within each scenario, likely attributed to factors such as climate variability or modeling dif-
ferences. The comparison between HLD and LLD scenarios indicates that high land decline
scenarios tend to yield slightly higher unmet demand, suggesting that greater agricultural
land decline correlates with increased water demand or reduced availability. This finding
underscores the sensitivity of UMD to variations in socioeconomic conditions and changes
in agricultural land use, highlighting the need for adaptive water resource management
strategies in response to potential future pressure from land use and population growth in
the Irawan Watershed.

Irawan Watershed UMD

Agricultural Land Decline 5 HLD B LLD

Figure 8. Annual unmet water demand (UMD) in Irawan Watershed under all sixteen climatic
and urbanization scenarios (SSP, shared socioeconomic pathway; DD, domestic demand; DD_SAE,
domestic demand with service area expansion; LPG, low population growth; HPG, high population
growth; HLD, high land decline; LLD, low land decline).

Figure 8 illustrates the UMD across different SSPs and scenarios of agricultural land
decline in the Irawan Watershed. The scenarios are categorized into two levels of land
decline, HLD and LLD, represented by darker yellow and lighter yellow bars, respectively.
The x-axis shows specific scenarios combining domestic demand (DD), service area expan-
sion (SAE), and population growth factors under different SSPs. The y-axis represents the
UMD in million cubic meters, with error bars indicating variability or uncertainty in the
projections.

The results indicate that scenarios with HLD consistently exhibit lower UMD com-
pared to those with LLD, suggesting that a higher reduction in agricultural land decreases
water demand by reducing irrigation needs. Additionally, UMD values are generally
higher under SSP126 and SSP370 compared to SSP585, reflecting greater water stress in
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these pathways due to increased domestic demand and population growth pressures.
Scenarios incorporating SAE or HPG demonstrate higher UMD compared to scenarios
with only DD, underscoring the additional pressures from infrastructure development
and demographic changes. The error bars highlight the variability in the projections, with
larger bars suggesting greater uncertainty in certain scenarios. This figure underscores the
interplay between land use changes, socioeconomic factors, and water resource availability,
providing insights into how these dynamics influence UMD in the watershed.

3.5. Effects of Changing Climate on the Water Balance

In terms of seasonal unmet water demand (UMD), it is noteworthy to observe that the
LLD dry season scenario, in both domestic demand with SAE and domestic demand itself,
demonstrates a higher incidence of unmet water demand, as depicted in Figure 9. A clear
seasonal variability in UMD was observed, with notably higher unmet demand during the
dry season (panels a and ¢) compared to the wet seasons (panels b and d). This disparity
underscores the greater water stress during the dry season, a period marked by reduced
rainfall, highlighting the watershed’s vulnerability to dry season conditions and the need
for targeted water management strategies during these months. Additionally, a consistent
pattern across panels shows that LLD scenarios result in higher UMD values than HLD
scenarios. This trend suggests that the amount of land dedicated to agriculture influences
water demand under LLD conditions, and more agricultural land leads to higher water
demand. This finding underscores the role of land use changes, particularly agricultural
land conversion, in shaping water demand patterns, which is critical for developing land
use policies that contribute to water demand management.

(a) DD+SAE Dry Season UMD (b) DD+SAE Wet Season UMD
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Figure 9. Average seasonal UMD for the years 2025-2100 in Irawan Watershed. (SSP, shared socioeco-
nomic pathway; LLD, low land decline; HLD, high land decline; DD, domestic demand; DD + SAE,
domestic demand with service area expansion.)

UMD values also vary across SSP scenarios, with some scenarios, such as SSP126
and SSP370, showing higher UMD than others. This variation highlights the impact of
socioeconomic factors, like population growth, economic development, and technological
advancement, on water demand, indicating that scenarios with higher population growth
or more intensive development lead to increased water demand. The differences in UMD
between panels (a) and (c), both representing the dry season, demonstrate the impact of
including SAE in the projections. Scenarios with SAE (panels a and b) exhibit higher UMD
values than those with only domestic demand (panels c and d), suggesting that expand-
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ing eater service areas due to infrastructure development or urban growth significantly
increases water demand, especially in dry periods.

These findings have critical implications for water management in the study area. High
UMD during the dry season indicates the need for strategies specifically targeting water
scarcity during these months, potentially through seasonal water shortage or rationing
measures. Additionally, considering the varying UMD across SSPs and demand drivers
provides valuable insights for future planning.

Previous studies have acknowledged diminishing water availability during the dry
season, exacerbated by rising temperatures [78]. These findings resonate with the current
understanding of the intricate relationship between climate dynamics and water resource
management. Specifically, the pronounced impact of temperature variations on water
availability underscores the need for proactive measures to mitigate the adverse effects of
climate change on water resources.

3.6. Integrated Water Resource Management (IWRM) Plan for the Irawan Watershed

The Irawan Watershed is a critical resource for Puerto Princesa, providing water for
domestic, agricultural, and industrial use. However, the watershed faces challenges such
as land use changes, climate variability, and increasing water demand. The goal of this
IWRM plan is to address these challenges by implementing sustainable water resource
management strategies tailored to the watershed’s specific conditions and projected future
scenarios.

The objectives of the IWRM Plan are as follows:

1. To manage water resources sustainably to fulfill the demands of current and com-
ing generations;

To increase the effectiveness of water use across all sectors;

To preserve and rebuild natural ecosystems to sustain biodiversity and water quality;
To create robust infrastructure to mitigate the effects of climate change;

To improve governance and institutional capability for efficient water management.

SR

3.6.1. Hydrological Modeling Results

Hydrological modeling using tools such as WEAP has provided insights into water
availability, demand, and the impacts of different management scenarios and climate
change projections. Key findings include variability in water availability due to seasonal
changes and climate scenarios, the impact of land use changes on hydrological processes,
and the effectiveness of different management strategies in enhancing water sustainability.

3.6.2. Proposed Management Strategies

Based on the findings, the following strategies are proposed to address the watershed’s
specific challenges:

1.  Water Efficiency and Conservation

e  Promote water-saving technologies in agriculture and urban areas;
e Implement public education campaigns on water conservation.

2. Ecosystem Protection and Restoration

e  Establish riparian buffer zones and protect wetlands;
e Implement reforestation and afforestation projects.

3.  Infrastructure Development

e  Construct and maintain reservoirs and dams for water storage;
e  Promote rainwater harvesting systems.

4. Climate Adaptation

e  Develop climate-resilient infrastructure;
e  Establish a hydrological monitoring and forecasting system.
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5.  Sustainable Land Use

e Implement zoning regulations to protect critical watershed areas;
e  Encourage sustainable agricultural practices.

6. Institutional Strengthening

e  Provide capacity building for local institutions and communities;
e  Develop and enforce supportive policies and legislation.

3.6.3. Implementation Plan

The implementation is composed of three phases. Phase 1: Immediate actions
(1-2 years): to establish a hydrological monitoring system, followed by the initiation
of public awareness campaigns and capacity-building programs and start pilot projects
for rainwater harvesting and water-efficient technologies. Phase 2: Medium-term actions
(3-5 years): to develop and implement zoning regulations and land use policies, construct
key infrastructure, such as reservoirs and riparian buffers, and expand reforestation and
ecosystem restoration projects. Phase 3: Long-Term Actions (6-10 years): to implement
integrated water management practices fully, continuously monitor and adjust strategies
based on hydrological data and stakeholder feedback, and assure long-term institutional
support and financing for water management initiatives.

4. Conclusions

A number of important aspects are primarily highlighted in the assessment of future
water usage estimates within the research area: domestic demand, domestic demand with
service expansion, and population growth projections. All these elements together offer
important information about the projected demands on the region’s water supplies in the
ensuing decades. However, amidst these projections, a noteworthy pattern shows a decline
in the projected annual water demand from 2025 to 2100.

The decrease in the projected water demand is in contrast to conventional expectations,
which often expect increased water use over time, especially in rapidly developing regions.
However, the observed trend emphasizes a unique dynamic within the study area, mainly
related to the change in land use patterns driven by the industrialization of the region. In
particular, the progressive reduction in agricultural lands due to the expansion of industrial
activities appears to be a significant factor contributing to the downward trajectory in
projected water demand. As vast agricultural lands are reused for industrial and urban
development, the water requirements associated with agricultural irrigation and cultivation
are decreasing accordingly. This change in land use changes the socioeconomic landscape
and influences the overall dynamics of demand for water resources within the region.

Along with the patterns that have been noted, this research emphasizes how important
land use changes are in reducing future water demand in the Irawan Watershed. The water
requirement related to agriculture is drastically decreasing as urbanization drives the shift of
agricultural lands to urban and industrial use. This change highlights the dynamic balance
between conflicting socioeconomic influence, as a decline in water-intensive agriculture
practices offsets the rising demand from population increase and service area expansion
for domestic use. The watershed’s susceptibility to climatic fluctuations is further shown
by the seasonal patterns of UMD, especially during dry seasons when water supplies
are naturally scarce. The significance of adaptive solutions in the IWRM plan to take into
consideration both the short-term changes caused by seasonal and climatic causes as well as
the long-term effects of land use transformation is highlighted by this seasonal UMD. The
results show that in order to guarantee sustainable water security for future generations,
successful water management in the area necessitates a flexible approach that is always
sensitive to changing socioeconomic and environmental challenges.

Furthermore, it is important to recognize the interconnectedness of various socioeco-
nomic and environmental factors in shaping future water demand scenarios. Although
population growth and domestic service expansion may put upward pressure on water use,
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the overall effect of land use change caused by industrialization introduces a countervailing
force, resulting in a net decrease in the expected demand for water for a long time.

Across the analysis of all scenarios, it became apparent that the most significant levels
of unmet water demand consistently occurred during the dry season, from December to
April. This observation emphasizes the great influence of temperature, especially at this
time, on the diminishing availability of water in the watershed. The gradual decrease in
unmet water demand witnessed at the end of the century can be mainly attributed to the
reduction in the area of agricultural land, with climate warming playing a secondary role
in this trend.

Sustainable water resource management is outlined in detail in the Irawan Watershed
IWRM plan. The plan integrates management practices and results from hydrological
modeling to support ecological health and water security and encourage sustainable
development in the area. Long-term sustainability will be supported by zoning rules,
reforestation, and capacity building. Through these efforts, Puerto Princesa can safeguard
its water resources, ensuring resilience and prosperity for the future. A conventional
blueprint that can be executed all at once is not feasible, according to the assessment of the
action plan for IWRM,; instead, the implementation of IWNRM must be a work in progress.
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mdpi.com/article/10.3390/earth5040047 /s1, Table S1. Range and optimized values of hydrological
parameters used in the study. Table S2. Bias-corrected values of precipitation. Table S3. Bias-corrected
values of temperature.
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