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Abstract: Land use and land cover (LULC) in coastal areas is critical in shaping the
ecological systems, regional economy, and livelihood of indigenous communities. This
study analyzes LULC changes (LULCC) in Soc Trang Province, Vietnam Mekong Delta,
from 2010 to 2020 and simulates future LULC for 2030 under four scenarios: natural growth
(business as usual, BAU), climate change challenges, profit optimization, and adaptation
strategies. Satellite-based LULC maps and geospatial datasets were integrated into a LULC
simulation model based on a Markov Chain and Cellular Automata to predict LULC
in 2030 under disparate scenarios. Simultaneously, this study also estimates economic
values and ecosystem service values as proxies to evaluate benefits and trade-offs between
the scenarios. The research findings reveal that the critical LULCC observed during
2010-2020 are transitions from triple rice crops to double rice crops, rice-shrimp to brackish
aquaculture, and expansion of perennial plantations. These transitional trends will persist
ata modest rate under the BAU scenario in 2030. The climate change challenge scenario will
intervene up to 24.2% of the total area, with double rice crops reaching the most extensive
area compared to other scenarios, about 106,047 ha. The profit optimization scenario will
affect 16.03% of the total area, focusing on aquaculture expansion to the maximum shared
proportion of 34% (approximately 57,000 ha). Adaptive solutions will emphasize reducing
triple rice crops while expanding double rice crops and reviving rice-shrimp to different
extents depending on development pathways. Economic evaluations show a growth trend
across scenarios, with maximum returns under profit optimization. Yet, ecosystem service
values notably highlight ecological trade-offs, raising concerns about balancing economic
benefits and ecological trade-offs in land use planning. The research findings recommend a
comprehensive and multitarget approach to land use planning that integrates ecosystem
services into initial assessments to balance benefits and trade-offs in coastal areas commonly
affected by LULCC. By adopting well-informed and strategic land use plans that minimize
ecological and social impacts, local sustainability and resilience to climate change can be
significantly enhanced.

Keywords: land use and land cover changes (LULCC); coastal areas; land use planning;
land use simulation; ecosystem service valuation; climate change

1. Introduction

Coastal areas are indispensable for environmental balance and human livelihoods,
offering a slew of various natural and economic benefits [1]. They appear as hubs for
agriculture and brackish aquaculture, contributing to the economy and food security, which
are widely known as provisioning services [2—4]. Beyond the economic significance and
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provisioning services, they can deliver a wide range of ecosystem services (ESS) to support
and maintain functions and benefits to the entire region spanning from supporting and
regulating benefits to cultural values—such as coastal protection from storms, carbon
sequestration, water purification, nursery habitats, and recreational values [5-8]. Coastal
mangroves also act as natural barriers to reduce damage from natural disasters (e.g., storms
and typhoons), which are increasingly severe due to climate change.

Yet, these coastal regions are particularly vulnerable to a range of natural and human-
induced challenges—such as sea level rise, saltwater intrusion, coastal erosion, extreme
weather events, and unsustainable land management practices—which significantly im-
pact land use and land cover (LULC), agriculture production, and local livelihoods [9].
Climate change poses a critical threat and further disrupts the normal cultivation cycles
and threatens traditional farming practices [10-13]. Moreover, human activities exacerbate
these vulnerabilities [14]. Massive LULC changes (LULCC) to pursue immediate benefits
as well as the overexploitation of resources and overreliance on chemical inputs can lead to
soil degradation and pollution, further diminishing the resilience of fragile landscapes [15].
Local communities are largely dependent on these agricultural activities, which form a
cornerstone of their livelihoods. Moreover, coastal indigenous communities are frequently
composed of ethnic minorities and smallholder farmers, often facing various challenges
such as low income, limited education, and limited access to financial and technological re-
sources [16-19]. Meanwhile, the LULCC in coastal areas are driven by a complex interplay
of natural, climatic, and socioeconomic drivers [20]. Addressing LULCC in these regions
requires integrated management strategies and long-term insights to balance development
needs while enhancing the resilience of communities and ecosystems [21].

Soc Trang is a typical coastal province in the Vietham Mekong Delta (VMD). Its loca-
tion intensifies the severity of saline intrusion during the dry season [22]. This province has
also undergone complex LULCC over the past years driven by the combined impacts of en-
vironmental and economic factors, saline intrusion, drought, markets, and investments [20].
The prominent LULCC processes identified include the continued and persistent expansion
of brackish aquaculture, the reduction of triple rice crops encroached on by double rice and
rice-shrimp systems, and increased annual crops [23-27]. Although rice-shrimp farming is
widely promoted as a sustainable and environmentally friendly practice to adapt to saline
intrusion, it has witnessed a decline in popularity in cultivated areas [28,29]. Meanwhile,
double rice crops and triple rice crops have interconversions [24]. The current LULCC in
Soc Trang Province are relatively complicated due to interconversions and spontaneous
shifts mostly from farmers themselves to chase immediate profit values instead of appro-
priate systematic planning that takes into account the diverse challenges of climate change,
saline intrusion, and ensuring sustainability [20,28].

Previous studies on the coastal areas of the VMD focused on specific aspects of past
LULCC, a particular land use, and the driving forces of LULCC under current conditions,
while there is limited research emphasizing future development perspectives [20,30,31].
Another effort has been made to allocate future land use under the hypothetical condition of
the extreme drought in 2015/2016 [29]. Yet, the conditions considered are relatively limited,
giving planners closed suggestions about possible options, while diverse development
scenarios may better provide multiple angles for future transitions to achieve diverse targets
in land use decisions [32-35]. The existing studies have not considered the benefits and
trade-offs in the same assessments of LULCC in land use plans. Therefore, they may lead to
less comprehensive decision-making to appropriately balance economic development and
environmental sustainability. Meanwhile, economic and ecosystem service (ESS) valuations
can effectively highlight ecological trade-offs resulting from future land use and land cover
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changes (LULCC) by capturing a broader range of services beyond just provisioning goods,
thus informing the system’s sustainability [36,37].

This study therefore aimed to predict future LULC in a coastal area of Soc Trang
Province (i.e., an area in the Vietnam Mekong Delta with diverse and typical coastal LULC
categories) in 2030 by simulating LULCC under five scenarios, which reflect disparate
concerns regarding natural growth, climate change, economic returns, and adaptation
strategies. More specifically, the past LULCC maps from 2010 to 2020 were analyzed to
understand LULCC trajectories. This period was chosen because in recent years, market
forces and climate change impacts (e.g., the significant saline intrusion event in the drought
2015/2016) have notably influenced local perspective and transformed farming practices
in this coastal area. The historical LULCC were then incorporated with a set of natural
and socioeconomic factors to simulate future LULC patterns in 2030 under five separate
development scenarios. Finally, we also estimated economic values of agricultural models
and ecosystem service values for the entire landscape as quantitative proxies to compare
benefits and trade-offs among the scenarios. The research findings illustrate future spatial
LULC and the areas affected, along with potential benefits and trade-offs across different
development scenarios. These insights are highly relevant for land use planners, poli-
cymakers, and stakeholders to develop suitable strategies that promote both economic
growth and ecological sustainability.

2. Materials and Methods
2.1. Study Area

This investigation focuses on Soc Trang Province, spanning 9°12-9°56' N and
105°33/~106°23' E on an area of approximately 3310 km? (Figure 1). Soc Trang boasts
the longest coastline (72 km) among the four eastern provinces of the VMD. It is nour-
ished by the Hau River (a tributary of the Mekong River in Vietham), which has abundant
freshwater resources for waterway transport, aquaculture, and agricultural cultivation.

HAU GIANG
TRA VINH

Legend

[ District boundary

--- Saline intrusion
boundary of 4 %o in 2020

— Dyke

LULC in 2020

B Rice-Shrimp
Double-rice crops
Triple-rice crops

B Annual crops

Bl Perennial plantations

Bl Aquaculture

i EAST SEA
I River/canal BAC LIEU
Il Construction land - - —
1
Il Forest

Figure 1. Study area map shows location of Soc Trang Province on the southeastern coast of the
Vietnam Mekong Delta and current LULC map in 2020 with dike systems and saline intrusion
boundary of 4%..

This is relatively young land formed by alluvial soil encroachment, including flat
fluvial deltas interspersed with low-lying areas and sandy soil dunes [38]. The terrain
is relatively low compared to the sea level (i.e., about 0.5-1.0 m asl) and gradually de-
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creases from northwest to southeast. The provincial economic structure is mainly based
on agriculture, forestry, and aquaculture productions [39]. Rice is the main crop in the
agricultural system, along with other fruits, annual crops, and vegetables such as pomelos,
longan, rambutans, sugarcane, soybean, onions, and garlic [29]. Brackish aquaculture
largely contributes to the economy, with an estimated production of 289,575 tons [40].

2.2. Data Used
2.2.1. Satellite Images and Preprocessing Procedures

The study area lies within a tropical monsoon climate characterized by high year-
round cloud cover, making it challenging to obtain high-quality optical images for detailed
crop structure monitoring, which requires time series data rather than a single image [40,41].
We acquired Landsat-5 (TM) surface reflectance and MODIS vegetation indices (MOD13Q1
v061) products for LULC interpretation in 2010 because they are the most appropriate
data to analyze crop structure at the beginning of the 21st century [42—44]. Single Landsat-
5 images from 2010 were collected, and we masked out cloud pixels using the quality
assessment (QA) band from the CFMASK algorithm. These images were then combined to
generate an annual composite image as a basemap for classification, while the Normalized
Difference Vegetation Index (NDVI) time series of MODIS critically contributed to crop
structure detection. Since 2015, we utilized Sentinel images for LULC classification. The
quality scenes of Sentinel-2 were selected to generate monthly composite images before
they were used to calculate the NDVI [45]. The Sentinel-2 NDVI time series data were
enriched by integrating with Sentinel-1 SAR (Synthetic Aperture Radar) data through a
monthly time series of cross-polarized and co-polarized backscatter values (VH and VV, in
dB) to classify LULC maps with detailed crop structures.

2.2.2. Data on Driving Forces

In addition to satellite images, this study acquired numerous supporting factors to
characterize LULCC dynamics. A literature review of current studies on LULCC simulation
was conducted to identify the key common driving forces that should be included in the
simulation, such as population density, soil type, transportation, temperature, precipita-
tion, elevation, slope, and aspect [46—48]. Furthermore, other unique factors were also
involved in characterizing the LULCC dynamics in a coastal province, including dike
systems, distance to the coastline, and salinity distribution. Twelve (12) impact factors were
identified and included in the LULCC analysis, which broadly encompassed the natural
environment, policy, and socioeconomic variables, including population density, distance
to roads, distance to urban areas, annual mean temperature, annual mean precipitation,
soil type, elevation, slope, distance to rivers, distance to the coastline, salinity, and distance
to dikes (Table 1).

The socioeconomic category consists of population density, distance to urban and ad-
ministrative centers, and distance to roads. Population density reflects population growth
and migrant flows, which are critical elements of LULCC, as population growth normally
stimulates land demand for residential and urban development [49]. Transportation sys-
tems (road networks) reveal accessibility, land value, and environmental impacts, thereby
making the LULCC simulation more accurate by including spatial development patterns.
For example, the areas near roads are more likely to experience urbanization and LULCC
as they have favorable conditions for the movement and trade of goods [50]. Distance
to urban neighbors cannot be neglected in LULCC simulation, especially in monitoring
urban expansion [51]. Suburban and peri-urban areas are more likely to urbanize and
transform LULC because of the advantages of infrastructure development and economic
development opportunities [52-54].
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Table 1. Potential natural, socioeconomic, and policy factors regulating LULCC.
Variable Data Description Data Sources
Socioeconomic factors
Population density A one km r.esolu.tiop raster estimates the numbzer of CIESIN
population distributions. Unit: persons/km~.
. Raster represents proximity to the main road
Distance to roads network within the study areas. Unit: meter. DNRE
Distance to urban areas Raster of proximity to urban areas apd centers DNRE
extracted from land use maps. Unit: meter.
Natural conditions
Annual mean temperature Rastef of average monthly tempe.rature Wltcl:l WorldClim
approximate 30 arc-second resolution. Unit: °C.
o Raster of average monthly precipitation with about .
Annual mean precipitation 30 arc-second resolution. Unit: °C. WorldClim
Raster contains discrete ranking numbers
Soil type corresponding to soil-type suitability for LULC DNRE
categories. It is in discrete ranking units.
Raster data characterize terrain elevation extracted
Elevation from DEM data with a pixel size of 30 m. WorldClim
Unit: meter.
Slope It describes terrain slopgs derlv.ed from DEM data at Derived from DEM
30-m resolution. Unit: degrees.
Proximity raster data estimates the shortest distance
Distance to river to rivers, reflecting accessibility to water resources. DNRE
Unit: meter.
Distance to coastline Shortest distance fro.m any mland location to the DNRE
coastal line. Unit: meter.
Salinity Raster data quaptlfy sgh.mty intrusion zones with SIWR
corresponding salinity. Unit: grams/liter.
Policy element
. . R f f ik
Distance to dikes aster data transformed from dike vector data to DARD

characterize proximity to dike systems. Unit: meter.

Notes: CIESIN = Center for International Earth Science Information Network, Columbia University;
DNRE = Department of Natural Resources and Environment; DARD = Department of Agriculture and Rural
Development; SIWR = Southern Institute of Water Resources.

The natural environment comprises diverse aspects of climate, physical, and other
natural conditions. Annual mean temperature and precipitation are essential climate
variables to assess the feasibility of agricultural activities, especially seasonal farming
systems like rainfed rice and rice—shrimp rotational farming, which mainly depend on
climatic conditions [55]. Distance to rivers significantly influences both human and natural
activities, shaping agricultural practices, ecosystems, and vegetation patterns in river
basins [56]. It also supports irrigation-dependent farming by supplying essential freshwater
resources. Although the VMD has a relatively flat terrain, its components (i.e., elevation
and slope) still exert some influence on LULC in the delta by determining the efficiency
of natural irrigation, especially in low-lying and tidal-influenced areas [57]. Soil types
regulate LULC and agricultural distribution patterns through soil fertility, textures, and
composition. Different soil types influence land suitability for various LULC categories,
such as agriculture, forest, and even urban settlements, by the characteristics of the depth
of acid sulfate soil layer, water retention, and drainage [58,59]. Meanwhile, salinity and
distance to shoreline imply negative impacts on LULC distribution and future LULCC of
freshwater-based farming and brackish aquaculture [40].

These factors were acquired from different sources and data formats. They were
therefore processed to achieve a uniform raster data format with a similar pixel size of 30-m
resolution in the WGS84 zone 48N coordinate system. The raster datasets (e.g., population
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density, temperature, precipitation, and elevation) were resampled to obtain consistent
30-m pixel-size data. The slope was estimated using spatial surface analysis based on DEM
data. Other elements were acquired in vector format, so they were transformed into raster
by an indirect method of shortest (Euclidean) distance to each object (Equation (1)), such as
roads, rivers, urban, coastline, and dikes. This data transformation was conducted for all
distance-related variables.

d(p,q) = /L, (gi — pi)? (1)

where d(p, g) is the Euclidean distance between points p and g in n-space, and g; and p; are
Euclidean vectors, starting from the initial point.

The soil type was collected from a paper map, which was georeferenced and digitized
to create digital GIS-format data. The soil-type map describes fourteen (14) soil types and
their distribution in Soc Trang. In general, these soil types belong to six major soil groups:
human-made raised-bed soil, coastal sandy soil, saline soil, potential acid sulfate soil, active
acid sulfate soil, and alluvial soil. About 45.87% of the total area is dominated by low- and
moderate-salinity soil. Although soil types can characterize soil properties (i.e., textures,
fertility, soil organic carbon, and acid sulfate soil layers), they are qualitative quantities
with limited direct utility for numerical quantitative analysis. Thus, we evaluated land
suitability for agricultural and other LULC categories to quantify soil properties. More
specifically, the soil properties were comprehensively examined through expert opinion
and an integrated assessment framework of land suitability proposed by FAO for each
LULC class. The land suitability of each soil type on individual LULC was determined at
four (04) levels, N (not suitable), S3 (marginally suitable), S2 (moderately suitable), and S1
(highly suitable), which were correspondingly assigned arithmetic values from 1.0 to 4.0.
The ultimate value for each land unit was determined as the total land suitability value for
all nine LULC categories. For example, the final land suitability assessment indicates that
the highest suitability is 28 and the lowest suitability is 9.

This study also included the policy element of localized water-engineering systems
(dikes) as a policy-driven factor to limit the negative impacts of tidal floods and saline
intrusion on coastal agroecosystems and resource-dependent communities [60].

2.3. Methods

Figure 2 depicts primary remotely sensed datasets, auxiliary data on LULCC driving
forces, and other information used for analyses. In general, the key methodology includes
two main tasks: (1) LULC mapping using a machine learning-based classifier, and (2) future
LULC simulation under diverse scenarios. Beyond these tasks, spatial LULCC analysis and
economic and ecosystem service valuation were also included to give further insights and
compare benefits and trade-offs between the scenarios. Satellite image preprocessing and
LULC classification were performed based on datasets and algorithms on Google Earth
Engine (GEE) platform. Spatial analyses and calculations were completed using QGIS
3.40.6 and R-4.4.1.
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Figure 2. Methodological framework visualizes primary data sources and their roles in historical
LULC mapping, future LULC simulation, and assessments.

2.3.1. LULC Map Classification

Applying only a classification framework on different remotely sensed data might
not yield the best quality of LULC results. This study proposed two distinct classification
frameworks for the two satellite datasets based on empirical investigations. In general,
these frameworks use the random forest (RF) classification to classify LULC maps because
it is one of the most effective machine learning algorithms in LULC classification [61-63].
Nine LULC categories were classified using the proposed frameworks, including annual
crops (ACRO), aquaculture (AQUA), construction land (CONS), forest (FOR), double rice
crops (DRICE)), triple rice crops (TRICE), rice—shrimp (SRICE), perennial plantations and
orchards (PLANT), and river/canal (WAT) (Table 2).

Table 2. Description of primary land use and land cover categories in Soc Trang Province.

LULC Category

Description

Annual crops (ACRO)

Aquaculture (AQUA)

Construction land (CONS)

Forest (FOR)
Double rice crops (DRICE)

Triple rice crops (TRICE)

Rice-shrimp (SRICE)

Perennial plantations

(PLANT)

River/canal (WAT)

Land cultivates crops that complete their life cycle within a single year, such as white radish,
onion, sugarcane, maize, and other vegetables.

Controlled water bodies and ponds are mainly distributed in brackish coastal areas, which are
used for fishes, semi-intensive and intensive shrimp farming, and brine shrimp (Artemia).
Land occupied by residential areas, buildings, industrial zones, infrastructures, and other urban
development purposes.

Dense tree growth with natural and semi-natural ecosystems, such as natural reserves, plantation
forests (Melaleuca), and mangroves.

Agricultural land partly depends on rainwater, which grows two rice crops sequentially per year.
Agricultural land cultivates three high-yield and short-growing-period rice crops per year. It
often requires intensive irrigation systems.

A typical agricultural land use in coastal regions, where the land is alternately used for rice
farming during rainy seasons and brackish shrimp farming in dry seasons.

Land is planted with long-lived crops and harvested over multiple years. It typically means
orchards, such as mangosteen, durian, mango, pomelo, orange, tangerine, longan, guava, and
star apple.

Natural water bodies (rivers and canals).
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The classified LULC maps were evaluated by collating these maps with the indepen-
dent dataset of 30% of 1195 ground-truth points and the estimated evaluation metrics
of overall accuracy and Kappa coefficient. A threshold of higher than 75% is frequently
adopted as the lowest confidence level necessary to ensure that all analyses achieve the
expected accuracy levels that reflect actual LULCC processes and depict LULC distribution
patterns against the field data.

The first classification method was applied to Landsat-5 and MOD13Q1 time series
datasets. The multispectral bands (i.e., visible, near-infrared, and shortwave infrared
bands) of the annual composite Landsat-5 were interpreted by the supervised RF clas-
sifier using the ground-truth points collected in land use inventory maps, Google Earth
very-high-resolution images, and field trip campaigns in March 2023 regarding current
LULC and during the extreme drought event in the dry season 2015/2016. There were
1195 ground-truth points collected through this integrated method, which were then split
into two distinct datasets for modeling training (810 points) and validation (385 points).
The tuned RF parameters for LULC classification in Google Earth Engine are number of
trees (ntree = 150), variables per split (splitvars = 3), and bag fraction (bagfrac = 0.1) [64,65].
The initial supervised classification using Landsat annual composite distinguished seven
primary LULC categories, including forest, river/canal, aquaculture, perennial plantations,
annual crops, rice fields, and built-up. Rice fields were further categorized with greater
detail using the Kmeans classifier (nclass = 15-20 and niter = 20) on MOD13Q1 NDVI time
series to monitor the growth peaks during rice development, thereby helping to identify
distinct rice crop farming. For instance, triple rice crops have three growth peaks with
NDVI values normally reaching values higher than 0.8. Ultimately, rice fields were classi-
fied into triple rice crops, double rice crops, and mono rice crops (or rotational rice-shrimp
farming).

The second classification framework was regulated for Sentinel-1A (SAR) and Sentinel-
2 datasets (2015 and 2020). Sentinel-2 NDVI and Sentine-1A SAR (VH, VV) have similar
pixel sizes. Therefore, they do not need to undergo the two classification steps, which
were deployed to reduce the loss of detail on the LULC map because of the low resolution
of the MODIS NDVI time series. This method directly combined Sentinel-2 NDVI and
Sentinel-1 (VH and VV) into the same time series. It was then classified by RE-supervised
classification with a set of parameters (i.e., ntree = 150, splitvars = 3, and bagfrac = 0.1).
A combination of both NDVI values and co-polarized backscatter signals (VH and VV)
allowed us to distinguish nine LULC categories (Table 2).

2.3.2. Simulation of Future LULC Using Cellular Automata—Markov Chain

A simulation of future LULCC was examined to understand the potential impacts
of natural processes and human interventions on LULCC and the environment [14]. This
study employed the Patch-generating Land Use Simulation (PLUS) model (https://github.
com/HPSCIL/Patch-generating_Land_Use_Simulation_Model, accessed on 8 December
2024), integrating a Markov Chain and Cellular Automata (CA) to predict spatial and
temporal dynamics of LULC for the target year of 2030 [66]. It generally embraces three
processes: change analysis, transition potential analysis, and change prediction [67]. Firstly,
the LULC map in the initial year (2010) was compared to the LULC map in the intermediate
year (2015) to identify specific cells that experienced transitions between different LULC
categories. The Land Use Expansion Analysis Strategy (LEAS) module utilizes a random
forest algorithm (Equation (1)) to explore the correlations between the transition at each cell
and twelve potential determinants. LEAS reveals the LULC change mechanisms over time
through the contribution of each driving force in the expansion and the change probability
maps for each LULC category, characterizing LULCC possibility at each cell for a typical
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LULC type [68,69]. Subsequently, the CA based on the Multiple Random Seeds (CARS)
module incorporates expansion probability maps based on multiclass stochastic seeds
to describe the spatial dynamics of LULC expansion. The simulation was obtained by
adjusting the adaptive coefficients and model parameters, such as neighborhood size,
patch generation threshold, expansion coefficients, and the percentage of seeds to meet
land demands in the target year [70]. More explicitly, the previous land expansion maps
assign neighborhood weight for each LULC category. It is estimated by the proportion of
transitioned cells in the most recent year relative to the total number of cells that experienced
changes. Meanwhile, land demand, representing the target number of cells for each LULC
category in the target year, is quantified using the Markov chain method (Equation (2)) [71].

pd (x) _ 22421 I(hn(x) = d)

% z @

where Pfk(x) reveals the development probability at location i of land use k; h,,(x) is the
prediction type of the decision tree 1 for vector x; I is the function of decision trees; M is the
number of decision trees; and d is the binary transition factor (0/1) which decides land use
changes from other land use types to land use k.

fr—t

Dy = Dyp-A"= 3)

where D}y and Dy, are land use status at initial time #; and land use demand at time £5; A
represents the matrix of land use changes between t; and t,; and a stands for the distinction
between two years of matrix A.

The LULC change model was verified to ensure that the model is adequately efficient
in characterizing LULC change simulation for future predictions in 2030. It compares the
simulated and actual LULC maps in 2020 and calculates the Kappa coefficient, which tests
the overall consistency between the simulated and modeled maps [71].

2.3.3. Future Development Scenarios

Simulation of LULC changes under diverse scenarios is frequently adopted to investi-
gate how future LULC changes will be shaped by different barriers, institutional efforts,
and interventions [32,35,72,73]. To contribute to ensuring Sustainable Development Goals
(SDGs) in 2030, this study set up four different scenarios for future LULC simulations.

Scenario 1—Natural growth (business as usual, BAU): It simulates development based
on current conditions observed during 2010-2020 without any limitations, barriers, or
regulation efforts regarding natural environments and policy orientation.

Scenario 2—Climate change challenges (CCC): This scenario assumes that the impacts
of climate change through rising temperature and altering precipitation patterns will
significantly affect LULC distribution, especially in coastal areas, with severe impacts on
freshwater scarcity for agricultural cultivation [74]. Therefore, it will more likely influence
agricultural LULC categories, which are highly prone to changing climatic conditions,
such as triple rice crops and annual crops. The simulation under this scenario will be
controlled by extreme climate conditions of temperature and precipitation corresponding
to the SSP585 scenario, which represents the most extreme climate change trajectory among
the Shared Socioeconomic Pathways (SSP) [75]. By adopting SSP585, our scenario assessed
the vulnerability of agricultural systems under the most severe plausible climate stressors,
which is essential for long-term adaptation strategies.

Scenario 3—Profit optimization (PO): This scenario focuses only on maximizing eco-
nomic returns from LULC changes without considering negative environmental and social
impacts. It helps to realize the “Land use planning for 2030 with a vision towards 2050
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from the Provincial People’s Committee of Soc Trang into a LULC map facilitating spa-
tial orientation planning [76]. It aims to develop the economic values of the agricultural
sector at an average rate of 5.25% per year, which includes both LULC spatial changes
and technology enhancement (e.g., high-tech rice and shrimp) accounting for 3.5% per
year [76]. Technological advancements were not involved within the scope of this study, as
they do not inherently result in spatial changes. The pure value due to LULCC is therefore
estimated to be approximately 1.75% per year. We incorporated the economic values of
agricultural models in Soc Trang from our investigation to transform expected economic
values to corresponding areas for each LULC category as land demand in 2030.

Scenario 4—Adaptive solutions (ADs): In the ADs scenario, this study considered
LULC changes that increase the nature-based adaptation (NbA) abilities of agricultural
systems under the severity of climate change impacts. We reviewed and incorporated
diverse information from the provincial development orientation toward 2050, insights
from local officials through group discussions with stakeholders, and the existing literature
to emphasize that rotational rice-shrimp and double rice crops are more resilient to climate
change, drought, and saline intrusion than monoculture aquaculture and triple rice crops,
respectively [76]. Yet, these orientations remain somewhat ambiguous as there is no esti-
mated land area or specific regions prioritized for such transitions in the current planning
reports [76]. We therefore simulated them into subscenarios to compare different growth
criteria at 5% per year (moderate transition) and 10% per year (rapid transition) [77,78]. The
land demand in 2030 was approximated based on these growth rates for LULC simulations.

The favorable and restricted models were used as constraint factors in the land use
matrix to estimate future land use demand for LULC simulation.

The past and future LULC maps were analyzed by estimating the annual growth rate
(AGR, %/year) to reflect the average percentage and speed of LULCC (Equation (4)).

(Ar — Ap)

AGR = ~—F~
G (A()XT)

x 100 (4)
where Ag and A; are areas of land use at the start and the end of the period and T is the
number of years within the period.

At the same time, the transitions among LULC types are relatively comprehensive. To
highlight the areas most susceptible to LULCC and enable comparison between scenarios,
we also generated a LULCC probability map for each scenario. Pixels that undergo any
type of LULCC compared to the reference year of 2020, regardless of the specific transition
dynamics, are assigned a value of 1. Subsequently, the LULCC probability foreach 1 x 1 km
area is calculated as the ratio of changed pixels to the total number of pixels within that area.

2.3.4. Quantification of Economic Value and Ecosystem Services

The economic value of agricultural models was adopted to assess the economic effec-
tiveness of LULCC scenarios. These reference values were obtained from our socioeconomic
surveys in 2023 (Table 3). The total economic value is estimated by Equation (5) based on
economic reference values for each agricultural land use in Table 3 (first value column).

EV =Y (AsECy) (5)

where EV (USD) is the total economic value from the whole agricultural system, and A,
(ha) and EC,, (USD/ha/year) are the area and economic reference value of land use k.
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Table 3. Estimation coefficients for economics and ESV for LULC categories.
LULC Economic Value Provision Regulating and Supporting Culture Total ESV
(USD/ha/Year) (2020 US Dollars/ha/Year)

SRICE 1362.5 5694.0 17,2624 3254.6 26,211.0
DRICE 3374.2 2814.0 16,827.3 824.3 20,465.6
TRICE 3813.3 4221.0 25,241.0 1236.4 30,698.4
ACRO 5737.5 1122.0 24,717.7 5779.0 31,618.7
PLANT 6954.5 20,344.0 30,464.3 12,989.6 63,798.0
AQUA 12,311.2 8574.0 17,697.5 5684.9 31,956.4
WAT - 3883.7 40,882.3 5835.7 50,601.7
CONS - 1455.5 11,413.0 240.0 13,108.5
FOR - 11,310.0 34,134.7 12,989.6 58,434.3

The ESS values were also estimated to comprehensively quantify ecological assets and
used as trade-off values to consider between the scenarios. They are valued by the benefit
transfer method, which estimates total ecosystem service values (ESV) by a function of
ESV coefficients in its distribution area (Equation (6) and Table 3). The ESV coefficients
from Costanza et al. [79] were widely applied in many studies worldwide; however, they
represent general values for global biomes. Applying these values to local estimates
can lead to uncertainties at local levels. Therefore, we utilized the Ecosystem Service
Valuation Database (ESVD, https://www.esvd.net/esvd, accessed on 27 December 2024)
to extract ESV coefficients for our calculations at the local level with more specific LULC
categories [80]. This dataset includes the TEEB Valuation Database—a searchable database
of 1310 estimates of monetary values. We firstly filtered the ESVD to include case studies
and valuations in all countries in Southeast Asia and Asia. The summary returned a
dataset of average values over 28 ecozones and 22 individual services, including (1) food,
(2) water, (3) raw materials, (4) medicinal resources, (5) ornamental resources, (6) air quality
regulation, (7) climate regulation, (8) moderation of extreme events, (9) regulation of water
flows, (10) waste treatment, (11) erosion prevention, (12) maintenance of soil fertility,
(13) pollination, (14) biological control, (15) maintenance of life cycle, (16) maintenance of
genetic diversity, (17) aesthetic information, (18) opportunities for creation and tourism,
(19) inspiration for culture, art, and design, (20) spiritual experience, (21) information for
cognitive development, and (22) existence bequest values. This dataset aggregates values
from existing case studies; therefore, it includes ecosystems that are incomparable against
our LULC map and possible outliers. These outliers were carefully considered by collating
across services and ecozones. The values of comparable LULC types were directly adopted,
such as rice paddies versus triple rice crops. Meanwhile, the ecozones with a similar nature
to the considered LULC categories were aggregated to estimate the final values for this
specific LULC. For example, the values of the rice—shrimp model were estimated based
on rice paddies and aquaculture. Twenty-two (22) individual ecosystem services were
grouped into three main clusters for further estimation, including provisioning, regulating
and supporting, and cultural services (Table 3).

ESV =Y (A VCy) (6)

where ESV (2020 USD) is the total ESV of the landscape, and Aj (ha) and VCy
(2020 USD/ha/year) are the area and value coefficient of land use k.
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3. Results
3.1. LULC Patterns and Changes from 2010 to 2020

The classified LULC achieved a high reliability level, indicated by the high overall
accuracy values of 86.49%, 92.47%, and 93.77% in 2010, 2015, and 2020, respectively. The
Kappa coefficients also indicated high quality, with the lowest value observed in 2010 at
approximately 83.55%, highlighting the balanced reliability of the LULC maps for further
analyses. The LULC categories with less seasonal variation have better classification
performance than seasonal LULC categories such as DRICE, TRICE, and SRICE.

The spatial pattern of LULC distribution in Soc Trang can be divided into four sub-
regions, reflecting the influences of saline intrusion (Figure A2). The northern freshwater
subregion is adjacent to the mainstream, with an abundant water supply for freshwater
farming systems (TRICE and PLANT). The central subregion is characterized by DRICE
because of limited water resources during the dry season. The Cu Lao Dung islet is domi-
nated by PLANT and ACRO on fertile alluvial soil. The coastal subregion includes brackish
AQUA in the Vinh Chau District and SRICE farming in My Xuyen District.

Despite the leaps and bounds, the province’s economy still relies on agriculture
and rice production (Table 4). The accumulative proportion of rice paddy fields (DRICE
and TRICE) accounts for 44.15% and 37.49% of the total LULC system in 2010 and 2020,
respectively. The area of DRICE is slightly larger than that of TRICE, which remains
relatively stable, whereas the TRICE area exhibited a narrowing tendency, which decreased
by 3.63%/year, corresponding to ~2481.1 ha/year. PLANT covers between one-fourth and
one-fifth in terms of area and shows a growing trend, increasing from 86,927.8 ha in 2010
to 126,913 ha in 2020 (about +4.6%/year). The AQUA has slightly varied, but it remains
stable at about 10% of the total area. It holds the same for ACRO. Its proportion is always
approximately 2.64-3.81% despite a slight shrinking trend. Although SRICE is widely
accepted as a highly effective farming method in coastal areas, its area has dramatically
declined from 12,307.2 ha (2010) to 4207.5 ha (2015) and 1658.7 ha (2020). This is also the
most fluctuating LULC, with an average rate of —8.65%/year.

Table 4. Distribution area, shared proportion, and growth rate of LULC during 2010-2020.

Area (ha) Proportion (%) AGR (%/Year)
LuLc 2010 2015 2020 2010 2015 2020 2010-2020
SRICE 12,307.2 4207.5 1658.7 3.73 1.28 0.50 —8.65
DRICE 77,413.3 77,682.8 80,260.9 23.46 23.54 24.32 0.37
TRICE 68,274.7 54,057.6 43,463.5 20.69 16.38 13.17 —3.63
ACRO 12,574.0 9055.7 8713.0 3.81 2.74 2.64 —-3.07
PLANT 86,927.8 120,864.2  126,913.0 26.34 36.63 38.46 4.60
AQUA 39,471.7 30,377.1 34,159.0 11.96 9.21 10.35 —1.35
WAT 20,396.9 20,396.9 20,396.9 6.18 6.18 6.18 -
CONS 1850.8 2574.7 3651.5 0.56 0.78 1.11 9.73
FOR 8759.5 8759.5 8759.5 2.65 2.65 2.65 -

The LULCC is relatively dynamic, as about 32.41% of areas experienced transitions
from 2010 to 2020, in which the first period (2010-2015) was more varied than the latter
(2015-2020), witnessing only 60,999.3 ha of transitions versus 100,115.6 ha (Figures 3 and 4).
Approximately half of the total converted area comes from DRICE and TRICE systems, with
TRICE being more frequently converted to alternative systems. More specifically, about
35.66% of the total converted area is occupied by TRICE. Among the destination LULC
categories, DRICE and PLANT are the primary conversion targets, comprising 58.73% and
40.23% of the converted area, respectively. Some small areas of DRICE have tended to
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increase their crops to TRICE (approximately 11,509.3 ha). It has also witnessed a significant
area of DRICE replaced by ACRO, about 498 ha, during 2010-2020. Also, a large area of
SRICE, mostly in My Xuyen District (4542.2 ha), was lost because of conversion to AQUA.

(a) 2010 - 2015

(b) 2015 - 2020

(c) 2010 - 2020

Legend
=% SRICE - DRICE
B SRICE - TRICE
I SRICE - AQUA
B DRICE - SRICE
B DRICE - TRICE
B DRICE - PLANT
DRICE - AQUA
TRICE - DRICE
TRICE - PLANT

20 30  40km

0 ACRO - PLANT
B PLANT - DRICE
I PLANT - TRICE

PLANT - ACRO
I PLANT - AQUA
I PLANT - CONS
B AQUA - SRICE

AQUA - PLANT
[J No Change

Figure 3. Spatial distribution of LULCC maps in Soc Trang for each five-year interval and the whole

research period from 2010 to 2020.
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Figure 4. The Sankey plot visualizes the transfer processes of various LULC types from 2010 to 2020.
Column height reflects total areas of corresponding LULC types at the time node, while the width of
connections indicates the converted areas from original LULC to other types [unit: hectares].
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While the LULCC was detected with interconversion among LULC purposes, the
dominant conversions of urban expansion, SRICE loss, shrinking in TRICE, increase in
AQUA, and massive transitions to PLANT were consistently observed over the periods in
both the short and long terms.

3.2. Future LULC in 2030

The LULC prediction model is composed of twelve variables (Table 1). The most
significant contributors are proximity to urban areas, proximity to coastline, temperature,
slope, elevation, and precipitation (Table Al). The annual freshwater crops (i.e., PLANT,
DRICE, TRICE, and ACRO) are strongly influenced by natural and climate conditions such
as temperature, precipitation, slope, elevation, and distance to the coastline. Accessibility
to rivers is also an important factor for other annual crops as they are related to water
supply. Meanwhile, the spatial simulation of brackish systems (i.e., SRICE and AQUA) is
regulated by proximity to rivers and population density, alongside other common natural
and climatic factors. Urban expansion is significantly controlled by proximity to former
urban areas, elevation, population density, and slope. The fitted model achieves a high
confidence level of 86.43%, which is collated with the true LULC map in 2020 for future
LULC prediction. The spatial distribution of simulated LULC and LULCC compared to
2020 are shown in Figures 5 and A2, respectively.

(a) 2020 - BAU

i 0 10 20 30 40km
n‘O»!
!
Legend
SRICE - DRICE ACRO - PLANT
Bl SRICE - TRICE B PLANT - DRICE
B SRICE - AQUA B PLANT - TRICE
B DRICE - SRICE PLANT - ACRO
B DRICE - TRICE Bl PLANT - AQUA
B DRICE - PLANT B PLANT - CONS
DRICE - AQUA B AQUA - SRICE
TRICE - DRICE AQUA - PLANT

TRICE - PLANT [J No Change

Figure 5. Spatial distribution of future predicted LULCC maps in 2030 under different scenarios:
(a) BAU, (b) climate change challenges, (c) profit optimization, (d) adaptive solution (moderate
transition), and (e) adaptive solution (rapid transition).
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3.2.1. Natural Growth (BAU)

In the BAU scenario, extending the current LULCC trends, approximately 26,737 ha
(~8.10%) will be affected by the LULCC in 2030 (Figure 5a and Tables 5 and A2). In terms of
converted areas, the most prominent transition will be an enlargement of DRICE by nearly
10,000 ha to reach an area of 90,255.7 ha, corresponding to 37.4% of converted areas and
+1.25%/year. The TRICE area of 33,882.2 ha will reflect a reduction of —9581.3 ha, which is
a projected annual decline rate of —2.2%/year, which is higher than that of DRICE. ACRO
is expected to decrease by 2777.3 ha, resulting in a total area of 5935.7 ha. Although the
SRICE converted area will represent only 3.8%, its transition rate is concerning, showing a
sharp decline of 60.88% and —6.09%/year. In contrast, about ~1500 ha of each PLANT and
AQUA will be added to the current LULC structure to reach 128,455.4 ha and 35,643.2 ha,
respectively. It should be noted that the urban development rate under this scenario will be
moderate at 0.95%/year.

Table 5. Predicted area and estimated annual growth rate in 2030 under different scenarios compared
to the current situation.

Current Area

(ha) Predicted Area in 2030 (ha) AGR (%/Year)
LULC
2020 BAU  CCC PO ADs5% 4D BAU  ccc PO ADss%  ADE
10% 10%
SRICE 1658.7 6488 10644 10728 23158 61025 609 358 353 39 2679
DRICE 802609 902557 1060472 763617 983964 103793 125 321  —049 226 293
TRICE 434635 338822 189518 38,8938 260232 151548 220 564 105 401 651
ACRO 8713.0 50357 85022 63940 83132 62931  —319 024 —266 046  —278
PLANT 1269130 1284554 1122532 1118447 1374287 1495727 012 116 —119 083 1.79
AQUA 341590 356432 460627 569866 204523 119105 043 348 668  —401  —651
WAT 20399 203969 203969 203969 203969 203969 - : - i :
CONS 36515 39986 59111 72660 58901 59867 095 619 990 613 640
FOR 8750.5 §7505 87595 87595 87595 87595 . : - : :

Total absolute area change
(ha)

26,737.0 79,926.1 52,884.4 63,093.7  105,954.0

Note: Total absolute area change considers all the changed areas without considering their trends.

3.2.2. Climate Change Challenges (CCC)

This scenario indicates that temperature and precipitation dramatically contribute
to LULC patterns (Table Al). These extreme impacts will adjust 24.22% of the total area,
approximately 79,926.1 ha (Figure 5b, Tables 5 and A2). Up to 56.4% of the current TRICE
and 32.13% of DRICE in 2020 will be affected by climate change challenges, which are
relevant to 30.7% and 32.3% of the total converted area. Despite a decrease in SRICE areas,
the decline will occur at a relatively low rate (approximately 3.58%/year). Brackish AQUA
is projected to surpass 46,062.7 ha, increasing its share to 13.96% in the total LULC structure.
Under the limited conditions of climate- and water-related problems, PLANT and ACRO
will in turn reduce by 1.16% and 0.24%/year. The urban expansion is roughly estimated at
an average rate of 6.19%/year.

3.2.3. Profit Optimization (PO)

To optimize return profits, the LULC patterns will witness a moderate transition in
16.03% of the total area, about 52,884 ha (Figure 5c, Tables 5 and A2). The transitions of
the rice systems (e.g., DRICE, TRICE, and SRICE) will remain at a relatively slow rate
compared to the BAU and CCC scenarios. The conversion from TRICE will be limited to
—1.05%/year. Despite a decrease in DRICE, it needs only a modest value of —0.49%/year
to keep the current cultivation area relatively stable. About 586 ha (35.33%) of SRICE will be
mostly converted to AQUA. More specifically, an explosion of AQUA will be consistently
observed, which is equivalent to an appropriation of 6.68%/year on SRICE in My Xuyen
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and other LULC categories in Cu Lao Dung and transition zones between freshwater and
brackish water regions in Tran De and My Xuyen districts (Table 5 and Figure 5¢). The
AQUA area is projected to reach 56.986.6 ha. Urban development will be the most rapid
growth compared to other scenarios, equivalent to 9.9%/year.

3.2.4. Adaptive Solutions (ADs)

Freshwater-related farming systems will be limited and transformed to other more
adaptive land use purposes in the ADs scenarios. DRICE and PLANT are prioritized instead
of TRICE and ACRO to enhance saline and drought resilience (Figure 5d,e). Brackish AQUA
holds significant economic value and may initially appear advantageous in saline intrusion.
The impacts of climate change may increase this farming’s vulnerability. Therefore, AQUA
areas will decrease in the future. Under the moderate transition ADs (5%), it suggests
that TRICE will narrow by about 40.13% to approach 26,023.2 ha, while this area will
significantly reduce to 15,154.5 ha under the rapid transition scenario (Tables 5 and A2). On
the contrary, DRICE and SRICE will increase accordingly. DRICE accounts for 13.17% of the
current agricultural structures, which will dramatically expand to 29.82% and 31.45% in the
moderate and rapid transition scenarios, respectively. SRICE will hold the same increasing
trend but with a remarkable transition rate, having 2315.8 ha (moderate transition) and
6102.5 ha (rapid transition). The moderate transition will intervene in 13,706.6 ha of AQUA,
while the latter will have nearly double effects (Table A2). Similarly, the rapid transition
will extensively modify ACRO, approximately 27.77% of the ACRO area, while the impacts
of moderate transition seem marginal. Urban development under both subscenarios will
be moderate at a level of 6.13 and 6.4%.

3.3. Changes in Economic and Ecosystem Service Values

The current economic value of agricultural models is estimated based on Equation (4)
and reference values in Table 3, which shows a total value of USD 1792 million for the
whole agricultural system. It will increase by USD 8.88 million in 2030 under BAU. Despite
possible climate change barriers to agricultural production, LULC changes under the
scenario to adapt to climate change still deliver a relatively high economic value, which
will grow by USD 36.11 million to reach USD 1828.1 million. The highest economic value
will apparently benefit from the PO scenario, consolidating the current economy to USD
1923.5 million. The trade-offs of the ADs scenarios are economic contraction by 5.32% and
9.04% compared to the current status under the moderate and rapid transition scenarios.

The estimation of ESV reveals that the current LULC systems potentially delivered
USD 14,076 million in 2020 (Figure 6). It is constituted by 59.2% regulating and supporting
services, while provisioning and cultural services are related to 24.8% and 16.0%, respec-
tively. BAU will slightly shrink the ecological assets by USD 53.5 million. It will stimulate
provisioning and cultural services by increasing by 0.67% and 0.25%, respectively. Yet, the
regulating and supporting services will witness a 1.0% decrease in cumulative values. It
holds the same for the climate change scenario. The ESV is projected to decline further and
stabilize at USD 13,303.8 million—a cumulative decrease of about USD 772.2 million. It
reveals a decline across all services, with regulating and supporting services dominating
more than half of the total value loss. The PO scenario will also lead to a reduction in all
services; however, the decline in ESV is more moderate (approximately 64%) compared
to the more severe impact observed in the climate change scenario. The estimated ESV
will stabilize at USD 13,582.8 million. On the contrary, the ADs scenarios will improve the
total ESV to achieve USD 14,178.6 and USD 14,494.0 million in the moderate and rapid
transition scenarios, respectively. Despite improvements in the total ESV observed, the
moderate transition cannot enhance regulating and supporting services. In contrast, the
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rapid transition scenario indicates a more stabilized state for regulating and supporting
services, with an increase of USD 21.7 million while significantly enhancing provisioning
and cultural services to levels approximately three times higher than those observed in the
moderate transition scenario.

= 14,076.0 14,022.5 13,303.8 13,582.8 14,178.6 14,494.0
2252.1 2257.7 2304.5 2405.4
12,000 2117.7 2162.8
3486.9 3510.4 T 3345.2 3567.3 3729.9
% 8000
=
4000 8337 8254.5 7926.6 8074.8 8306.8 8358.7
0
2020 BAU e PO ADs5% ADs10%
Scenarios

ESs Culture Provisioning Regulating & Supporting

Figure 6. Ecosystem service values of each service group from different scenarios compared to current
LULC situation in 2020. Total ecosystem service values of each scenario are shown at the top of each
column. Unit: USD million in 2020.

4. Discussion

LULC systems in the coastal area of the Vietnam Mekong Delta are relatively dynamics
and sensitive to climate changes, human inputs, and even other natural-socioeconomic
factors. Our efforts are investigations of historical LULCC to uncover hidden trajectories
and support the simulation of possible LULC in the future under diverse scenarios, which
represent different development pathways for the province. In addition to economic values,
ecosystem service values are also adopted as a more comprehensive proxy to consider
among the scenarios and come up with more appropriate development visions.

4.1. Driving Forces of Coastal LULCC

The coastal province of Soc Trang has experienced notable LULC changes from 2010 to
2020, which reflect a shift from traditional intensive agricultural practices towards farming
models better adapted to droughts and saline intrusions, such as DRICE, PLANT, and
brackish AQUA (Figure 2). The transitions are more prominent in coastal counties than in
hinterland units. The “oasis” of Tran De is an exception because the current DRICE benefits
from a complete saline prevention sluice system. The natural and climatic conditions and
constraints are consistently imprinted in the coastal transitions (Table A2). Temperature
and precipitation are among the most significant contributors because they reflect drought
conditions and water supply associated with crop yield [81]. Although located next to the
river, with its downstream location, this area is frequently affected by freshwater shortages
during the dry season, when the flow of the Mekong River is at its lowest point. Therefore,
proximity to rivers and dikes significantly explains the LULCC regarding water availability
and management manners. Meanwhile, proximity to the coastline strongly regulates spatial
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patterns of LULC as they are directly linked to salinity conditions. For instance, brackish
AQUA embraces SRICE and rice fields in the inland areas. It may be indirect, but the
population contributes to LULCC. Ethnic minorities have experience cultivating DRICE,
artisanal shrimp, vegetables, and other ACRO on coastal sandy soil. They face higher
vulnerability to the unstable market and climate change impacts. Other social and market
factors may highly stimulate the transitions in smallholder farmers, but they have not yet
been considered in this study.

4.2. Benefits and Trade-Offs from LULC Scenarios

The scenarios were proposed to overcome challenges and achieve specific targets. For
example, the CCC scenario is used to deal with future climate constraints, while the PO
scenario is to enhance economic returns. The ADs scenarios suggest different pathways
to improve resilience. They propose changing the current LULC to more tolerant farming
practices. For instance, DRICE is more appropriate to an increasing drought and water
scarcity than TRICE, thereby maintaining household livelihoods in the face of diverse
emerging challenges. BAU can bring relatively stable economic returns. Integrating climate
change resilience and profit optimization systems will promisingly increase the scale of
the economy to achieve the maximum value. When land use resilience is prioritized, a
significant economic trade-off between economic values and ecosystem service values may
arise proportional to the ambition of achieving the goal.

Only 8.1% of the area will experience transitions under BAU in 2030. However, the
other scenarios require progressively larger transition areas, ranging from profit optimiza-
tion to the ADs (moderate transition), climate change, and the ADs (rapid transition)
(Tables 5 and A2). This means that large areas and more farmers will be affected by these
transitions. They have to face numerous challenges associated with transitioning, such as
new skills and knowledge requirements and initial investments. Meanwhile, the adapt-
ability of local farmers and ethnic minorities could pose critical barriers that should be
carefully considered to ensure that such land use plans are implementable in the future.

The climate change scenario will mainly influence inland regions (e.g., My Tu, Chau
Thanh, and Long Phu districts). The PO scenario will intervene in the coastal zones of
My Xuyen, Tran De, and Cu Lao Dung districts. It holds the same for the ADs (mod-
erate transition), which will likely shift the coastal LULC. Meanwhile, the ADs rapid
transition will amplify in coastal and inland areas. Yet, these impacts are likely localized
compared to their twin. The coastal and central-inland areas will be frequently affected by
all scenarios (Figure 7).

This research gives three aspects to simultaneously consider during land use planning,
including affected area, economic returns, and ecosystem service values. The AD (rapid
transition) scenario will yield the highest value, but it will affect the most extensive area
with the lowest economic returns. In contrast, the PO scenario provides the best economic
performance, but it is the worst case for ecological consequence. It means that we always
face at least one problem, while it is likely that no single scenario can address all aspects.
Therefore, we should combine scenarios to better balance economic growth, maintain
ecological sustainability, and minimize affected areas. Land use planners and local govern-
ments should thoroughly consider both the regions and indigenous communities likely to
be highly impacted under each scenario and the overall composite of all scenarios in future
decisions. These findings can offer valuable insights into regions most prone to LULCC,
enabling the development of impact assessments and appropriate preparation plans to
safeguard livelihoods and enhance adaptability.
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Figure 7. LULCC probability maps highlight susceptible areas to LULCC in 2030 scenarios and
combined all scenarios compared to the LULC status in 2020. Map values range from 0 to 1, meaning
low to high change probability.

4.3. Mainstreaming ESS in Land Use Planning

The economic values provide a relatively optimistic outlook throughout all scenarios
except for the ADs scenarios. Economic value only takes direct products into account, while
other ecosystem services are ignored. The opposite trend was only revealed through ESS
assessments (Section 3.3), when the most economically valuable scenario (PO scenario) faces
a degradation of ecological assets. The shrinking was also observed across the scenarios
except for the ADs scenarios, especially in regulating and supporting services. Meanwhile,
these ESS are critical for the coastal ecosystem that is sensitive and vulnerable to the natural
disasters, drought, and saline intrusion experienced in recent years. Inadequate decisions
can severely impact the entire system. Therefore, it clearly demonstrates that it is necessary
to integrate ESS into the decision-making process to ensure a balance between economic
and ecological goals towards sustainable development.

Development scenarios can be achieved by intervening in different regions and LULC
units while having potential trade-offs between economic vision and ecological resilience.
In practice, we frequently aim for multiple development purposes rather than each individ-
ual goal. All scenarios and goals should be carefully considered as part of a comprehensive
assessment to accomplish the final suitable development directions. The research findings
can assist in spatially describing the current development target proposed by the local
authorities. It helps them to have an overview of the areas likely to be affected along with
each goal while highlighting that the current proposed economic targets may be ambitious,
as they could interfere with a large part of current LULC and communities.

4.4. Research Limitations and Future Research

The research efforts range from historical analyses to future simulations of LULCC
in 2030 under the scenarios to provide diverse developmental perspectives. Many works
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have been conducted by incorporating various data sources and information, from primary
to secondary, and local stakeholders to visually depict the provincial planning vision. This
work can play a critical role in future planning processes as scientific evidence to consider
among the development scenarios. Yet, it does have certain limitations because of the
current data sources and assumptions. Firstly, we adopted different LULC classification
concepts within the research period to obtain the best results based on the available satellite
data. However, they are basically disparate in terms of spectral information and spatial
resolution, which may lead to a biased comparison in LULCC analyses. Data fusion can
be an option to leverage the strength of each data source for more consistent observations.
Secondly, this research mainly stands on some assumptions and simplifications. For ex-
ample, the adaptive solution scenario is divided into two subscenarios because it is only a
development orientation considered recently by the local government. Meanwhile, there
is no supporting information on this concern. This scenario, to some extent, is relatively
uncertain, and it needs more specific information, particularly in terms of quantitative tar-
gets, for it to better be realized. Moreover, a critical part in the profit optimization scenario
has been diminished in this study, which is technology upgrades. It even considerably
contributes to the total values compared to spatial changes. It is currently beyond the
scope of this study. Nonetheless, future research could simultaneously consider spatial,
technological, and social aspects to optimize economic returns by locating suitable areas for
high-tech investments tailored to specific farming models (e.g., high-tech rice and shrimp).

5. Conclusions

LULCC in Soc Trang Province from 2010 to 2020 occurred across 32.41% of the provin-
cial area. The most highlighted transitions were from TRICE to DRICE, from SRICE to
AQUA, and the expansion of PLANT. These transitions are mainly driven by temperature,
precipitation, distance to coastline and rivers, and population.

The future LULCC under development scenarios revealed different spatial patterns
and dynamics depending on the development targets in 2030 of each scenario. BAU
emphasizes modest LULCC patterns. The CCC and PO scenarios indicate better economic
returns, but the trade-offs are low ecosystem service values. Meanwhile, the ADs scenarios
are the most ecologically friendly development pathways, but the region will have to face
economic constraints along with a large affected area compared to other scenarios.

By mainstreaming ecosystem services while taking into account affected areas and
economic values, this approach enables policymakers to better weigh the benefits and trade-
offs of different development pathways for future land use planning, aiming to balance
economic gains with ecological sustainability. This study identifies different areas that
may be affected under different scenarios and common areas affected collectively under
all scenarios (i.e., mostly the coastal and central-inland areas). These regions require in-
depth social and comprehensive studies to better prepare for future LULC changes, aiming
to minimize social disruption and promote more sustainable and resilient landscapes in
coastal areas.

Author Contributions: N.T.H.D.: Conceptualization, methodology, writing—review and editing,
funding acquisition, project administration, supervision; N.T.N.: methodology, data curation, investi-
gation, formal analysis, validation; visualization, writing—review and editing; P.K.D.: conceptualiza-
tion, methodology, writing—original draft, writing—review and editing; C.T.N.: conceptualization,
methodology, formal analysis, visualization, writing—original draft, writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received financial support from the Ministry of Education and Training
(MOET) of Vietnam under the project B2023-TCT-09.



Land 2025, 14, 1063 21 of 26

Data Availability Statement: Data are contained within the article and corresponding Appendix A.

Acknowledgments: In addition to the funder, we would like to thank the Department of Natural Re-
sources and Environment, Department of Agriculture and Rural Development in Soc Trang Province,
and local stakeholders for their valuable information and local agricultural development strategies.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Table Al. Contribution of driving forces to each LULC type in the simulation model.

Driving

ot SRICE DRICE TRICE ACRO PLANT AQUA WAT CONS FOR Total
Distance
to 0.073 0.090 0.120 0.100 0.116 0.135 0.070 0.020 0.438 1.162
coastline
Elevation 0.098 0.090 0.090 0.074 0.113 0.126 0.240 0.060 0.080 0.971
Distance 0.080 0.070 0.050 0.048 0.080 0.070 0.050 0.030 0.020 0.498
to dikes
Distance
to urban 0.068 0.086 0.090 0.060 0.136 0.072 0.098 0.564 0.050 1.224
centers
Population  0.097 0.067 0.070 0.067 0.072 0.104 0.079 0.056 0.042 0.653
Precipitation  0.067 0.167 0.129 0.100 0.110 0.136 0.086 0.060 0.016 0.871
Distance 0.095 0.061 0.046 0.076 0.060 0.073 0.048 0.048 0.010 0.516
to rivers
]z'srtoa:;: 0.047 0.053 0.084 0.050 0.050 0.029 0.060 0.043 0.008 0.423
Salinity 0.010 0.055 0.030 0.130 0.015 0.007 0.018 0.004 0.020 0.289
Slope 0.129 0.100 0.090 0.070 0.134 0.100 0.097 0.050 0.219 0.988
Soil type 0.015 0.012 0.012 0.015 0.013 0.098 0.060 0.014 0.029 0.268
Temperature ~ 0.218 0.142 0.170 0.200 0.085 0.130 0.090 0.029 0.050 1114

(a) 2010 (b) 2015

(¢) 2020

0 10 20 30 40 km

Legend

B Rice-shrimp Il Aquaculture
Double-rice crops I River/canal
Triple-rice crops Il Construction land

Il Annual crops Il Forest

Bl Perennial plantations

Figure A1l. Historical LULC maps delineated from remote sensing-based data in 2010, 2015, and 2020
in Soc Trang Province.
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Table A2. Extended table of changed area and proportion in each scenario compared to the current

LULC in 2020.
Current
Area Converted Area (ha) Proportion of Converted Area (%)
LULC (ha)
2020 BAU ccc PO ADs-5% ‘;‘(])2/5' BAU ccc PO ADs-5% ?;3 >
SRICE 1659 ~1010 —594 —586 657 4444 3.8 07 1.1 1.0 42
DRICE 80,261 9995 25,786 ~3899 18,136 23,538 37.4 323 74 28.7 22
TRICE 43,464 9581  —24512  —4570  —17440  —28309 35.8 307 8.6 27.6 267
ACRO 8713 2777 211 ~2319 —400 ~2420 10.4 0.3 44 06 2.3
PLANT 126913 1542 —14,660 —15068 10,516 22,660 5.8 183 28.5 16.7 214
AQUA 34,159 1484 11,904 22,828  —13,707  —22,249 5.6 14.9 432 217 21.0
WAT 20,397 0 0 0 0 0 0 0 0 0 0
CONS 3652 347 2260 3615 2239 2335 13 2.8 6.8 3.5 2.2
FOR 8760 0 0 0 0 0 0 0 0 0 0
Total absolutearea -, 757 79956 5psgs 63,004 105954
change (ha)
(a) BAU (b) CCC

(d) ADs 5%

(e) ADs 10%

Legend

I Rice-shrimp Il Aquaculture
Double-rice crops B River/canal

[0 Triple-rice crops Il Construction land

I Annual crops I Forest

B Perennial plantations

Figure A2. Spatial distribution of simulated LULC maps in 2030 in Soc Trang Province under
disparate scenarios: (a) business as usual (BAU), (b) climate change challenge, (c) profit optimization,

(d) adaptative solution (moderate transition), and (e) adaptative solution (rapid transition).
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