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ABSTRACT

Water-related ecosystem services (WESs) are essential for sustainable development, particularly in regions
experiencing rapid land use and cover change (LUCC) and climate change (CC). This study evaluates the spatial
and temporal impacts, independent contributions, and trade-offs of LUCC and CC on WESs in the Yangtze River
Economic Belt (YREB) from 2000 to 2030. By integrating the BCC-CSM2-MR, InVEST, and PLUS models with
dynamic trade-offs analysis, our findings indicate that water yield (WY) could increase by up to 53.65 % under
the SSP585 climate with cropland protection scenario (CP585), and the upstream surge is significant. Addi-
tionally, water purification (WP) is projected to improve across the region, as evidenced by a 10.31 % reduction
in phosphorus (P) export under SSP585 climate with ecological protection scenario (EP585), while upstream
degrades in the urban expansion (UE) and CP scenarios. CC exerts a predominant positive influence (over 90 %)
on WY, while LUCC significantly affect WP especially in the downstream. Overall dynamic trade-offs reveal
lowest upstream and highest downstream trade-offs between WESs. Meanwhile the spatial synergy between
WES:s is expected to be most extensive under the SSP245 climate and EP scenario (EP245). These findings un-
derscore the importance of integrated land and water management strategies to optimize WESs and support
sustainable regional development amid future environmental changes. However, this study is limited by its use of
annual average precipitation, which ignores seasonal dynamics, and by focusing on the separate effects of LUCC
and CC without considering their combined effects. Future research should address these gaps.

1. Introduction

area [33], WP measures the ability of the ecosystem to trap pollutants,
thus reflecting the water quality of the basin [17]. Increased human
activity has greatly increased the demand for clean and abundant
freshwater, while urbanization, industrialization and unsustainable

Water-related ecosystem services (WESs) are fundamental to main-
taining the functions of ecological systems and human well-being, which
is particularly important in regions experiencing rapid environmental
and economic changes [35]. Key WESs, such as water yield (WY), water
purification (WP), and soil conservation, deliver vital direct and indirect
benefits to people and play a central role in the integrated management
of water resources [67]. WY reflects the capacity of an ecosystem to
provide freshwater, indicating the availability of water resources in an

agricultural practices have led to severe water pollution and degradation
of WESs, particularly through increased nutrient runoff and habitat
destruction [42,53]. Given the important role of WESs in maintaining
ecological integrity and human livelihoods, there is an urgent need for a
comprehensive assessment of their spatial and temporal variability, as
well as future trends, to support sustainable water resources
management.
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Nomenclature
LUCC Land Use and Cover Change

CcC Climate Change

WESs Water-related Ecosystem Services

InVEST Integrated Assessment of Ecosystem Services and Trade-
Offs

PLUS Patch-generating Land Use Simulation Model

BCC-CSM2-MR Beijing Climate Centre Climate System Model
version 2-Medium Resolution

YREB Yangtze River Economic Belt

WYy Water Yield

WP Water Purification

Ccv Coefficient of Variation

CMIP Coupled Model Intercomparison Project
CP Cropland Protection

EP Ecological Protection

UE Urban Expansion

SSp Shared Social Pathways

ET Evapotranspiration

The management of WESs is further complicated by the effects of
climate change (CC) and land use and land cover change (LUCC). As two
major drivers of global environmental change, CC and LUCC have
significantly altered the temporal and spatial distribution of ecosystem
services by altering ecosystem structure and function [20,29,30,57].
WESs are extremely sensitive to these drivers [4,53]. Rapid urbanization
contributes significantly to LUCC, altering land-use patterns and hy-
drological processes and directly or indirectly affecting runoff and water
quality [38,67]. Concurrently, global warming alters precipitation pat-
terns and disrupts regional water cycles, posing a threat to the stable
provision of WESs [72]. Urbanization and climate change are projected
to increase the global population facing water scarcity from 933 million
in 2016 to between 1693 million and 2373 million in 2050 [23].
Additionally, the area of watersheds suffering from water shortages due
to nitrogen pollution is expected to expand by 4000 square kilometers by
2050 [60]. Therefore, a comprehensive understanding of the in-
teractions between LUCC and CC is therefore essential for the develop-
ment of effective WESs management strategies, as it helps to identify key
controlling factors and informs targeted interventions [39].

Despite the importance of LUCC and CC is well recognized, most
studies have examined their impacts on ecosystem services in isolation
[45,49,58]. Some recent studies have begun to explore their combined
effects [70,82], key climate variables are often overlooked, affecting the
validity of assessments [36]. This fragmented approach fails to capture
the complex interactions between LUCCs and CC, resulting in an
incomplete understanding of their combined impacts on WESs. There-
fore, a more integrated approach that simultaneously addresses the
combined impacts of LUCC and CC is needed to make reliable pre-
dictions of future changes in WESs.

Given the complexity and inherent uncertainty surrounding future
LUCC and CC, selecting appropriate methodological frameworks is
critical for anticipating their impacts on WESs. Scenario-based ap-
proaches offer a valuable framework to integrate multiple uncertainties
associated with LUCC and CC, and have been widely adopted in
ecosystem service assessments [26]. Most prior studies construct
differentiated LUCC scenarios to evaluate how policy-driven land
changes affect ecosystem services. For instance, Wang et al. [63] simu-
lated land use change in Wuhan under three scenarios—Business As
Usual, Rapid Economic Development, and Ecological Land Pro-
tection—and assessed their impacts on ecosystem service values. In
recent years, the integration of CC scenarios, especially Shared Socio-
economic Pathways (SSPs), has become increasingly prevalent. For
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example, Sun et al. [53] combined System Dynamics (SD), Future Land
Use Simulation (FLUS), and InVEST models to simulate land use and
ecosystem service changes in Yunnan Province under SSP2-4.5 and
SSP5-8.5. However, most existing studies emphasize the indirect effects
of climate change on land use, lacking systematic coupling of CC and
LUCC scenarios. This limitation constrains their capacity to capture the
interactive impacts and spatial heterogeneity of ecosystem services
under multiple drivers. Therefore, there is a clear need for an integrated
multi-scenario framework that explicitly couples LUCC and CC to
enhance the reliability and comprehensiveness of future ecosystem
service assessments.

Different approaches have been taken in quantifying the impacts of
CC and LUCC on WESs, including plot experiments [48], expert evalu-
ations [8,46], and ecological modeling [75]. Ecological modelling,
particularly using tools such as the Integrated Assessment of Ecosystem
Services and Trade-Offs (InVEST), has proved particularly effective
because of its spatial analytical capabilities, cost-effectiveness and
reproducibility, becoming a valuable tool for decision makers in land
management and climate adaptation strategies [28]. Previous studies
have shown that CC primarily drives changes in WY, while LUCC has a
greater impact on WP [51,69]. However, the impact of CC and LUCC on
WESs varies greatly from region to region, and no generalized pattern
has yet emerged [5,40,75]. Furthermore, the trade-offs and synergies
between LUCC and CC for WESs under different combinations of sce-
narios are still not fully explored [43]. Filling these knowledge gaps will
require a comprehensive study of the impacts of LUCC and CC on WESs
under multiple scenarios, which will provide important insights for
ecosystem management.

This study focuses on the Yangtze River Economic Belt (YREB), an
ecologically and economically important region in China with signifi-
cant differences between its upstream, midstream and downstream
areas. The YREB has faced enormous anthropogenic pressures that pose
challenges to water resource management [6]. To tackle these chal-
lenges, this study integrates the CMIP6-based Beijing Climate Centre
Climate System Model version 2-Medium Resolution (BCC-CSM2-MR),
the Patch-generating Land Use Simulation Model (PLUS), and the
InVEST model. CMIP6 provides enhanced climate prediction capabilities
compared to CMIP5 [85], PLUS provides higher simulation accuracy and
detailed landscape pattern generation [34], and InVEST facilitates
comprehensive, quantitative assessments of ecosystem services [65].
This integration of advanced models enhances the scientific robustness
of WESs simulations. Meanwhile, in order to address the uncertainties
arising from the interactions between CC and LUCC, nine combinations
of future scenarios based on three CC and three LUCC scenarios were
explored using the scenario analysis approach [44]. Compared with
previous work, this study makes two key contributions: first, a coupled
multi-scenario design that integrates three CC with three LUCC path-
ways to generate nine combined scenarios, substantially enhancing the
reliability and comprehensiveness of WESs predictions under multiple
interacting drivers; and second, an integrated modeling framework that
tightly couples the BCC CSM2 MR climate model, the PLUS land use
simulation model, and InVEST ecosystem service assessment tool. This
framework enables high precision simulations of WY and WP, and re-
veals the complex, multi-level influences of CC and LUCC on WESs.
Together, these contributions provide robust decision-support tools for
optimizing ecosystem service management amid the dual imperatives of
climate adaptation and sustainable land use planning.

Therefore, this study aims to: (1) analyze and simulate historical and
future CC and LUCC scenarios in the YREB, (2) assess changes in WESs
under historical and future conditions, (3) quantify the independent
contributions of CC and LUCC to WY and WP, and (4) investigate trade-
offs and synergies between WESs across different scenarios. This study
provides crucial, evidence-based insights for balancing ecological pro-
tection and economic growth in the YREB by integrating CC and LUCC
scenarios to inform adaptive, resilient WESs resource management
policies.
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2. Materials and methods
2.1. Study area

The YREB, spanning 11 provinces and covering 21.4 % of China’s
land area, is a key strategic zone for ecological and economic develop-
ment, linking China’s eastern, central, and western regions (Fig. 1) [56,
21]. Characterized by varied topography and a subtropical monsoon
climate, the YREB hosts diverse ecosystems and holds 36 % of China’s
water resources, with water availability per square kilometer nearly
double the national average [6]. Contributing 46.5 % of China’s GDP
and housing 43.1 % of its population, the region faces growing chal-
lenges in sustainable water and ecological management due to rapid
urbanization and industrialization [12], underscoring its selection as the
study area.

2.2. Datasets

A comprehensive suite of datasets was utilized to support the
assessment of WESs, with data spanning land use, climate, and key
drivers influencing LUCC (Appendix Table S1). The main data sources
include:

Land Use Data: Obtained from the Resource and Environment Sci-
ence and Data Center (https://www.resdc.cn/) for 2000-2020, this
dataset categorizes land cover into six classes: cropland, forest land,
grassland, waterbody, construction land, and unused land.

Climate Data: Sourced from the National Earth System Science Data
Center (http://www.geodata.cn/), covering the period 2000-2020.

Key Drivers for PLUS Model: Population, GDP, and elevation data
were sourced from the Resource and Environment Science and Data
Center, while accessibility data (e.g., government offices, railways,
highways, universities, airports) were obtained from Amap
(http://www.amap.com/).

Future Climate Data: Future climate projections for 2030 were
derived from the BCC-CSM2-MR model on the CMIP6-based World
Climate Data website (https://worldclim.org/).

Soil Data for InVEST Model: Sourced from the National Cryosphere
Desert Data Center based on the World Soil Database (HWSD) (v1.1) (htt
p://www.ncdc.ac.cn/).

All raster data were resampled to a consistent spatial resolution of 1
km x 1 km, ensuring compatibility for input into the PLUS model for
future land use simulations and WESs quantification.
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2.3. InVEST model

The InVEST model was chosen for its capability to simulate
ecosystem service trade-offs at regional scales, its modular design,
comprehensive documentation, and strong adaptability to integrate
LUCC and CC scenarios. These features make it particularly suitable for
assessing WESs in the YREB [68]. In this study, we extracted mean WES
data generated by InVEST version 3.12.0 (available at https://naturalca
pitalproject.stanford.edu/software/invest) at the county scale using the
Zonal Statistics as Table tool in ArcGIS 10.5, linking national strategic
planning with local implementation to support sustainable management

[6].

(1) Water yield (WY)

Water yield represents the ability of ecosystems to provide
freshwater and is critical to maintaining the regional water cycle,
supporting human activities and promoting economic develop-
ment. The annual water yield module of the InVEST model is
based on Budyko’s assumption of a hydrothermal equilibrium,
and calculates the amount of water yield by relating actual and
potential evapotranspiration to precipitation ratios [81]. The
formula is as follows:

AETi
Yi— (1f—,l> x Pi )
Pi

WhereYirepresents the annual water volume of the grid,AETi
represents the annual actual evapotranspiration of the grid,
andPirepresents the annual rainfall of the grid. The yield is
calculated by multiplying the rainfall on the grid area by the
proportion of rainfall not lost to evapotranspiration. The product
of the grid area andYiis then used to determine the final water
production value for the grid. Model validation results show an
error margin of 9.64 %, confirming the model’s reliability (Ap-
pendix Figure S4).

(2) Water Purification (WP)

Water purification measures an ecosystem’s ability to filter
pollutants, critical for maintaining water quality amid pressures
from urbanization and resource exploitation. This study focuses
on phosphorus retention, given its significance as a pollutant in
the YREB [84]. The water purification model assesses water
quality by measuring the total phosphorus (P) content in the
water body, considering only non-point source pollution while
excluding other pollution sources. In this model, higher total

0 40 280 560 KM
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—— The Yangize River W 6359
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Fig. 1. Location, administrative divisions and topography of the YREB.
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phosphorus export values indicate a weaker water purification
function [18]. Model evaluation was conducted in two stages:
first, the average annual runoff volume was calculated using the
water yield model, followed by pollutant retention calculations
using the following equations:

ALVi = HSSi x poli (2)
Hssi= 2 3)
Al

whereALViis the nutrient output value of rasteri,HSSiis the hy-
drological sensitivity score of rasteri,poliis the output coefficient
of rasteri,Jiis the runoff index, andlidenotes the average runoff
index in the region. Model simulations were validated with a
fitting accuracy of 0.79, meeting the study’s requirements (Ap-
pendix Figure S5).

2.4. PLUS model

The PLUS model, comprising the Land Expansion Analysis Strategy
(LEAS) and Cellular Automata Model based on Multi-Class Random
Patch Seed (CARS), was employed to simulate land use changes and
identify key driving factors [34]. The LEAS module used 12 driving
factors, including natural (e.g., DEM, slope, temperature) and social
factors (e.g., GDP, population), to model land use changes from 2010 to
2020. These factors generated development probabilities for the six land
use types, which were further refined in the CARS module to predict
future spatial changes. The predictions of the model were validated
using the kappa coefficient, which gave a result of 0.925 with an overall
accuracy of 0.949, indicating that the model performed reliably.

2.5. Trade-offs and synergy analysis

Spearman correlation analysis is a widely employed approach for
assessing the trade-offs and synergies among ecosystem services [25]. In
this study, we introduce an innovative dynamic trade-offs and syner-
gistic approach to quantify these relationships in conjunction with
temporal changes. By Min-Max normalizing the difference between WY
and WP (positive normalization for WY and negative normalization for
WP over the periods 2000-2010, 2010-2020, 2000-2020, and
2020-2030, we conducted Spearman correlation analysis to capture the
dynamic interactions of WESs. Compared to static correlation analyses
based on specific years, this approach reflects trends in interactions,
leading to a more comprehensive understanding of trade-offs and syn-
ergistic dynamics of ecosystem services. Spatial trade-offs are calculated
using the ratio of the difference between WY and WP over time to derive
the Trade-offs and Synergy Index (TSI) as shown in the following
equation:

ESi(t2)—ESi(t1)

TSI = ———F———=
ST= Esj2)—Esj(an)

4

whereESi(t2)andESi(t1)represent ecosystem service valuesiat time-
s(t2)and(tl), respectively, andESi(t2)andESi(t1)represent ecosystem
service valuesj.TSI> 0 indicates a synergistic effect, that is, two services
change in the same direction, whereasTSI< 0 suggests a trade-offs be-
tween the services.

2.6. Contribution analysis of CC and LUCC

In this study, we used a factor-control approach to quantify the in-
dependent contributions of CC and LUCC to changes in WESs, focusing
on the relative importance and directional effects of each factor [62].
This approach involves creating virtual scenarios that isolate the im-
pacts of CC and LUCC in order to analyze in detail how these drivers
affect WESs.
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The study first quantified the WESs under realistic conditions in
2000, 2010 and 2020, and then designed two sets of virtual scenarios:
one controlling for the LUCC while allowing climate factors to vary, and
the other controlling for climate conditions while allowing the LUCC to
vary. In the CC virtual scenario, the LUCC is held constant, allowing the
impact of CC on WESs to be assessed. In contrast, in the LUCC virtual
scenario, climate factors are held constant and the focus is on the impact
of LUCC. By comparing the differences between the real scenarios and
the respective virtual scenarios, the independent contributions of CC
and LUCC were identified.

The effects of LUCC and CC on WESs changes were quantified using
the following formula:

C
RL_—C—l—L 5)
L

whereRLrepresented the independent contribution of CC,RCdenoted the
independent contribution of LUCC, Cwas the change in WESs under the
CC scenario, andLwas the change in WESs under the LUCC scenario. This
decomposition approach highlighted the dominant factors affecting
WESs, providing insights into the key drivers of ecosystem change in the
study area.

2.7. Scenario analysis

This study defines 2000-2020 as the historical period based on
observed data, while 2030 serves as a near-future projection commonly
used in planning. Scenario analysis was employed to explore potential
future developments by examining key drivers such as CC and LUCC. By
developing, evaluating, and comparing scenarios that incorporated
significant uncertainties, this method effectively illustrated the potential
impacts of various environmental and policy drivers, helping to identify
critical tipping points and guide strategic decision-making [1]. Unlike
forecasting, scenario analysis provided a range of possibilities rather
than specific predictions, thereby reducing uncertainty in environ-
mental planning.

For future land use/cover change, the study developed three sce-
narios to simulate the land use patterns in the YREB by 2030, reflecting
different policy priorities and regional development goals:

(1) Urban Expansion (UE) Scenario: This scenario reflects the
continuation of rapid urbanization observed from 2010 to 2020,
emphasizing economic and urban growth to support the region’s
high-quality development.

(2) Cropland Protection (CP) Scenario: Focuses on safeguarding
cropland to ensure food security, aiming to slow the expansion of
construction land, control the conversion of cropland to other
uses, and implement protective policies.
Ecological Protection (EP) Scenario: Aims to maintain
ecological integrity by restricting the conversion of natural
landscapes for urban use. This scenario promotes forest and
grassland expansion and designates nature reserves as no-
conversion zones to enhance ecosystem protection and
sustainability.

3

-

To account for the effects of climate change, the study incorporates
three Shared Socioeconomic Pathways (SSPs):

(1) SSP126 (Sustainable Development Pathway): Characterized
by low emissions and strong environmental conservation efforts.

(2) SSP245 (Intermediate Pathway): Represents a moderate sce-
nario with balanced fossil fuel use and green technologies.

(3) SSP585 (Fossil Fuel-Based Development Pathway): Depicts a
high-emissions future driven by continued reliance on fossil fuels.
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Combining the three land use scenarios with the three climate sce-
narios results in nine integrated future scenarios for 2030, as shown in
Table 1 and Fig. 2:

3. Results
3.1. CC and LUCC in the YERB from 2000 to 2030

(1) Climate change: Air Temperature and Precipitation Trends

Under the influence of global warming, the Yangtze River
Economic Belt (YREB) is projected to experience increased air
temperature and precipitation between 2000 and 2030, rein-
forcing the warm and humid climate trend (Fig. 3). From 2000 to
2020, the average annual air temperature rose from 13.77 °C to
14.47 °C, with the most significant warming observed in the
eastern and southern regions (Fig. 3b). By 2030, projections
under the SSP585, SSP245, and SSP126 scenarios indicate further
air temperature increases of 0.75 °C, 0.68 °C, and 0.59 °C,
respectively, relative to 2020, suggesting that rising greenhouse
gas concentrations will continue to accelerate warming, partic-
ularly in the northwest and central YREB.

Precipitation trends parallel air temperature increases, with
annual levels rising from 1171 mm in 2000 to 1249 mm in 2020,
averaging an increase of 39 mm per decade (Fig. 3a). Future
projections for 2030 show significant increases across all sce-
narios, with SSP585 predicting the highest rise (352 mm). The
spatial distribution of precipitation remains highly variable,
generally decreasing from southeast to northwest and showing
marked shifts in precipitation centers, particularly northward
expansions between 2000 and 2020 (Fig. 3a).

(2) Land use change: Patterns and Scenario-Based Projections

The YREB underwent significant LUCC between 2000 and 2030
(Fig. 4). Forests and croplands were the dominant land use types.
Forests, accounting for 45.47 % to 49.56 % of the total area, were
primarily located in the upper and middle reaches of the basin.
Croplands, comprising 27.77 % to 30.36 %, were mainly
concentrated in the Sichuan Basin and the middle and lower
reaches of the Yangtze River Plain. Grasslands, representing

Table 1
Design and Implications of CC and LUCC Combined Scenarios.
Scenario  LUCC Scenario CC Pathway Key Features
UE126 Urban Expansion SSP126 High urbanization
(UE) Scenario (Sustainability) combined with mild climate
change.
UE245 Urban Expansion SSP245 High urbanization
(UE) Scenario (Intermediate) combined with moderate
climate change.
UE585 Urban Expansion SSP585 (Fossil- High urbanization
(UE) Scenario fueled) combined with extreme
climate change.
CP126 Cropland SSP126 Cropland protection
Protection (CP) (Sustainability) combined with mild climate
Scenario change.
CP245 Cropland SSP245 Cropland protection
Protection (CP) (Intermediate) combined with moderate
Scenario climate change.
CP585 Cropland SSP585 (Fossil- Cropland protection
Protection (CP) fueled) combined with extreme
Scenario climate change.
EP126 Ecological SSP126 Ecological protection
Protection (EP) (Sustainability) combined with mild climate
Scenario change.
EP245 Ecological SSp245 Ecological protection
Protection (EP) (Intermediate) combined with moderate
Scenario climate change.
EP585 Ecological SSP585 (Fossil- Ecological protection
Protection (EP) fueled) combined with extreme

Scenario climate change.
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Fig. 2. Combined CC and LUCC scenarios for 2030.

14.65 % to 16.75 % of the area, were the third-largest land
category and were predominantly distributed in upstream re-
gions, particularly within the Qinghai-Tibet Plateau and the
Yunnan-Guizhou Plateau in the northwest.

Construction land, though occupying a smaller proportion
(2.34 % to 4.28 %), exhibited significant spatial variability, with
rapid growth primarily concentrated in the central areas of pro-
vincial administrative regions, particularly within the middle and
lower plains (Fig. 4a and c). Water bodies (2.70 % to 3.00 %) and
unused land (0.98 % to 1.07 %) maintained relatively small
proportions but also showed notable variability. Notably, due to
accelerated urbanization in the YREB, construction land, despite
its low overall proportion, experienced the highest growth rate
among all land types, increasing by up to 82.72 % over the 30-
year period.

Between 2000 and 2020, land use transitions in the YREB were

characterized by complexity, with croplands primarily convert-
ing to forests and construction land, while forests were mainly
converted to croplands and grasslands (Fig. 4b). In 2030, land use
changes varied distinctly across the Ecological Protection (EP),
Urban Expansion (UE), and Cropland Protection (CP) scenarios:
e Ecological Protection (EP) Scenario: Forests, as the domi-
nant land type, expanded primarily through the conversion of
croplands and grasslands, resulting in a 6.58 % increase.
Conversely, construction land grew modestly by 0.91 9%,
mainly through the encroachment of a small amount of crop-
land and unused land. This suggests that urban expansion
under the EP scenario was oriented towards intensive, compact
development, significantly increasing urban ecological space
and optimizing urban spatial structure.
Cropland Protection (CP) Scenario: In the CP scenario,
cropland protection policies were effectively implemented,
leading to a substantial conversion of forests to croplands, with
minimal impact on grasslands and unused land. Construction
land grew steadily (2.78 %) by encroaching on forested areas,
indicating an attempt to balance cropland preservation with
economic development.

e Urban Expansion (UE) Scenario: The UE scenario continued
the rapid urbanization trend, with construction land showing
the highest growth rate among the three scenarios, reaching
5.42 %. Forests were the primary land type converted (90.00
%), followed by croplands (7.67 %) and grasslands (2.21 %).
Water bodies remained stable across all scenarios, while
grasslands slightly decreased except for a notable conversion to
forests under the EP scenario. Unused land consistently
declined, reflecting a general increase in land use efficiency.
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Fig. 3. Spatial distribution of precipitation (a) and air temperature (b) for different CC scenarios in 2000, 2010, 2020, and 2030.

3.2. Spatial and temporal changes in WESs in the YREB, 2000-2030

Between 2000 and 2030, WY in the YREB exhibited a notable in-
crease in both total volume and spatial distribution, but the increase is
greater in the upstream than in the middle than in the downstream,
driven largely by changes in climate and land use (Fig. 5). The average
WY increased significantly, rising from 578.40 mm in 2000 to 651.49
mm in 2020, a total increase of 73.09 mm over two decades, and the
midstream and downstream showed an upward trend in fluctuations,
while the upstream fluctuated down (Fig. 5b). High-yield areas
expanded northward, correlating with shifting precipitation patterns
(Fig. 5a). By 2030, projections indicate that WY will continue to rise
under all scenarios, with the greatest increase observed under the CP585
scenario (up to 53.65 %). The highest WY values were projected under
the SSP585 scenario (995.11 mm - 1001.02 mm), followed by SSP245
and SSP126. At the same time, this situation continued in the upstream,
and the WY in the middle and downstream showed a pattern of
SSP245>SSP585>SSP126, jointly reflecting the intensifying impact of
climate change (Fig. 5b).

The capacity of different land types for water yield significantly
influenced WY variations among LUCC scenarios. In 2020, construction

land exhibited the highest WY (1034.99 mm), followed by unused land,
cropland, and forest, with water bodies showing the lowest values
(478.79 mm). Across scenarios, WY was highest in the Urban Expansion
(UE) scenario and lowest in the Ecological Protection (EP) scenario,
highlighting the contrasting impacts of urban development versus
conservation-focused land use, and the upstream and midstream also
continue this pattern, but the downstream due to the larger proportion
of construction land, resulting in the pattern of UE>CP>EP (Fig. 5b).
Changes in WY are closely related to the ecological and biophysical
functions of land cover types, as different land cover types are associated
with different vegetation cover, which in turn regulates water loss
through its effects on infiltration, surface runoff, and evapotranspiration
(ET). High vegetation cover areas such as forests play a key role in
stabilizing hydrological processes and regulating WY through higher ET
and enhanced soil infiltration. In contrast, the high WY of construction
land is mainly due to the decrease of ET and the increase of impervious
surface runoff, rather than the actual water retention. However, given
the abundant precipitation in the YREB, its significant influence on
spatial WY variations remains dominant, and these local differences
have yet to affect broader spatial patterns. The increasing divergence in
WY between EP and CP scenarios under more intense climate change
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reflects the critical role of natural vegetation and ecosystems in water
resource management. Spatially, the distribution of WY remained
consistent across climate change scenarios, with slight variations linked
to LUCC (Fig. 5a).

Rapid urbanization and agricultural expansion between 2000 and
2020 led to a significant increase in regional P export, indicating a
decline in the WP capacity of the YREB. And regional differences still
exist, the downstream is the most significant, followed by the
midstream, on the contrary, the upstream water purification services are
optimized (Fig. 6). P export increased from 0.66 % between 2000 and
2010 to 1.57 % between 2010 and 2020. By 2030, all scenarios
throughout the region project a reduction in P export, with the EP sce-
nario showing the most substantial improvement due to reforestation
efforts (10.31 % reduction under EP585), demonstrating the effective-
ness of ecological restoration in enhancing water quality (Fig. 6b).
However, WP in the upstream gets worse in UE and CP scenarios

compared to 2020.

P export was highest in croplands (98.50 kg/ha in 2020), followed by
construction land and grasslands, while water bodies and forests had the
lowest values, reflecting their capacity for nutrient retention. The EP
scenario consistently showed the lowest P export across all projections,
highlighting the benefits of reforestation, while the CP scenario, with
expanded cropland, resulted in the highest P export and the lowest WP
capacity. The UE scenario showed intermediate results, with urban
impervious surfaces slightly reducing P export compared to cropland but
still limiting overall WP capacity, Although the upstream and midstream
inherited this phenomenon, the downstream UE scenario produced the
worst WP capacity. Spatially, the P export of different scenario combi-
nations presents a similar spatial pattern, and the overall P export is still
lower in the upstream than in the middle and lower than in the down-
stream, and the plain is more than the mountain. This is primarily
attributed to the higher vegetation cover in the upstream region, where
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forests exhibit stronger capacities for P retention through adsorption
and nutrient cycling. In contrast, croplands in the midstream and
downstream areas contribute to excessive P export due to intensive
fertilizer and pesticide application.

To assess the uncertainty of WESs, we calculated the coefficient of
variation (CV) across historical years and future scenarios (as detailed in
the Supplementary Material), following the approach outlined in pre-
vious studies [73]. During 2000-2020, the CV for WP was 9.40 %, while
that for WY reached 17.88 %, indicating greater variability in WY over
the past two decades. In contrast, the projected overall scenario uncer-
tainty by 2030 was lower for both services, with CVs of 4.71 % for WY
and 6.27 % for WP, suggesting relatively smaller uncertainty in future
WESs projections under complex environmental changes.

3.3. Quantifying the independent contributions of CC and LUCC to WESs

This study reveals that both CC and LUCC significantly impact WESs
in the YREB, though the magnitude and direction of these impacts vary
across different services, time periods, and scenario combinations. CC

consistently exerts a dominant and positive influence on WY, primarily
through increased precipitation (Fig. 7a). Between 2000 and 2020, the
impact of CC on WY intensified initially and then declined, with changes
ranging from 48.67 mm to 20.78 mm. By 2030, this impact is projected
to increase in line with the severity of CC scenarios, following the order
SSP585 (348.56 mm) > SSP245 (301.34 mm) > SSP126 (265.08 mm),
the midstream and upstream maintained this trend on the whole, while
the downstream showed a pattern of SSP245>SSP585>SSSP126. During
2000-2020, the contribution of LUCC to WY gradually increased, from
1.44 mm to 2.22 mm. However, under future scenarios, LUCC impacts
become more complex: this effect is negative in the EP scenario for both
the whole region and the upstream, midstream and downstream. This is
attributed to the widespread forests and grasslands under the EP sce-
nario, which enhance water yield regulation through stronger evapo-
transpiration (ET) and higher soil infiltration capacity. While the CP and
UE scenarios exhibit an overall positive WY, the underlying drivers
differ. In the UE scenario, extensive impervious surfaces significantly
increase surface runoff, while in the CP scenario, shallow-rooted crop
vegetation limits water retention, similarly leading to elevated runoff.
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Fig. 7. Independent contributions of CC and LUCC to WESs from 2000-2030. Panel a and b depict the impacts of CC and LUCC on average WY and P export per unit
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The independent contribution of CC to WY consistently remains above
90 %, with values projected to rise from 90.32 % in 2020 to as high as
98.31 % - 99.87 % by 2030 (Fig. 7¢). In contrast, LUCC contributions are
generally lower and decrease as CC intensifies, following the order EP
(1.29 % - 1.69 %) > CP (0.24 % - 0.32 %) > UE (0.13 % - 0.17 %).
The impact of CC on WP follows a different pattern, with CC no
longer exerting dominant control. From 2000 to 2020, the impact of CC
on WP increased from 0.34 kg/ha to 1.31 kg/ha, while LUCC shifted
from —0.14 kg/ha to —0.73 kg/ha, indicating that CC has accelerated
WP degradation while LUCC has contributed to improvements, the
downstream inherited this pattern, while the upstream and midstream
only maintained the same negative impact on LUCC (Fig. 7b). Over the
20-year period, the total impact of CC on WP remained higher than that
of LUCC, but projections indicate that CC’s impact will become
increasingly negative, suggesting that a warming and humidifying
climate may enhance regional WP. This enhancement effect varies
across CC scenarios, following the order SSP585 (—1.58 kg/ha) >
SSP126 (—1.54 kg/ha) > SSP245 (—1.34 kg/ha), the midstream and
downstream have maintained a consistent trend, while the impact of CC

in the upstream is positive, highlighting the complex interaction be-
tween CC and WP. Under future LUCC scenarios, the EP scenario ex-
hibits the strongest potential to optimize WP (—1.90 kg/ha), while the
CP (1.29 kg/ha) and UE (0.50 kg/ha) scenarios are expected to worsen
WP, this also maintains a high degree of consistency in the upstream,
midstream and downstream.

In terms of impact degree, from 2000 to 2020, the influence of CC on
WP weakened from 71.29 % to 64.20 %, while the influence of LUCC
increased from 28.71 % to 35.80 % (Fig. 7d). Under future scenarios, the
degree of CC’s impact on WP follows the order SSP585 (45.48 % - 76.17
%) > SSP126 (44.74 % - 75.62 %) > SSP245 (41.33 % - 72.97 %), with
this pattern persisting even when considering LUCC scenarios, and this
situation is consistent in the upstream and downstream, and the
midstream shows a pattern of SSP126>SSP585>SSP245. The influence
of LUCC on WP is most significant in the downstream, and LUCC’s
impact on WP is highest under the EP scenario (54.52 % - 58.67 %),
followed by CP (44.93 % - 49.14 %) and UE (23.83 % - 27.03 %), the
upstream, midstream and downstream are also consistent. Notably, this
enhancement effect becomes more complex when accounting for CC,
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with the highest impact degree observed under SSP245, followed by
SSP126 and SSP585.

3.4. Trade-offs and synergies in WESs across scales and scenarios

The correlation analysis indicates that the WESs in the YREB
generally exhibit a strong trade-offs relationship (Fig. 8). From 2000 to
2020, the intensity of trade-offs across the region has progressively
increased, with the lowest intensity observed in the upstream areas and
the highest in the midstream. However, projections for 2020 to 2030
suggest that trade-offs intensity will be lowest in the upstream and
highest in the downstream. Under different CC scenarios, the regional
trade-offs intensity follows the pattern of SSP126 > SSP585 > SSP245.
While this pattern is largely consistent in the downstream region, the
midstream and upstream regions exhibit the highest trade-offs intensity
under the SSP245 scenario. Across different LUCC scenarios, the EP
scenario demonstrates the weakest trade-offs intensity throughout the
basin. The UE scenario generally performs slightly better than the CP
scenario, with consistent trends observed in the upstream and
midstream regions. Notably, in the downstream region, the UE scenario
exhibits the lowest trade-offs intensity, indicating optimization of the
relationships between WESs in this scenario.

B Entire region
0.0 -

o S
(@) B
1 1

Trade-off intensity

1
o
(0¢]
1

Historical period |

0 Upstream

Sustainable Futures 10 (2025) 100854

The spatial trade-offs analysis reveals that from 2000 to 2020, most
of the YREB was dominated by trade-offs, although the area of synergies
gradually expanded across the entire region, particularly in the up-
stream and midstream, while contracting in the downstream (Fig. 9).
Spatially, synergy areas were relatively fragmented, forming strip-like
patterns mainly along the edges of the Sichuan Basin, the western
mountainous areas, and the central parts of the midstream region
(Fig. 9a). Between 2020 and 2030, the synergy areas are projected to
increase significantly, ranging from 35.65 % to 71.09 % across the entire
region. Under different climate scenarios, the synergy area follows the
pattern SSP245 > SSP585 > SSP126, with the midstream and down-
stream largely maintaining this pattern, whereas the upstream follows
the pattern of SSP245 > SSP126 > SSP585. Across different LUCC sce-
narios, the EP scenario demonstrates the highest synergy area, while the
CP scenario shows the lowest, with the UE scenario falling in between.
This consistency across the upstream, midstream, and downstream re-
gions highlights the effectiveness of ecological protection policies in
optimizing WESs synergies (Fig. 9b). Spatially, synergy areas are pre-
dominantly distributed in strip-like patterns in the central parts of the
YREB, while trade-offs areas are primarily located along peripheral re-
gions. Under the EP scenario, synergy areas tend to be more concen-
trated and continuous, whereas under the CP scenario, they are more
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Fig. 8. Overall correlation of WESs for different combinations of scenarios in 2000, 2010, 2020 and 2030 (All results passed the significance test with p < 0.001).
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fragmented and dispersed, with the UE scenario falling in between.
Notably, under the same LUCC scenario, the spatial distribution of trade-
offs and synergies exhibits a high degree of similarity.

4. Discussion
4.1. Impacts of LUCC and CC on WESs

LUCC and CC are the primary drivers of changes in WESs, with CC
significantly influencing hydrological processes that shape WESs pat-
terns. This study confirms that CC has a predominant impact on WY in
large regions such as the YREB, contributing up to 99.87 % of the
observed changes under the UE585 scenario, consistent with findings
from previous studies [31,59,86]. In the nine combined scenarios for
2030, WY increases under all CC scenarios with a pattern of SSP585 >
SSP245 > SSP126. This trend aligns with the broader scientific
consensus on future warming and increased precipitation in the YREB
[66], though it contrasts with some studies reporting variable WY re-
sponses due to differing study areas, climate models, and time periods
[19,40]. The significant rise in precipitation observed during this period
reinforces previous findings of a strong positive correlation between
precipitation and WY [80].

In contrast, CC exerts a more limited influence on WP compared to
WY. Projections for 2030 indicate varying reductions in phosphorus (P)
export across scenarios, following the order SSP585 > SSP126 >
SSP245. This suggests that intense CC (SSP585), characterized by
increased precipitation, enhances regional WP—a result consistent with
findings from the Jianghuai Eco-Economic Zone in China [19]. How-
ever, moderate CC scenarios (SSP245) result in the highest P export,
slightly exceeding SSP126, indicating that warmer and wetter condi-
tions can optimize WP by accelerating P export and reducing surface
accumulation of phosphorus. Notably, this effect is subject to a
threshold, where initial increases in P export due to rising precipitation,
eventually lead to reductions [72]. The regional differences in the
response of WESs to climate impacts should not be overlooked. Under
the SSP245 scenario, the midstream and downstream regions exhibit the
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highest WY, primarily due to spatial variations in precipitation. In
contrast, the upstream region demonstrates better WP capacity under
the SSP585 scenario, which can be attributed to a significant increase in
precipitation and accelerated runoff. Additionally, the filtration and
interception effects of abundant vegetation in the upstream area
contribute to maintaining effective freshwater services. Temperature
influences WES through relatively indirect and complex mechanisms. In
the subtropical humid region of the YREB, rising temperatures increase
evapotranspiration, leading to a reduction in WY [3]. Additionally,
higher temperatures also intensify the hydrological cycle and enhance
the spatiotemporal variability of precipitation [2], thereby indirectly
affecting WY reliability. Regarding WP services, elevated temperatures
can exacerbate extreme rainfall events [54], which in turn increases
surface runoff and P loss, particularly from agricultural lands, thereby
aggravating non-point source pollution [37].

In the YREB, LUCC is deeply influenced by urbanization, human
activities, and regional development policies, which have drastically
altered the structure and function of ecosystem services [61]. This study
shows that LUCC affects WY much less than CC, accounting for <10 % of
the observed changes. LUCC affects WY primarily by altering hydrologic
processes such as evapotranspiration, infiltration, and soil moisture
dynamics [31]. Different types of land have different WY capacities,
with construction land usually having the largest WY capacities because
impervious ground increases runoff. Between 2000 and 2020, rapid
urbanization leads to significant expansion of built-up land, which in-
creases impervious surfaces and reduces infiltration, resulting in a 3.66
mm increase in average WY [31].

Future LUCC scenarios show different impacts based on policy pri-
orities. In the EP scenario, the lower WY is due to the expansion of forest
cover, which has higher water interception and water demand [7]. In
contrast, the UE scenario characterized by rapid urbanization has the
highest WY due to extensive built-up land, which increases runoff. The
CP scenario, which is dominated by conservation of cropland, shows the
highest percentage of cropland (30.36 %) and moderate WY due to
limited water absorption capacity of shallow rooted crops [71].

The impact of LUCC on WY shows a threshold effect, with the
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maximum change of —4.56 mm in the CP scenario and the minimum
impact in the scenarios with a significant increase in precipitation (e.g.,
UES585). Previous studies conducted in arid regions such as the Yarkant
River Basin emphasized that LUCC is the main driver of WY [75], In
contrast, the impact of CC is greater in humid regions (e.g., YREB). This
emphasizes that the relative contributions of LUCC and CC depend on
regional climatic conditions and their interactions. It is worth noting
that the impact of LUCC is more pronounced in WP than WY, and tends
to outweigh the impact of CC in future EP scenarios, which is consistent
with previous studies [4,27]. The spatial variability of P export is shaped
by topography and human activities, with croplands exhibiting the
highest P export due to intensive fertilizer application and flat terrain
conducive to nutrient accumulation [78]. In contrast, woodlands help
reduce P export by slowing runoff and capturing pollutants [13].
Therefore, the EP scenario showed the strongest environmental sus-
tainability, which further supports the conclusion that increasing
vegetation cover can significantly improve sustainability [24]. Howev-
er, in the UE scenario, the growth of highly impervious areas down-
stream resulted in the largest P export, suggesting that WESs are limited
by the regional land base.

4.2. Impacts of trade-offs and synergies between LUCC and CC on WESs

This study confirms that both LUCC and CC can have significant
impacts on the supply and spatial and temporal distribution of WESs,
and that their impacts can be further complicated by interaction [22].
Among the different CC scenarios, the highest trade-offs were observed
in the YREB under the SSP126 scenario, which was characterized by a
significant increase in WY in absolute terms across the region, while WP
remained at a moderate level. These different responses lead to the
trade-offs observed in the SSP126 scenario, suggesting that the
trade-offs reflect not only different directions of change in WESs, but
also different rates of change [9]. Regional differences are particularly
pronounced in the midstream and upstream areas under the SSP245
scenario, where trade-offs between WESs are evident. This is largely due
to the abundance of WY in this scenario, along with further deterioration
of WP in the upper reaches, and the lowest WP efficacy in the middle
reaches. These localized trade-offs suggest that regional differences in
response to CC make interactions between WESs more complex and
difficult to predict [11,76]. Spatially, the YREB shows the greatest area
of synergy in the SSP245 scenario, as the moderate CC enhances regional
precipitation and WP capacity over a larger spatial scale. Whereas LUCC
has a more consistent and clearer impact on trade-offs [83]. The EP
scenario shows the lowest degree of trade-offs between all types of land
scenarios, regulates WY, optimizes WP, and reflects the effects of
ecological protection measures such as afforestation and returning
farmland to forests. In contrast, the UE scenario in the downstream re-
gion exhibits fewer trade-offs, likely due to the concentrated nature of
urban expansion, which, unlike agricultural expansion, minimizes
extensive disruptions to ecosystem connectivity, thereby reducing
trade-offs effects. Spatially, the EP scenario fosters synergies among
WESs by limiting development, resulting in concentrated and contin-
uous synergy areas. Conversely, under the CP scenario, agricultural
expansion fragments ecosystem connectivity, intensifying trade-offs
between WP and WY and producing fragmented and dispersed areas
of synergy. This highlights the differential impacts of land-use patterns
on spatial trade-offs and underscores the importance of ecological pro-
tection [74], which can guide the development of land-use and
ecological management policies that account for regional differences.
These complex interactions emphasize the importance of integrating CC
and LUCC considerations into regional water management strategies to
address the challenges facing WESs [75].

In summary, this study reveals that CC and LUCC exert complex,
regionally diverse impacts on trade-offs and synergies among WESs,
with distinct regional patterns. Future research should further investi-
gate these mechanisms, focusing on the cumulative effects of CC and
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LUCC over extended time scales. These findings have practical impli-
cations for developing targeted water resource management strategies,
particularly in the face of CC and urbanization pressures [32].

4.3. Challenges, prospects, and limitations

Future CC and LUCC are expected to have significant impacts on
WESs, creating significant risks and challenges for their management.
The complex interactions between these drivers, coupled with the un-
certainty of global change scenarios, complicate accurate projections of
WESs. For example, under different CC scenarios, WY may increase or
decrease even with global warming, posing significant challenges for
future water management [40,72]. Similarly, WP is affected by regional
differences, scenario combinations, and the dynamic interplay of CC and
LUCC [75]. These interactions complicate the understanding of
trade-offs and synergies between WESs, especially at smaller scales such
as the county level. Additionally, while CC primarily affects WY, the
differences in how different regional WP are affected by CC and LUCC
under different future scenarios remain unpredictable, further compli-
cating management of WESs. Similarly, the inherent uncertainties in
ecological modeling further exacerbate these challenges.

Despite these uncertainties, exploring the impacts of CC and LUCC on
WESs remains critical. Scenario analysis can provide valuable insights
into potential future pathways and help decision makers to understand
the sources of uncertainty and their implications for policy and man-
agement [15]. By comparing various CC and LUCC scenarios, adaptive
management strategies can be developed to unexpected unforeseen
impacts and guide management practices.

CC is a global phenomenon with largely irreversible impacts,
whereas LUCC driven by human activities and policies are more
controllable. Our screening of scenarios suggests that EP scenarios can
provide the greatest overall benefits to WESs, suggesting that sustain-
able land use policies tailored to local conditions can significantly
improve regional water resources and environmental quality. These
policies can also mitigate the effects of CC; for example, restoring and
protecting upstream ecosystems such as forests and wetlands not only
enhance and regulate WESs like WY and WP but also contribute to
carbon sequestration, thereby offering co-benefits for climate mitigation
[50]. We further recommend promoting sustainable land management
practices, including controlled grazing and reduced fertilizer use, to
minimize nutrient runoff and improve WP in regions impacted by
elevated P loads. Additionally, we stress the importance of
cross-regional cooperation through mechanisms such as payments for
ecosystem services, to incentivize upstream communities to adopt con-
servation practices, that benefit the entire watershed [14].

Location-specific sustainable land use management involves proac-
tive policies that balance multiple objectives, mitigating CC impacts or
leveraging beneficial opportunities. For example, policies that protect
arable land for food security must be balanced with efforts to improve
regional WP [55]. In the midstream where arable land is widespread,
sustainable farmland management that reduces chemical inputs in areas
with deteriorating WP can help achieve environmental goals while
maintaining agricultural productivity [64]. This study demonstrates
that afforestation-led ecological protection enhances regional WESs,
fostering synergies between them. Greening measures in rural, forested,
and urbanized areas can optimize WESs and should be adapted to
regional needs; for instance, thinning forests can increase WY and
improve economic returns [52].

In the downstream of extensive urban areas, future urbanization will
likely degrade WESs; however, urban green infrastructure offers a means
to mitigate these effects [77]. Incorporating vegetation and optimizing
urban ecological networks can enhance pollutant retention and mitigate
flooding caused by excessive WY, improving water retention and flood
prevention services [10]. meanwhile, the integration of regional
ecological networks and cross-regional water management measures
can stabilize synergies while enhancing water resource regulation,
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allocation, and use. Given future climate projections of increased pre-
cipitation, engineering measures will be essential for maintaining sus-
tainable land management impacts on WESs.

Despite the strengths of this study, limitations remain. The differ-
ences in projected WY across future scenarios are influenced primarily
by precipitation patterns, and uncertainties in climate models necessi-
tate cautious interpretation of these results [79]. Although the trend
towards a warmer and wetter climate is widely acknowledged [16,41],
the potential for dry years remains significant [47], underscoring the
need for comparative studies using multiple climate models. Our anal-
ysis relies on annual average precipitation, overlooking seasonal dy-
namics and ecosystem responses, which limits the applicability of our
WESs evaluation. Furthermore, our focus on the supply side of WY and
WP neglects demand factors, such as spatial and temporal water
resource needs and WP impacts under different scenarios of population
growth, industrial development, and afforestation. Finally, we
acknowledge that while this study has focused on the independent
contributions of LUCC and CC to WESs, their interactive and combined
effects remain unexplored. Considering the potential coupling and
feedbacks between LUCC and CC, examining their integrated impacts is
crucial for a more comprehensive understanding of WESs’ responses to
environmental changes. This represents an important avenue for future
research.

5. Conclusions

This study assessed the impacts of LUCC and CC on WESs in the YREB
from 2000 to 2020, with projections for 2030 using the InVEST model
and dynamic trade-off analysis. Results show that CC, especially
increased precipitation significantly influenced WESs, with CC having a
stronger impact on WY than LUCC, particularly under high-intensity CC
scenarios. In contrast, WP declined due to urban expansion and agri-
cultural activities.

Projections for 2030 reveal distinct regional variations across sce-
narios. WY is expected to increase most under CP585 (up to 53.65 %),
particularly in upstream areas. Among LUCC scenarios, WY is highest in
the order CP > UE > EP, with UE maximizing WY downstream. WP is
generally improved but may decline upstream in the UE and CP sce-
narios. WP shows a non-linear response to CC, with SSP585 having the
highest capacity and SSP245 underperforming downstream. The EP585
scenario optimizes WP (up to 10.31 %), following the order EP > UE >
CP, though WP under UE performs worst downstream.

CC’s impact on WY is primarily positive (over 90 %), while LUCC
substantially affects WP, especially in downstream. The EP scenario
reduces P export and enhances WP downstream. Trade-offs are highest
under SSP126 across the YREB, with the middle and upper reaches
showing peak intensity under SSP245. Among LUCC scenarios, EP
minimizes trade-offs, particularly downstream. Future trade-off areas
may expand to 35.65 %—71.09 %, with SSP245 showing the most syn-
ergies and EP the highest overall.

Policy recommendations emphasize regional strategies: enhancing
ecological protection upstream, promoting sustainable agriculture in the
middle reaches, and prioritizing green infrastructure and ecological
networks downstream. Integrated engineering solutions are recom-
mended to optimize water resource management. Future WESs man-
agement should incorporate scenario planning and localized eco-
management to address CC and LUCC uncertainties, optimizing WESs
across regions.
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