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Abstract

Land Use/Land Cover (LULC) is one of the most significant human variables influencing the
efficiency of Ecosystem Services (ESs) in terrestrial ecosystems. Theoretical and technical
assistance for regional sustainable land use planning and management, as well as ecosys-
tem conservation and restoration, is provided by investigating the influence of changes in
the LULC pattern on the efficiency of ESs. This research focuses on the interactions
between socioeconomic activities and natural ecological processes in the Three Gorges
Reservoir Area (TGRA). We use LULC data from the TGRA for the years 1990, 2000, 2010,
and 2020. The study includes the analysis and calculation of the spatiotemporal evolution
features of the current LULC pattern and the efficiency of ESs, including their spatiotemporal
distribution. Considering the TGRA’s national development orientation and guidance, three
potential LULC patterns are constructed under various develop-ment scenarios. To calcu-
late the efficiency of ESs, the GeoSOS-FLUS future LULC simulation model is linked, and
several methodologies such as INVEST, RUSLE, and CASA are used. The goal is to investi-
gate the influence of future changes in LULC patterns on ESs efficiency. The findings show
the following: (1) From 1990 to 2020, the values of water conservation services in the TGRA
decreased and subsequently increased. High-value areas are primarily located in the reser-
voir's centre and eastern sections, whereas low-value areas are mostly found in the western
section. Soil conservation service values initially declined and later climbed. The TGRA’s
carbon storage services have in-creased yearly, from 552.64 g/m? in 2000 to 615.92 g/m? in
2020. (2) In the ecological protection scenario, carbon storage and soil erosion increased
compared to the ecosystem services in 2020. The ecological system service benefits are
greater when compared to the natural development scenario. (3) The four ESs show posi-
tive spatial correlations across all three scenarios, and local spatial au-tocorrelation analysis
findings demonstrate that carbon storage, water yield, and habitat quality have comparable
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spatial distributions across all three scenarios. To some extent, high-value areas for water
conservation, soil retention, carbon storage, and habitat quality overlap.

1. Introduction

"Land Use/Land Cover (LULC)" acts as a link between human social activities and the interac-
tion with terrestrial Ecosystem Services (ESs). The human "extensive and high-speed" socio-
economic growth model and the "heavy and light" urbanization building model have resulted
in constant modifications in the LULC pattern throughout the years. While humans have
benefited from ESs in various ways, changes in LULC patterns have generated enormous dis-
ruptions and stresses on ESs, leading to a cascade of devastating effects. Extreme climate
change [1, 2], food security [3], declining biodiversity [4, 5], soil retention [6, 7], and increased
carbon emissions [8, 9] all represent important problems. The increase in human activities,
according to the World Wide Fund for Nature’s "Living Planet Report 2022" [10], poses a sig-
nificant danger to the Earth’s Ecosystem Structure-Function-Services capability. In response
to these difficulties, the United Nations Environment Program has launched a range of initia-
tives to promote environmental preservation and foster sustainable development that is in har-
mony with nature. Initiatives such as the "Decade on Ecosystem Restoration (2021-2030)"
expressly highlight the challenges presented to the entire natural world by climatic emergency,
natural deterioration, and lethal pollution, with up to a million plant and animal species risk-
ing extinction [11]. In the report titled "2022 edition of the Emissions Gap Report: The Closing
Window," it is noted that: "Existing climate commitments would lead to a global temperature
rise of 2.4-2.6°C by the end of this century. To limit global warming to within 1.5°C, urgent
progress is needed in the comprehensive transformation of the entire system, along with
robust financing for implementation and adaptation actions." The Food and Agriculture Orga-
nization’s (FAQO) "2022 State of the World’s Forests" study stated: "Human socio-economic
activities lead to an annual depletion of global forest resources, causing approximately 10% of
the total global ecosystem production loss, and thereby undermining the well-being of 3.2 bil-
lion people worldwide" [12]. The continually shifting LULC pattern caused by human socio-
economic activities has impacted the efficiency of Earth’s ESs, posing a serious threat to
human safety, health, and well-being. As a result, one of the most important parts of study in
the field of sustainable development is determining future trends in LULC pattern changes
and their influence on ESs efficiency.

Human research of ESs began with an emphasis on the biological and ecological interaction
between the biological components and the inorganic environment [13]. Researchers have
increasingly understood that the services ecosystems supply to people contain both good and
negative elements as they have investigated ESs’s components, structures, processes, and func-
tions. Following that, specialists and academics from numerous domains such as ecology,
geography, environmental science, economics, and urban studies have performed substantial
studies on the influence of human socioeconomic activities on ESs from a socio-ecosystem
viewpoint. This study is being undertaken with a socio-ecosystem approach in mind. Ehrlich
defined and outlined the idea and features of "ecosystem services" [14] (Ehrlich, 1983), launch-
ing worldwide qualitative research on the concept and substance of ESs [15]. Robert Costanza
and Gretchen Cara Daily published two key research contributions in 1997 [16, 17], broaden-
ing the study of ESs to incorporate categorization systems and quantitative assessments [18-
21]. The United Nations Millennium Ecosystem Assessment [22] program defined the
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categorization of ESs, which includes supplying, sustaining, regulating, and cultural services.
This program redirected the focus of ESs research toward understanding processes, trade-offs,
and synergies [23-25], as well as their connections to human well-being and sustainable
development.

The investigation of the link between LULC pattern changes and terrestrial ESs has become
a hot issue since it is regarded as one of the most important anthropogenic driving forces
impacting terrestrial ESs. International scholars have researched the impact of LULC changes
on ESs in a variety of climatic zones and spatial regions, including arid regions [26], semi-arid
agro-pastoral transitional zones [27, 28], aquatic-terrestrial transition zones [29], watershed
areas [30, 31], coastal regions [32, 33], and metropolitan areas [34, 35]. These studies investi-
gate the value, spatiotemporal changes, supply-demand linkages, trade-offs, and synergies of
ESs impacted by LULC pattern changes on a single and multi-factor basis. Fisheries conserva-
tion, carbon storage, water quality, soil retention, food security, and other topics are covered
[13, 36, 37]. Remote sensing (RS), GIS spatial analysis tools, and the examination of various
forms of land conversion are frequently used in research approaches to assess changes in
LULC patterns. Models such as ARIES, SOLVES, and InVEST are also used to investigate the
effects of LULC changes on the value, regional heterogeneity, spatiotemporal evolution pro-
cesses, and other aspects of ecosystem services (ESs) [38-40]. In addition, mathematical and
analytical tools are used to investigate the trade-offs and synergies in the influence of LULC
modifications on ESs [41, 42].

Predicting the impact of future dynamic changes in LULC patterns on ESs has become a
hot topic in fields such as ecology, land management, environmental science, and territorial
spatial planning, thanks to advances in research and the integration of spatial information
technology, big data analytics, and the application of multisource remote sensing data. Cellular
Automaton (CA) [43], Markov models, CLUE-S [44], FLUS [45], Plus [46], and other models
are now utilized to simulate and forecast the dynamic changes in future LULC patterns.
Experts and researchers using LULC models in practical research have discovered flaws in
each simulation model. As a result, better models such as Markov-CA, CA-CLUS-S, and others
have been used in research to overcome these flaws. FLUS is an upgraded model based on
Geo-SOS that integrates Cellular Automaton (CA) and Artificial Neural Networks (ANN)
functioning concepts. It employs an adaptive inertia coefficient and a roulette competition
mechanism to simplify the overall influence of natural and social elements. FLUS quantifies
the states and rates of land use type transitions, improving land use modeling accuracy. It is
now a crucial approach in LULC modeling and prediction [47].

In summary, academics have mainly concentrated on investigating the influence of LULC
pattern changes on ESs, emphasizing research in temperate zones, regions with typical fea-
tures, and big metropolitan areas. There has been relatively little research into basin reservoir
areas generated by hydroelectric developments. There is still a scarcity of studies on accurately
forecasting the future trends of LULC pattern changes and exploring the spatiotemporal fea-
tures, driving variables, and processes of the overall impacts on ESs in these places. The Three
Gorges Reservoir Area (TGRA) is a distinct geographical area developed due to the Three
Gorges Water Control Project. It is an important ecological protection region in the Yangtze
River Basin, an important ecological functional area in the Yangtze Economic Belt, and a sig-
nificant hub for the Chengdu-Chongging Urban Agglomeration as well as the urban agglom-
eration in the Yangtze River’s middle and upper reaches. Coordinating high-level protection
and high-quality development in this region has become a significant priority for government
officials and specialists. Based on the TGRA’s distinct geographical position, biological envi-
ronment, and socioeconomic development state, this study examines the considerable changes
in its LULC patterns due to large-scale hydropower projects and urbanization. It also
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investigates the current state of the reservoir’s ecosystem services efficiency. The project
attempts to forecast future LULC pattern changes in the TGRA with better precision using the
combined GeoSOS-FLUS model. Furthermore, the study extensively examines the overall fac-
tor service efficiency of ecosystem services by combining models such as InVEST, NDVI,
RUSLE, CASA, and others. The goal is to determine the influence of future LULC pattern
changes on the efficiency of ecosystem services and to investigate future sustainable LULC
planning patterns based on improving ecosystem services efficiency in the watershed reservoir
region. This research provides technical analysis methodologies and data support for the
TGRA’s long-term LULC planning and administration. It intends to contribute to the Yangtze
River Basin’s high-level governance and high-quality development.

ESs refers to all of the advantages that humans derive directly or indirectly from ecosystems,
including physical, ecological products, and intangible services. [48]. Costanza [49] et al. classi-
fied ecosystems into 17 primary groups based on the renewable services they provide. Accord-
ing to the United Nations Millennium Ecosystem Assessment report, ecosystem services are
classified into four categories: Supporting services comprise functions that sustain the nutrient
cycles required for Earth’s survival environment; Provisioning services are functions that offer
basic necessities such as food, water, and air; Regulating services are functions that govern and
regulate environmental balance and stability, such as flood control, climate control, and car-
bon sequestration; Cultural services are intangible advantages relating to human well-being,
enjoyment, and cultural values that represent cultural links between humans and the environ-
ment. This categorization system aids in the thorough knowledge and appraisal of ecosystems’
varied contributions to human society.

2. Study area and data
2.1. Study area

The TGRA(28°52'-31°75'N, 105°82'~111°66'E) is a unique geographical entity that arose due
to the development of the Three Gorges Water Control Project [50]. Its territorial space com-
prises the submerged territory at the Three Gorges Dam’s typical water level of 175 meters and
the people relocation area. This area includes 30 districts (counties) in the Hubei and Chong-
qing sections, totalling 56,700 square kilometres. The Chonggqing section covers 79% of the
reservoir area, with 22 districts (counties), while the Hubei section covers 21% of the reservoir
area, with 8 districts (counties) (Fig 1) [51].

The TGRA is located at the crossroads of three important tectonic units: the Daba Moun-
tains, the eastern half of Sichuan, and the Chuan-E Yu-Huai fold belt. The geography is
dominated by mountains and hills. The LULC pattern indicates that there is a significant
human-environment conflict inside the reservoir region. On the one hand, cultivated land
is scarce per capita, with a predominance of arid slope land, which has resulted in substan-
tial land development. However, there is a growing tension between agricultural and non-
agricultural land usage. The bulk of farmland inside the reservoir region is of poor quality,
demonstrating a clear contradiction between a lack of farmland and low grain production.
From the standpoint of ESs: During the Three Gorges Project’s construction, socioeco-
nomic activities, and urbanization expansion inside the reservoir region caused additional
imbalances in the LULC pattern, significantly reducing the capacity of ecosystem services.
The LULC pattern inside the reservoir region has improved with the adoption of succeeding
plans, such as the post-Three Gorges planning and Yangtze River conservation programs.
To some extent, this enhancement has helped to increase the efficacy of ecosystem services
in the reservoir region.
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Fig 1. Location map of the Three Gorges Reservoir Area. This is a map of the geographic location of the Three Gorges Reservoir Area, including the
administrative area of the Three Gorges Reservoir Area, altitude.

httpsz//doi.org/10.1371/journal.pone.0305400.g001

2.2. Data socure

2.2.1. Ecosystem services calculation-related data. In this study, the TGRA is selected as
the research unit, and the data utilized include: Land Use Data for the years 1990, 2000, 2010,
and 2020 from Landsat (http://landsat.visibleearth.nasa.gov/). The spatial resolution is
30m x 30m.DEM data obtained from the Geospatial Data Cloud (https://www.gscloud.cn/)
with a spatial resolution of 30m.

Meteorological data from the National Earth System Science Data Center (https://www.
geodata.cn/) for the years 1990, 2000, 2010, and 2020, including temperature and precipitation
data. The spatial resolution is one kilometre. Soil data taken from the World Soil Data
(HWSD) China Soil Characteristics Dataset on the Geography Data Platform of Peking Uni-
versity’s College of Urban and Environmental Sciences (http://geodata.pku.edu.cn/). The spa-
tial resolution is one kilometre. Statistical Yearbooks for Chongqing Municipality and Hubei
Province for 1990, 2000, 2010, and 2020.

2.2.2. FLUS model-related land use and driving factor data. Landsat http://landsat.
visibleearth.nasa.gov) provided the land use type data. Data for four periods of land use remote
sensing monitoring (1990, 2000, 2010, and 2020) were gathered, with a spatial resolution of
30m. Theland was classified into three levels, and a two-level classification system was chosen
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Table 1. Remote sensing datasets of land use and driving factors.

Categories Factors Resolution Data Sources Time (Year)

Land use data Land use remote sensing monitoring data(Landsat-TM/ETM) 30 m http://landsat.visibleearth.nasa.gov/ | 1990 2000, 2010, 2020

Natural geographic data DEM 30 m SRTM V3 2015
Annual average temperature 1 km http://landsat.visibleearth.nasa.gov/ | 1990 2000, 2010, 2020
Annual average precipitation 1 km http://landsat.visibleearth.nasa.gov/ | 1990 2000, 2010, 2020
NDVI 1 km http://landsat.visibleearth.nasa.gov/ | 1990 2000, 2010, 2020

Soil type 1 km http://geodata.pku.edu.cn/ 1990
Socioeconomic data Chonggqing Statistical Yearbook / https://www.cq.gov.cn/ 1990 2000, 2010, 2020
Hubei Statistical Yearbook / https://www.hubei.gov.cn/ 1990 2000, 2010, 2020

Population 1 km http://landsat.visibleearth.nasa.gov/ 2020

Distance from the railway 1 km http://landsat.visibleearth.nasa.gov/ 2020

Distance from the national highway 1 km http://landsat.visibleearth.nasa.gov/ 2020

GDP 1 km http://landsat.visibleearth.nasa.gov/ 2020

https://doi.org/10.1371/journal.pone.0305400.t001

for the actual research, dividing the study area into nine land types: paddy fields, dryland, for-
est, grassland, water area, urban land, rural residential areas, industrial land, and unused land.
The first-level classification system was used in the study of current land-use change(1990-
2020): farmland, forest, grassland, water area, construction land, unused land. In this study,
the driving factors for land use change were population, DEM values, soil type, yearly average
rainfall, annual average temperature, distance to railroads, distance to national highways,
GDP, and distance to county roads. Landsat (http://landsat.visibleearth.nasa.gov/) also pro-
vided statistics on DEM values, population, distance to railroads, distance to national high-
ways, GDP, and distance to county roads. The National Meteorological Information Center
(https://data.cma.cn/) provided yearly average rainfall and temperature data. Table 1 shows
the summary statistics for each kind.

3. Methodology
3.1. Research process

This study selects six types of ecosystem services from three major categories: supporting ser-
vices, provisioning services, and regulating services. (grain production, water yield, carbon
sequestration,soil retention, habitat quality and net primary production)The InVEST model,
CASA model, and RUSLE model are utilized to assess the current status of ecosystem services
in the Three Gorges Reservoir Area. Combined with future land use and land cover (LULC)
trend simulations, predictions for future ecosystem services are made. This approach aims to
explore sustainable planning strategies for regional land use and land cover, providing a theo-
retical basis for the development of ecological civilization in the Three Gorges Reservoir Area.
The technical roadmap is illustrated in Fig 2.

3.2. Land use change predictionbased on the FLUS model

The FLUS model was created to simulate land use changes caused by human activities and nat-
ural forces, as well as to estimate future land use scenarios [52]. The FLUS model incorporates
an adaptive competition mechanism that successfully tackles the unpredictability and com-
plexity involved with the mutual change of multiple land use types as a result of the combined
impact of natural processes and human activities. Compared to other land use simulation
models such as CA-Markov PLUS, the FLUS approach is more advanced and is capable of
making predictions with longer time dimensions. This feature gives the FLUS model
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Fig 2. Technical flow chart. This figure illustrates the research flow of the article.

https://doi.org/10.1371/journal.pone.0305400.g002

exceptional simulation accuracy, allowing it to deliver results that are very near to real-world
land use patterns.

This study applies the FLUS2.4 model, with 2010 land use data as a baseline, to forecast the
ecological changes in the TGRA properly in 2030. Simultaneously, we chose nine driving ele-
ments that drive land use change, taking into account natural geographical characteristics, cli-
matic conditions, and socioeconomic backgrounds. We guarantee that the model can
effectively reflect real-world events in simulations and increase its accuracy in projecting eco-
logical changes by 2030 by modifying the transfer matrix parameters and neighbourhood fac-
tor parameters numerous times and adding a land simulation conversion matrix for the
different scenarios. (Table 2) In the transfer matrix, 0 implies that no conversion is feasible,
whereas 1 indicates that conversion is possible. The neighbourhood factor weight varies from
0 to 1, with values closer to 1 suggesting a land class’s capacity to expand.” "The TGRA’s land
use shift in 2020 was simulated and compared to real land use type data for the same year.

In order to confirm the accuracy of the classification, the kappa standard, kappa location,
kappa no. and FoM in the FLUS module were calculated. FoM is a number between 0 and 1,
indicating complete overlap (1) and no overlap (0) between the simulated and real maps,
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Table 2. Cost matrix for land conversion simulation under different scenarios in the year 2030.
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Ecological Protection Scenario Protection and development coordination

scenarios

UL | P D F G| W | U/ R 1 UL | P D F| G| W U|R I UL
0 1 1 1 1 1 0 0 0 0 1 1 1 1 0 0 1 0 0
0 1 1 1 1 1 0 0 0 0 1 1 1 1 1 0 1 0 0
0 0 0 1 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0
0 0 0 1 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0
0 0 0 1 1 1 0 0 0 0 0 0 1 1 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0 1 1 0 0 0 1 1 1 0
1 1 1 1 1 1 0 1 0 0 1 1 0 0 0 1 1 1 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 0
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Note: “1” means conversion is allowed, and “0” means conversion is not allowed. P stands for paddy fields, D for dryland, F for forestland, G for grassland, W for water

area, U for urban land, R for rural settlements, I for Industrial and mining land, UL for unused land.

https://doi.org/10.1371/journal.pone.0305400.t002

respectively. FOM was obtained using Eq (1) [53].
Hits

FoM = — -
Misses + Hits + False Alarms

(1)

(1) where Hits denotes the correct pixels where land use change has occurred in the observed
and simulated data; Misses means the pixels that were fixed in the simulated data, although
in the observed data they have changed; and False Alarms are errors that the model predicts
changed but did not do so in observation.

The correctness of the simulation results was confirmed using overall accuracy, kappa coef-
ficient, and Figure of Merit (FoM) values. The simulation findings’ overall accuracy and kappa
were 90.16% and 81.39%, respectively, showing strong simulation performance and high credi-
bility, with a high level of consistency in the projected outcomes. Pontius said that the FoM
index outperforms the kappa coefficient in determining the correctness of simulated changes.
The FoM in this investigation was 0.02, which met the research criteria."

3.3. Setting scenarios for FLUS model development

The scenario for this study is based on the TGRA’s substantial conflicts between humans and
the environment, the ecological environment’s fragility, severe soil erosion, and regular geo-
logical disasters. Simultaneously, it takes into consideration national development plans, par-
ticularly advice for the TGRA’s sustainable growth, such as the Yangtze River’s grand
protection and the Yangtze River Economic Belt’s high-quality development, among other key
national policies. In this context, we have defined the TGRA’s substantial importance as an
important ecological protection zone in the Yangtze River basin and an important ecological
functional region in the Yangtze River Economic Belt. The coordinated progress of high-level
protection and high-quality development in the TGRA has become an effective way of execut-
ing national strategies within this framework. Referring to the X Liu study [45] and the gener-
alized parameter settings of the model, this study presents three potential LULC pattern
development possibilities and sets the land simulation weights under different models Table 3.
(1) Natural Development Scenario: Various planning rules and legal laws governing land use
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Table 3. Domain weights for land simulation under different scenarios in the year 2030.

Scenario types P D F G w U R I UL

Natural Development Scenario 0.3 0.3 0.4 0.4 0.5 0.8 0.6 1 0.8
Ecological Protection Scenario 0.3 0.3 1 1 1 0.6 0.5 0.8 0.7
Protection and development coordination scenarios 0.3 0.3 0.5 0.5 0.5 1 1 0.8 0.7

https://doi.org/10.1371/journal.pone.0305400.t003

changes are ignored. The simulation mimics the natural evolution patterns of land use struc-
tures, allowing for reciprocal conversions between different types of land. The only limitations
apply to the conversion of forest land, building land, and unused land into water areas. The
forecast of predicted land use changes in 2030 is based on the transition rates of land use from
1980 to 2020. (2) Ecological Protection Scenario: Adherence to present ecological protection
policies is stressed in this scenario, with an emphasis on ecological planning to prevent inap-
propriate occupation of diverse land resources. The TGRA’s forest and agriculture will be suc-
cessfully safeguarded. Conversion of forest land, agricultural, and water areas into
development land will be less likely. As limited conversion zones, defined ecological redlines,
nature reserves, and the limits of permanent basic farming and urban development will be
considered. (3) Protection and development coordination scenarios: There are no constraints
on the conversion of various land types into building land in this scenario, allowing for mutual
conversions between urban and rural regions. The focus, however, is on the preservation and
development of ecological land.

3.4. Ecosystem services assessment

Three categories and six types of ESs were chosen for the study based on the features of the
study region as well as the present state and hotspots of ESs research. The provisioning services
are grain production (GP) and water yield (WP), the regulating services are carbon sequestra-
tion (CS) and soil retention (SR), and the supporting services are habitat quality (HQ) and net
primary production (NPP). Table 4 describes the methodologies for determining ecosystem
services.

Table 4. Measurement methods for ecosystem services.

Types Methods Formulas Significance of Metrics
Grain Allocate the total grain production based on G, = Ng’z/:'& x G, (2) Gy is the grain production; NDVI, is the NDVI value of
Production the ratio of the grid NDVI values to the o raster; NDVI,,, is the sum of NDVI values of the region; Gy,
regional total NDVI values [54] is the total grain production
Water Yield InVEST model Water Yield module [55] Yy = (1 _ AET(X,») % P (3) Yy is water yield (mm); AET(y, is annual actual
® P © evapotranspiration (mm); P, is annual precipitation (mm)
Carbon InVEST Model Carbon SequeStration Cl(\lal = Cuhave + Cbelow + Csuil + Cdead Ctotal is total carbon (t); Cubove; Cbelow» Csoil) Cdead are above-
Sequestration Module [56] (4) ground, below-ground, soil, and dead biogenic carbon stocks,
respectively
Soil Retention RUSLE model [57] A =RKLSCP (5) A is the soil retention modulus; R is the rainfall erosivity factor;
K is the soil erodibility factor; LS is the slope length and
gradient factor; C is the vegetation cover factor; and P is the
soil conservation measure factor
Habitat Quality | InVEST Model Habitat Quality Module [58] DE Q,j is the habitat quality index; H,; is habitat suitability; D, is
Q=Hy|l-{xk)|® i ion; k i i
& R A the degree of habitat degradation; k is the saturation
coefficient; z is a constant
Net primary CASA Model [59] NPP(x,t) = APAR(x,t)xe(x,t) NPP(x,t) is net first productivity; APAR(x,t) is light and
production £(x,t) = T(x,t) X W(x,t) XE pax (7) effective radiation; £(x,t) is actual light energy utilization; &,,,,,

https://doi.org/10.1371/journal.pone.0305400.t004

is the maximum light energy conversion rate under ideal
conditions; T(x,t) is the temperature stress coefficient; W(x,t) is
the water stress coefficient
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3.5. Spatial autocorrelation analysis

Spatial autocorrelation analysis can be used to determine if the distribution of geographical
data is clustered. Both global and local spatial autocorrelation can efficiently explain the inter-
actions between geographical entities, estimating the degree of aggregation or dispersion
among phenomena’ spatial properties [60]. Spatial autocorrelation analysis includes global
spatial autocorrelation [61] and local spatial autocorrelation [62].

3.5.1. Global spatial autocorrelation.

_ Z?:l Z?:l Wij(‘xi - ’_C)(xj - J_C)

MI 7 0
§$> Zj:l Wi

(8)

The MI values in Formula (8) vary from 0 to 1. A positive number indicates that the geographi-
cal distribution of the geographic entity’s attribute values displays positive spatial autocorrela-
tion. The closer the value is to 1, the closer the units are connected. A negative value implies
that the property values’ geographic distribution has negative spatial autocorrelation. A value
of 0 indicates that there is no spatial autocorrelation in the geographical distribution of the
geographic entity’s attribute values.

3.5.2. Local spatial autocorrelation. This study divides the TGRA into grids of
2000mx2000m and employs Local Indicators of Spatial Association (LISA) to depict the clus-
tering patterns of ecosystem services in local grid spaces.

MI, = (XS%SC) Z w, (xj - x) (9)

i

In Eq (9),MI;€[-1,1], A positive value shows geographic clustering of comparable values
around the unit. The adjacent values are also high (high-high) in locations with high observed
values, whereas they are low (low-low) in areas with low observed values. A negative value
denotes geographical clustering of dissimilar values, with low-value areas surrounded by high
values (low-high) or high-value areas surrounded by low values (high-low). A score of zero
implies that there is no geographical association with nearby regions.

4. Result
4.1. Changes in land use patterns in the TGRA from 1990 to 2020

Farmland, forest land, and grassland dominate the land use types in the research region. These
three land types cover 96.48% of the area along the Yangtze River in the Three Gorges Reser-
voir Region. The biggest share of them is forest land. In terms of regional distribution, the
Hubei part of the region’s forest land area exceeded 195.69x10® m?, accounting for more than
45% of the study area in 2020. The agriculture area in the Chongging section accounts for
more than 88% of the research area. The distribution of land use in the two administrative
areas is typified by farmland dominating the Chongqing section and forest land dominating
the Hubei section.

The transformation of construction land is the most important shift in the research
region in terms of the degree of LULC pattern modification (Table 5). The area of building
land in 1990 was 4.08x10*m?, but by 2020, it had grown to 23.86x10*m”. Farmland declined
by 14.1x10® m?, grassland decreased by 19.08x10® m?, unused land decreased by 106.11
hm?, forest land increased by 8.72x10% m?, and water area grew by 4.5x10° m” throughout
the 30 years.
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Table 5. Land area of various types in the TGRA from 1990 to 2020 (x10° mz).

Time(year) Land use Types
Farmland Forest Grassland Water area Construction Unused land
land
1990 297.53 362.94 98.73 10.30 4.08 0.1310
2000 295.46 361.63 99.75 10.37 6.37 0.1312
2010 216.23 276.21 62.24 10.88 9.72 0.0532
2020 283.43 371.66 79.65 14.80 23.86 0.1915

https://doi.org/10.1371/journal.pone.0305400.t005

4.2. Analysis of ESs efficiency in the TGRA from 1990 to 2020

For the years 1990, 2000, 2010, and 2020, the ESs efficiency for water yield, soil retention, car-
bon sequestration, habitat quality, grain production, and net primary production in the TGRA
was estimated (Figs 3-8). The time series analysis results demonstrate that throughout the
course of 30 years, the TGRA’s water conservation service showed a tendency of early suppres-
sion followed by an increase. Over a 20-year period, it witnessed a fall from 1990 to 2000, fol-
lowed by an increase trend from 2000 to 2020.Over a 30-year period, the quantity of soil
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Fig 3. Water yield chart of the TGRA from 1990 to 2020. Calculated by INVEST modeling for water conservation in the Three Gorges Reservoir Area, 1990-

2020.

https://doi.org/10.1371/journal.pone.0305400.9003
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Fig 4. Soil retention map of the TGRA from 1990 to 2020. Calculated by INVEST modeling for Soil Retention in the Three Gorges Reservoir Area, 1990
2020.

https://doi.org/10.1371/journal.pone.0305400.g004

erosion increases, followed by a reduction. Over a 20-year period, it showed a rising trend
from 1990 to 2000, followed by a decreasing trend from 2000 to 2020. The water yield declined
from 6.39x10°m” in 1990 to 5.32x10%m? in 2000 before increasing to 6.16x10°m? in 2020. The
quantity of soil erosion grew from 1.35x10°t-km™ in 1990 to 1.55x10°t-km in 2000 and then
declined to 1.32xx10°t-km ™ in 2020. Over time, the reservoir area’s carbon sequestration ser-
vice has steadily increased. For 1990, 2000, 2010, and 2020, the carbon sequestration values are
535.32 g/m?, 552.64 g/m?, 579.54 g/m”, and 616.20 g/m>. Changes in habitat quality and grain
production, on the other hand, are negligible over a 30-year period. The NPP has been declin-
ing over time, with values of 42.98 tC, 41.70 tC, 40.91 tC, and 46.75 tC in 1990, 2000, 2010, and
2020, respectively. In terms of the whole region, the NPP values show a decreased overall spa-
tial average from 1990 to 2010, with the highest NPP value increasing year by year. The overall
NPP values rose from 2010 to 2020, but the greatest NPP value fell.

In terms of spatial distribution, the water yield in the TGRA reveals that high-value and
low-value areas are concentrated in Badong and Zigui regions in the reservoir’s upper reaches
and Wushan, Fengjie, and Yunyang regions in the reservoir’s midsection. From 2000 to 2010,
considerable declines in water conservation capacity were recorded in regions such as Kaiz-
hou, Wanzhou, and Yunyang. In 2020, the low-value area for water conservation in
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Fig 5. Carbon sequestration chart of the TGRA from 1990 to 2020. Calculated by INVEST modeling for Carbon Sequestration in the Three Gorges
Reservoir Area, 1990-2020.

https://doi.org/10.1371/journal.pone.0305400.g005

Chongqing’s main urban area will continue to expand. Nevertheless, the average value of
water conservation services in the study region has grown since 2010, owing to a substantial
increase in the geographical distribution of high-value water conservation areas. High-value
areas for soil erosion services are found in Shizhu, Wuxi, Badong, and Zigui, whereas low-
value areas are found mostly in Shizhu, Wulong, and Fengdu in the reservoir’s centre part. Soil
erosion services in the middle and northern regions of the TGRA, such as Jiangjin, Chang-
shou, and Wanzhou, deteriorated significantly in 2010 compared to 2000. The overall geo-
graphical distribution of soil erosion in the reservoir region had decreased by 2020 compared
to 2010, while the total values had increased. In the TGRA, the geographical distribution pat-
tern of carbon sequestration services is relatively regular. With the Yangtze River as a barrier,
the north-western section had lower carbon sequestration values in 2000, while the southeast-
ern and southern sections had greater values. Between 2010 and 2020, the reservoir area’s car-
bon sequestration capacity expanded dramatically, and the discrepancies on both banks of the
Yangtze River decreased. From 2000 to 2020, the spatial distribution pattern of habitat quality
services remained mostly consistent, with a modest decline in values in 2020. High-value areas
are mostly found in Shizhu, Wulong, and Wuxi and are distinguished by limited development
and high habitat quality. Low-value areas are mostly found on the reservoir’s western shore in
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Fig 6. Habitat quality map of the TGRA from 1990 to 2020. Calculated by INVEST modeling for Habitat Quality in the Three Gorges Reservoir Area, 1990—
2020.
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Jiangjin, Chongqing’s main metropolitan centre, and Changshou. From 1990 to 2000, the geo-
graphical distribution pattern of grain production in the TGRA remained substantially similar,
with the overall yield distribution maintained steady. However, grain production distribution
changed from 2000 to 2010, with per-unit yields being evenly divided on both banks of the
Yangtze River, resulting in an overall rise in production. From 2010 to 2020, global grain pro-
duction grew, while per-unit grain production climbed significantly in several locations. The
following are the spatial distribution features of NPP services in the reservoir area: High-pro-
duction zones are mostly found in the reservoir’s upper reaches, which include sections of
Badong, Xingshan, and Zigui, as well as in the reservoir’s middle region, which includes parts
of Zhong County, Kaizhou, and Changshou. There was no general change in the distribution
of NPP values between 1990 and 2000, although the maximum per-unit area NPP rose.
Between 2000 and 2010, the region with low NPP values grew in the reservoir’s middle and
lower parts. The total NPP values in the reservoir area from 2010 to 2020.

4.3. Analysis of land use simulation results

4.3.1. Analysis of changes in land area for different scenario settings in land use simula-
tion. Fig 9 depicts the land use simulation results for the TGRA in 2030 under various
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Fig 7. Grain production chart of the TGRA from 1990 to 2020. Calculated by NDVI for Grain Production in the Three Gorges Reservoir Area, 1990-2020.
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scenario scenarios. Under the natural development scenario, forest land rises by 297.64 km?;
grassland reduces by 180.09 km?, and water area increases by 23.84 km” due to a lack of limita-
tions. Overall, ecological land is rising, although grassland is decreasing, with a 2.90% loss rate.
Construction land expands by 329.86 km?, whereas paddy fields and dryland shrink by 150.69
km? and 319.97 km?, respectively. In general, under the natural development scenario, both
ecological and economic land areas rise and shrink, with no discernible trend of change.

More farmland with a slope greater than 25° has been designated for afforestation under
the ecological protection scenario, resulting in the following simulation results: forest land
rises by 570.41 km?, grassland increases by 44.32 km? and farmland reduces by 269.37 km®.
Moreover, building land expands by 89.65 km”. According to the simulation data, there is
more support for ecological engineering buildings under the ecological protection scenario,
with certain restrictions on urban construction. This strategy helps the region to reap greater
ecological advantages.

The simulation results show the following changes under the Protection and development
coordination scenarios, which are based on the three-line restrictions of ecological protection,
permanent basic farming, and urban development borders in the research area: Due to water
project limits and the objective of food security, forest land expands by 339.73 km?, grassland
expands by 44.47 km?, while water bodies and paddy fields remain stay unaltered.
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Construction land expands by 353.15 km?. The orderly growth of construction land also pro-
vides regional economic advantages to some extent. As a result, this model provides both high-
level protection and high-quality development.

4.3.2. Analysis of spatial distribution of different land use types in land use simulation
under various scenario settings. Setting constraintrequirements, transition probability
matrices, building appropriate regions, and inputting the optimal goal land cover amounts in
the GeoSOS-FLUS program resulted in geographical distribution maps for the three scenarios.
Except for the natural development scenario, the other two scenarios take into account the
actual functioning of food security and hydropower projects. As a result, water bodies and
paddy fields stay constant in these two optimum situations. According to the scenario settings,
unused land in the economic growth scenario is transformed into built-up areas, forest land in
the ecological preservation scenario, and both in the protection and development coordination
scenario. As a result, LULC pattern alterations occur mostly in the "Forest-Grassland-Built-
up-Dryland" categories in the two optimum scenarios.

Under the natural growth scenario, the increase of economically favourable LULC types is
most noticeable, with built-up regions being the most prevalent. The primary regions of
growth are in Chongqing’s main metropolitan area and the urban cores of neighbouring
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Fig 9. Land use type simulation map for the TGRA in 2030 under different scenario settings. Land use future simulation of the Three Gorges Reservoir area
under different scenarios through the FLUS model.
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districts and counties. Expansion happens on the outside of cities, whereas infill development
occurs within cities. Under the ecological protection scenario, there is a large increase of eco-
logically beneficial LULC types, which are concentrated in the north-eastern section of Kaiz-
hou, adjacent hilly areas within Wuxi, and some locations in Xingshan, Hubei. Forestland and
grassland are the two primary types being converted. In the context of urban-rural integration,
the pattern of LULC conversion displays a greater emphasis on environmental advantages.
Similarly, it occurs in a concentrated and continuous fashion across the reservoir region,
mainly in the north-eastern hilly areas of Kaizhou, Wuxi, the northern half of Badong, and
Xingshan. Forest land is the most common kind being converted. There is also considerable
grassland conversion in Fuling.

In conclusion, the combination of a multi-objective genetic algorithm and the FLUS model
allows for the optimization of LULC structure and quantity, as well as spatial distribution sim-
ulation, resulting in a more visually comprehensible depiction of the landscape. Notably, in
locations significantly impacted by human activity, LULC patterns with considerable eco-
nomic benefits tend to convert. LULC patterns with significant ecological advantages, on the
other hand, are largely modified in places that are concentrated, continuous, and at higher
altitudes.
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4.4. Analysis of ESs efficiency based on future LULC patterns

Calculate four ecosystem services based on the simulation results of land use in various scenar-
ios: water conservation, habitat quality, carbon sequestration, and soil erosion. Create spatio-
temporal distribution maps of the following ecosystem services’ efficiency (Figs 10-13).

The efficiency of water yield in 2030 is shown for three alternative LULC patterns. The low
water yield region has reduced in comparison to 2020; however, due to a large rise in the geo-
graphical distribution of high water yield, the average water conservation service in the study
area is predicted to increase in comparison to the 2020 average value (6.16x10°m”). The water
yield in 2030 is expected to be 6.25x10°m”, 6.63x10°m”’, and 6.43x10°m” under the natural
scenario, ecological scenario, and protected development scenario, respectively. Places with
poor water conservation values are mostly concentrated in Chongging’s major metropolitan
region, whereas places with high water yield values are mostly concentrated near the reser-
voir’s head.

The effectiveness of soil erosion services in 2030 is shown for three alternative LULC pat-
terns. For the year 2020, the soil erosion values were 1.32x10” t/km”. Soil erosion values in
2030 are expected to be 1.29x10° t/km?, 1.25x10° t/km?, and 1.26x10° t/km?, respectively,
under the natural scenario, ecological scenario, and protective development scenario. The
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Fig 10. Water yield chart for the TGRA in 2030 under different scenarios. Land use results from FLUS model simulations and INVEST model results for
future Water yield.

https://doi.org/10.1371/journal.pone.0305400.9010
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Fig 11. Soil retention chart for the TGRA in 2030 under different scenarios. Land use results from FLUS model simulations and INVEST model results for
future Soil retention.
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regional spread has shrunk in comparison to 2020, while the total numerical values have risen.
In 2030, sections including Jiangjin, Changshou, and Wanzhou in the reservoir’s middle and
northern reaches see soil conservation service deterioration compared to 2020.

The following are the carbon storage figures for 2030 under three distinct LULC patterns:
Under the natural development scenario, prospective carbon storage in the TGRA is lowered
from 615.92 g-m™* in 2020 to 595.62 g-m ™ in 2025. Future carbon storage values in the ecologi-
cal conservation scenario and the integrated protection and development scenario are higher
than in 2020, rising from 615.92 g-m™ to 635.24 g-m > and 626.32 g-m >, respectively.

The effectiveness of habitat quality services in 2030 is shown for three alternative LULC pat-
terns. In terms of spatial distribution, the change trend is rather minor in comparison to 2020.
High-value areas are mostly found in Shizhu, Wulong, and Wuxi, whereas low-value areas are
mostly found on the west side of the reservoir area in Jiangjin t, Chongqing’s major metropoli-
tan centre, and Changshou.

4.5. Analysis of the impact of land use patterns on the ESs efficiency

4.5.1. Impact of 1990-2020 LULC pattern changes on ESs efficiency. The Three Gorges
Water Conservancy Hub Project began in December 1994, involving the relocation of urban

PLOS ONE | https://doi.org/10.1371/journal.pone.0305400 July 9, 2024 19/34


https://doi.org/10.1371/journal.pone.0305400.g011
https://doi.org/10.1371/journal.pone.0305400

PLOS ONE Land use planning for the enhancement of ecosystem service capacity

N

2030 Natural development scenarios 2030 Ecological protection scenarios

0 50 100 200 300 400

Carbon sequestration(t)

P 11619

0

Fig 12. Carbon sequestration chart for the TGRA in 2030 under different scenarios. Land use results from FLUS model simulations and INVEST model
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and rural residents in flooded areas along the Yangtze River, as well as the occupation of eco-
logical land such as cultivated land, forests, and grasslands for infrastructure development.
This resulted in an increase in construction land area from 4.08x10°® m? in 1990 to 23.86x10®
m? by 2020. The middle and western areas of Chongqing’s main urban areas, including Jiang-
bei, Yubei, Shapingba, and Jiulongpo, are the most impacted. On the one hand, growing
urbanization encroaches on ecological land, reducing the effectiveness of ESs. Construction
and growth of metropolitan areas, on the other hand, entail the consumption of food, carbon
emissions, energy, water resources, and so on, all of which have a substantial negative influence
on the regional efficiency of ESs. The spatial characteristics of the reservoir area show a
decrease in cultivated land area of 14.1x10® m? a decrease in grassland area of 19.08x10® m? a
decrease in unused land area of 106.11 hectares, an increase in forest land area of 8.72x10% m?,
and an increase in water area of 4.5x10® m” over the course of 30 years. The rise in forest land
area may be ascribed to the TGRA’s conversion of cultivated land to forest since 2002, as well
as the efficient implementation of regional environmental preservation and restoration initia-
tives. The growth of the water area is the outcome of the Three Gorges Reservoir’s phased
impoundment, which results in a progressive overall rise in water surface area.

The TGRA’s alterations in LULC patterns have a substantial influence on ESs efficiency.
The reservoir region’s grain production capability has decreased from 78t/m” to 62t/m” over
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Fig 13. Habitat quality chart for the TGRA in 2030 under different scenarios. Land use results from FLUS model simulations and INVEST model results for
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30 years due to a decline in cultivated land area. The increase in forest land area has success-
fully increased the ecosystem’s potential for carbon storage and sequestration, with carbon
storage in the reservoir region increasing from 535.32g/m” to 616.20g/m’. NPP has increased
from 42.98tC to 46.96tC, helping to promote ESs.

The water yield services in the TGRA have a declining and then increasing pattern. This is
due to the construction of the Three Gorges Dam and the relocation of population in the reser-
voir region, which resulted in the conversion of a major section of forests and grasslands in
various districts and counties into agricultural and construction land. As a result, water con-
servation services in the research region have significantly declined. Nonetheless, with the
impoundment of the Three Gorges Dam, the water surface area has increased. Furthermore,
since 2012, the reservoir region has actively undertaken initiatives, including the conversion of
farmland to forests and grasslands, the establishment of green belts in the reservoir area, and
the restoration of farmland to forests and grasslands. As a result, vegetation covering has
improved, and total water conservation service capacity has steadily increased.

The changes in soil erosion services follow the same pattern as those in water yield services, with
an initial reduction followed by an increase. This is strikingly similar to Tian Yu’s and others’ study
findings. In 2010, the regions with poor soil erosion services were predominantly concentrated in
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the central reservoir area, which is connected to the region’s rapid expansion of urban building and
business. Concurrently, this tendency is linked to precipitation levels. Reduced precipitation in
degraded regions in 2010 resulted in a decline in the values of soil erosion services to some extent,
driven by the Rainfall Erosivity Factor (R) in the Revised Universal Soil Loss Equation (RUSLE).
Although certain places still had deteriorated soil retention services in 2020, generally, improve-
ments in vegetation covering contributed to a rise in the value of soil erosion services.

4.5.2. Analysis of the impact of different scenarios of land use simulation in 2030 on
Ess. Following are some of the tendencies that are revealed by the simulation results of three
distinct LULC scenarios: In the natural growth scenario, the total area of ecologically useful
land, which includes grassland and farms that contribute favorably to ecological sustainability,
has declined in comparison to the year 2020. This is despite the fact that the forest area has
reached a higher level. Meanwhile, the area of land that is used for development has grown,
with the majority of this expansion occurring in the primary urban centre of Chongqing,
which is located near the downstream end of the reservoir.

Compared to the year 2020, the ecological system has shown an increase in its capacity to
store carbon and manage soil erosion. This is supported by the ecological protection scenario.
When compared to the natural development scenario, this scenario produces a greater number
of positive effects on the environment. As a result of the conversion of some farmland into
environmentally useful land, such as woods and grasslands, the ecological protection scenario
leads to a decrease in food production. This is in contrast to the integrated conservation and
development scenario, which results in an increase in food production.

In order to determine the geographical and temporal disparities of four ecosystem services in
the Three Scenarios by the year 2030, a global spatial autocorrelation study was carried out using
the Geoda program. This analysis was performed on the administrative divisions of the TGRA.
Figs 14-17 display the Moran scatterplots for the four ecological services that are being discussed.
The figures demonstrate that there is a geographically positive correlation between the four eco-
system services whenever any of the three scenarios are included. Local spatial autocorrelation
analysis was further employed to generate LISA cluster maps for the four ecosystem services (Figs
18-21). Within the TGRA, the geographic correlation features of carbon storage, habitat quality,
water yield, and soil erosion were analysed and identified. These qualities were shown to be spa-
tially related. High-value areas of water conservation, soil retention, carbon storage, and habitat
quality in the ESs efficiency overlap to some extent, so do the low-value areas.

Within the reservoir region, the first and middle parts are where the majority of the high-value
areas of ESs are located. This pattern is due to the fact that certain regions have a greater covering
of grasslands and woods than other regions. Afforestation and the conversion of farmland into
forest are two examples of ecological protection methods that have been implemented in these
regions. These strategies have effectively improved the efficiency of carbon sequestration, water
yield, and habitat quality in the local ecosystem. Despite the fact that the TGRA is confronted with
obstacles such as frequent geological catastrophes, sensitivity to water conditions, and severe soil
erosion, the demarcation of regional ecological protection redlines has effectively controlled the
encroachment of ecological land. This has helped to ensure that the TGRA continues to preserve
its biodiversity, as well as its water conservation and soil retention efforts.

5. Discussion

5.1. Promotion of sustainable land use planning in the TGRA for the
enhancement of ESs capacity

Changes in LULC patterns are one of the most important variables determining the effective-
ness of ecosystem services. Changes in LULC patterns have an influence on the regional
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Fig 14. Spatial autocorrelation Moran scatter plot of carbon sequestration in the TGRA in 2030 under different scenarios. Representation of the
correlation between carbon sequestration under different scenarios by means of a moran scatter plot.
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ecosystem structure, processes, and functions, lowering the efficiency of regional ecosystem
services. The TGRA is a key biological barrier in the Yangtze River Basin, as well as a vital
reserve for national freshwater resources. Improving the effectiveness of regional ecosystem
services in the TGRA is critical. The objective is to create a reservoir living community out of
mountains, water, woods, fields, lakes, and grasses while conserving the authenticity and integ-
rity of the TGRA’s biological system. Coordination of the scientific definition and administra-
tion of the three redlines (ecological protection redline, permanent basic farmland protection
redline, and urban development boundary) is also critical for the TGRA’s long-term growth.
The TGRA'’s sustainable land use planning aims to improve ESs efficiency, optimize the dis-
tribution of different land use types, and achieve maximum ESs efficiency, the strongest
resource and environmental carrying capacity, and optimal land benefits through the assess-
ment of regional natural resources’ carrying capacity (land, water, flora and fauna, minerals,
etc.). As a result, the control of the red line for the protection of permanent basic farmland in
the reservoir area, under scenarios of ecological conservation and coordinated development,
prevents high-quality arable land and agricultural space from being encroached upon by other
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socio-economic activities, as demonstrated in this study through quantitative analysis and pre-
diction of future LULC pattern changes. This successfully secures the TGRA’s food produc-
tion’s long-term expansion. The TGRA is vulnerable to geological disasters, sensitive to water
conditions, and a critical region for soil erosion prevention and control. The Three Gorges
region’s scientific demarcation and stringent supervision have severely limited encroachment
on ecological and agricultural land. This has aided in water conservation, soil retention, and
biodiversity preservation in the TGRA, assuring the security of regional food production.
Human-environment conflict is important in the TGRA, with urban agglomeration primarily
centred along the banks of the Yangtze River in the Yangtze River Basin. The unrelenting pur-
suit of urban development size at the price of encroaching on agricultural and biological land
poses a major danger to the reservoir area’s ESs efficiency in the "high-speed, low-quality”
urbanization process. Controlling the urban development boundary effectively prevents disor-
derly urban expansion, reduces excessive urban development on ecological land, and improves
the reservoir area’s ecosystem services, such as water conservation, food production, and habi-
tat quality.
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5.2. Coordinated strategies for the protection and development of the
TGRA

Guided by national policies such as the Yangtze River conservation and the high-quality devel-
opment of the Yangtze River Economic Belt, the combined efforts of high-level preservation
and high-quality development in the TGRA are key components of its sustainable growth in
the future. The high-level protection that is provided by the TGRA is systematically directed
towards the whole Yangtze River basin. The objective of this protection is to maintain the
overall integrity, stability, and efficiency of the ecosystem that is found in the reservoir sector.
First and foremost, it is necessary to conduct a scientific evaluation and draw borders for eco-
logical buffer zones, urban building areas, industrial production regions, and other places.
Additionally, control mechanisms should be strengthened in order to better safeguard and
increase the ecological efficiency of ecological land. The second step is to strengthen the imple-
mentation of essential technological research and development for vegetation protection and
restoration projects such as the Long-Term Forestation Program, Tianbao Project, and the
Conversion of Cropland to Forest Project. In the TGRA, the restoration of the structure and
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Fig 17. Spatial autocorrelation Moran scatter plot of soil retention in the TGRA in 2030 under different scenarios. Representation of the
correlation between Soil retention under different scenarios by means of a moran scatter plot.
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functions of the ecosystem is successfully promoted by the rise in the amount of forestland,
grassland, and other forms of land, as well as the balanced spatial distribution of their respec-
tive types of land. Also, the efforts that are being made to ensure the safety of the water envi-
ronment and to restore the ecological system in the TGRA should be intensified. Because there
are so many tributaries in the reservoir region, it is important to think of each tributary basin
as a separate entity. This will allow for the further consolidation of efforts in river management
(the River Chief System) and complete treatment techniques that are suited to one particular
river. The geographical arrangement of production, living, and biological areas along the
tributaries in the reservoir area should be taken into consideration. Additionally, the gover-
nance needs of various regions should be addressed, and an important and representative
selection of tributaries should be made for systematic management. In order to encourage the
conservation of water resources, improve the quality of the water environment, and increase
the functioning of aquatic ecosystems, it is necessary to implement comprehensive measures
such as the conservation of soil and water, the protection and restoration of aquatic ecosys-
tems, the connection of rivers, and the development of integrated rural environmental
conditions.
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Fig 18. LISA map of carbon sequestration in the TGRA in 2030 under different scenarios. Demonstrating the spatial correlation of
Carbon sequestration measured under different future scenarios through LISA clustering.
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It is critical to clarify the fundamental logic of how high-level protection drives high-quality
development and how high-quality development leads to high-level protection. This will help
to reinforce the foundation for collaborative conservation efforts and the goal of creating a
green development demonstration zone where humans and the environment can dwell in har-
mony. It is critical to adhere to an ecological priority and green development strategy in the
reservoir region, embracing the road of industrial ecologicalisation and ecological industriali-
sation. On the one hand, maintain comprehensive governance, systematic governance, and
source control rules based on exact, scientific, and legally sound pollution control principles.
Create a strong biological barrier in the Yangtze River basin to help achieve the goals of "peak
carbon" and "carbon neutrality," better supporting the region’s high-quality development. The
foregoing approaches increase the stability of the reservoir embankment slopes as well as the
structure and functions of the terrestrial ecosystem surrounding the reservoir. The goal is to
create a healthy and stable ecology around the reservoir, as well as to improve the ecological
carrying capacity of the surrounding area. Moreover, it is critical to accelerate the advance-
ment and enhancement of digital infrastructure building to lay a strong foundation for the suc-
cessful modernization of the TGRA’s ecosystem governance system and governance capability.

5.3. Innovation and limitations

Previous TGRA research on LULC and ESs has mostly been focused on present land use pat-
terns, calculating the service capacity of 2-4 types of ecosystems, and so on. However, study
that focuses on forecasting future changes in LULC patterns, projecting trends in the efficiency
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Fig 19. LISA map of water yield in the TGRA in 2030 under different scenarios. Demonstrating the spatial correlation of Water yield measured under
different future scenarios through LISA clustering.
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of six ESs, and investigating ESs efficiency enhancement are scarce. Building on standard ESs
evaluations, this study integrated two more categories of ecosystem services, namely grain pro-
duction and NPP. The study adopted a hybrid approach of FLUS model and InVEST, RUSLE,
CASA, etc. The simulation and projection of the land use pattern in the TGRA for the year
2030, as well as the anticipation of future trends of six types of ESs, were carried out. Com-
pared with S Li, Q Xiong’s study [63, 64] on ecosystem services in the Three Gorges Reservoir
area, the present study is relatively more comprehensive in terms of time span and results, and
makes predictions about future ecosystem services. Furthermore, the study used global vari-
able spatial autocorrelation and local variable spatial autocorrelation analysis methods for the
simulated ESs types in 2030 to investigate the spatial correlation and aggregation characteris-
tics between the future LULC pattern changes in the TGRA and various ESs. The study sought
to analyse the mechanisms by which land use patterns affect ESs from the standpoints of poli-
tics, society, and technology.

However, there are certain limitations to this study. On the one hand, data resolution, such
as land use, can affect the precision of ESs evaluations. Moreover, when modeling over long
periods, the Geo SOS-FLUS model may encounter limits, thereby impacting forecast accuracy.
The projection of grain production services, on the other hand, is based on existing
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Fig 20. LISA map of Habit quality in the TGRA in 2030 under different scenarios. Demonstrating the spatial correlation of ¢ Habit quality measured under
different future scenarios through LISA clustering.
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development patterns mixed with predicted improvements in future agricultural production
technology levels. The precision of this forecast is insufficient. Future studies will address the
shortcomings identified above by investigating analytical methodologies more scientifically
and accurately, notably in LULC prediction models and ESs evaluation methods. Furthermore,
additional research into acquiring finer data will be undertaken in order to facilitate a more
scientifically grounded study on land use simulation and ESs in the TGRA.

6. Conclusion

The TGRA is used as the research object in this work. We combine the FLUS and InVEST
models, as well as the RUSLE model, using data such as land cover from 1990 to 2020, meteo-
rological data, soil data, elevation data, NDVI data, and a GIS platform. The goal is to use the
TGRA to model the future LULC pattern. In addition, the study intends to evaluate and fore-
cast the efficacy of six types of ESs. From 1990 to 2020, the regional differences and temporal
trends in six types of ecosystem services in the TGRA were studied. The study also looked at
the influence of future changes in LULC patterns on ESs efficiency. The following are the par-
ticular primary conclusions:

PLOS ONE | https://doi.org/10.1371/journal.pone.0305400 July 9, 2024 29/34


https://doi.org/10.1371/journal.pone.0305400.g020
https://doi.org/10.1371/journal.pone.0305400

PLOS ONE Land use planning for the enhancement of ecosystem service capacity

N

2030 Natural development scenarios 2030 Ecological protection scenarios
e i : 0 50 100 200 300 400

Arity i’ Bl H-H B L-H
F - EE
v .| Insignificant

2030 Protection and development coordination scenarios

Fig 21. LISA map of soil retention in the TGRA in 2030 under different scenarios. Demonstrating the spatial correlation of Soil retention measured under
different future scenarios through LISA clustering.
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1. From 1990 to 2020, the TGRA’s water conservation service values exhibited an initial fall
followed by a rise. High-value areas are mostly located in the reservoir’s central and eastern
sections, whereas low-value areas are mostly found in the western section. The soil reten-
tion services’ values initially declined and subsequently climbed. High-value areas are con-
centrated in Wuxi, Yiling, and Xingshan, whereas low-value areas are concentrated along
the banks of the Yangtze River and in the central urban area. Carbon sequestration capacity
has been rising year after year, with average carbon sequestration in 2020 being 11.45%
more than in 2000, suggesting a considerable rise. The quality of habitat has remained gen-
erally steady, with only minor changes in spatial patterns, but a reduction was noted in
2020, indicating the possibility of ecological deterioration.

2. The following are the simulation findings for three LULC scenarios: Under the natural
development scenario, carbon storage and soil retention achieve their maximum values
while their organic matter production function declines. Under the natural development
scenario, the carbon storage value in 2030 falls from 615.92 g/m* in 2020 to 595.62 g/m” in
2030. The development of residential land in Chongqing’s major metropolitan region has
increased land area while decreasing carbon storage.
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3.

The four ecosystem services display positive geographical association, according to a global
spatial autocorrelation study of the administrative divisions in the TGRA and the spatio-
temporal variations in the four ESs under the three scenarios in 2030. Each ESs’s high and
low-value areas are spatially adjacent, demonstrating a strong positive spatial correlation.
Carbon storage, water yield, and habitat quality all show comparable regional distributions
under the three scenarios, according to a local spatial autocorrelation study. High-value
areas for ESs are found in the reservoir’s initial and middle parts, probably due to increased
regional forest cover in these places.

Variations in ESs are caused by changes in the TGRA’s LULC pattern. Understanding the
sustainable planning strategies for future LULC patterns is critical in the Yangtze River
Basin, as an ecologically significant region in the Yangtze River Basin, a critical component
of the Yangtze River Economic Belt, and a pivotal hub in the urban agglomerations of both
the Middle and Upper Yangtze, as well as Chengdu-Chongqing. Exploring the harmonic
route between high-level protection and high-quality development in this region is critical
for the continuing growth of the Yangtze River Economic Belt’s high-quality development
plan.
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