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Abstract: Human actions have led to consistent and profound alterations in land use, which in
turn have had a notable effect on the services provided by ecosystems. In this research, the Google
Earth Engine (GEE) was initially employed to perform a supervised classification of Landsat satellite
images from 2000 to 2020, which allowed us to obtain land-use data for Putian City, China. Next,
the geo-informatic Tupu model and the revised valuation model were used to explore the spatial
attributes and ecological effects of land-use changes (LUCs). Subsequently, EEH (eco-economic
harmony), ESTD (ecosystem services tradeoffs and synergies degree index), and ESDA (exploratory
spatial data analysis) methods were employed to further analyze the coordination level, trade-offs,
synergies, and spatial patterns of ecological-economic system development. The findings revealed
that: (1) The land-use composition in Putian City was predominantly cultivated land and forest
land, with other types of land intermixed. Concurrently, there was an ongoing trend of expansion
in urban areas. (2) ESV in Putian City exhibited an upward trend, increasing from 15.4 billion CNY
to 23.1 billion CNY from 2000 to 2020. (3) ESV exhibited an imbalance in spatial distribution, with
high-high agglomeration areas concentrated in the central part of Putian City and the coastal region
of Hanjiang District, while low-low agglomeration areas were prevalent in Xianyou County in the
southwest, Xiuyu District along the coast, and Licheng District in the urban center. (4) Synergistic
relationships among ESs predominated, though the trade-off relationship showed a tendency to
expand. (5) The ecological environment and economic progress in Putian City collectively faced a
region of potential risk. The findings of this study are intended to serve as a guide for improving the
distribution of land resources and for developing strategies that ensure the sustainable development
of the region’s socio-economic framework.

Keywords: land-use changes; ecosystem services valuation; geo-informatic Tupu; eco-economic
harmony; tradeoffs and synergies; spatial-temporal variation

1. Introduction

Land-use changes (LUCs) are regarded as the most prominent and direct driver of
terrestrial ecosystems, capable of profoundly altering ecosystem dynamics and their spatial
distribution, thereby impacting ecosystem structure and function and often diminishing the
ecosystem’s capacity to provide diverse essential services [1-5]. Ecosystem services (ESs)
encompass a broad range of benefits derived by humans from the structure, function, and
processes of ecosystems. These benefits include tangible products, such as food production,
raw materials, and clean water sources, as well as intangible services, like water and soil
conservation, gas regulation, and landscape culture [6,7]. Collectively, these contribute to
the establishment and sustenance of environmental conditions and the material foundation
essential for human survival.
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The quantification and expression of these benefits are encapsulated by the concept of
ecosystem services value (ESV). ESV, an essential indicator of a region’s ecological health
and environmental benefits, holds profound implications for regional ecological civilization
and sustainable development. The progression of social and economic factors propels the
transformation of land utilization, particularly altering ecological zones for construction
and industrial activities, which leads to a decrease in biodiversity. This alteration induces
instability in ecosystem structure, diminishes ESs, and poses a threat to the sustainable
development of the region. Simultaneously, it precipitates an ecosystem imbalance, ele-
vating the costs associated with restoration [8]. Traditional land-use policies are failing to
adequately measure and reflect ESs” hidden value and cost, which is a major contributor
to their decline [9]. These policies often overlook the intricate relationship between ESs
and LUCs [10]. Human activity and migration are significant factors influencing LUCs
and ESs provision across distinct spatial and temporal scales, according to research [11,12].
LUCs primarily impact ecosystem processes, including energy exchange, soil erosion, water
cycling, aesthetic landscape, and biogeochemical cycles [13-17], ultimately influencing the
provisioning of ESs. A land-use practice’s specific impact determines the magnitude of this
impact [18]. Therefore, to explore the spatial-temporal evolution of land use and to assess
the mechanisms behind the impacts of LUCs, ESV is crucial not only for promoting the
rational utilization of land resources and fostering sustainable socio-economic development
but also for building ecological civilization and a framework for ecological security in the
contemporary age.

Coastal cities, pioneers in marine economy development due to their rich natural and
economic resources, now confront new challenges in land-use planning and management
as they pursue sustainable development. Consequently, exploring the LUCs in coastal
cities is particularly pertinent and illustrative [19-22]. This study aims to investigate the
spatial-temporal evolution of LUCs and their impacts on ecosystem services. Our primary
objectives are twofold: (1) to understand how LUCs and ESV evolve and differentiate
spatially, and (2) to explore the underlying mechanisms affecting these patterns.

2. Literature Review

Land-use changes (LUCs) stem from the interplay between human socio-economic
endeavors and the natural environment. As a key factor influencing both ecosystem
services and climate change, LUCs can make ecosystems susceptible to damage [23,24].
Acting as a bridge between nature and society, ecosystem services intricately connect LUCs
with human well-being, thereby serving as a crucial nexus for regional ecological security
and socio-economic development [25,26]. Nevertheless, in the wake of urban expansion,
industrial growth, and socio-economic progress, certain land-use practices that are not
sustainable have caused considerable harm to natural ecosystems [27-29]. This has led
to a marked reduction in the value of regional ecosystem services and has weakened the
ecosystems’ ability to offer vital functions [30-32]. As the conflict between ecological and
socio-economic development intensifies, an urgent issue presents itself: whether finite
natural resources and delicate ecosystems can endure the demands of continuous global
socio-economic growth. This issue poses a significant scientific challenge that demands
immediate attention and resolution.

Additionally, ecosystem services (ESs) exhibit trade-offs or synergies [33-35], where
the provision of one service may be associated with either an increase or decrease in other
services. Trade-offs refer to situations where an increase in the provision of one ecosystem
service is accompanied by a decline in one or more other services. Synergies, on the other
hand, occur when the provision of two or more ecosystem services increases or decreases
simultaneously [36,37]. These relationships between ESs have become a central focus of
ecosystem research, with scholars employing models such as ARIES (Artificial Intelligence
for Ecosystem Services), CASA (Carnegie Ames Stanford Approach), and InVEST (Inte-
grated Valuation of Ecosystem Services and Tradeoffs) to explore the scale effects, spatial
patterns, and underlying mechanisms of these interactions [37—42]. Current research on ESs
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is primarily focused on theoretical analysis and model simulation, with limited application
in translating scientific knowledge into decision-making processes. However, evaluating
ESs in monetary terms has the potential to quantify the benefits derived from ecosys-
tems, enabling the calculation of natural capital, gross ecosystem product, the sustainable
use of land resources, and the formulation of ecological compensation standards [43—45].
Quantifying the monetary value of ESs can enhance decision-making processes and has
gained increasing prominence among policymakers and scholars in recent years [42,46-50].
Land-use patterns vary considerably across regions, leading to distinct ecosystem service
provision. Costanza et al. pioneered the evaluation of ESV [6], Chinese researchers Xie et al.
extended Costanza’s approach by developing the “equivalent factor table of ecosystem
services value in China”, a widely adopted tool for ESV assessments [8]. Due to the het-
erogeneous nature of ecosystems [51-55], the equivalent factor table, which is based on
national averages, requires adjustments to account for the specific characteristics of the
study area. As people increasingly value the quality of their environment, they are willing
to contribute financially to its protection [4,56]. Therefore, incorporating ability-to-pay and
willingness-to-pay considerations into ecosystem services value assessments is essential for
establishing an effective ecological compensation mechanism [4,47,57,58].

A review of the literature shows that numerous investigators have utilized the ecosys-
tem services valuation technique introduced and refined by [6,8] to evaluate ESV across a
range of ecological entities and at different scales of space and time [30]. This methodology
has led to significant discoveries and has propelled the field of ecosystem services valuation,
providing a beneficial structure for our research. However, the current body of literature
identifies several pivotal areas that necessitate further enhancement. Firstly, it is a common
understanding that the progression of land use shapes the variations in the economic value
of ecosystem services. Numerous studies have examined the spatial and temporal trends
of land-use changes (LUCs) through models like the land-use dynamic degree model,
landscape pattern indices, etc. But these approaches often offer only a partial synthesis of
the spatial and temporal dimensions. Although these research methodologies shed light on
the characteristics of LUCs’ spatial and temporal evolution, they frequently fall short of
seamlessly merging the temporal sequence with spatial configurations. The characteristics
derived from such analyses often lack a visual component, and non-spatial data are not
fully represented in terms of their geographical placement. Thus, there is an essential
requirement for a spatio-temporal composite analysis method that can visually and dynam-
ically depict the processes of LUCs using mapped units. Fortunately, the geo-informatic
Tupu model provides a spatio-temporal analysis technique that is capable of delineating
the spatial structural traits and temporal shifts of events through advanced data mining
and specific processing techniques. This method, by creating a series of intuitive graphs,
images, and schematic information in the form of Tupu units, aids in the visualization of
the processes of LUCs [59-63]. Essentially, the geo-informatic Tupu model allows for the
recording of complex spatiotemporal land-use data using Tupu units, which enhances the
precision, clarity, and realism of LUCs research. Secondly, the majority of prior research has
concentrated on the impact of ESV within individual ecological units, neglecting the reality
that different units possess distinct abilities to supply ecosystem services (ESs). These vari-
ations have direct and indirect effects on the emergence and provision of ESs. In summary,
while current research on LUCs and ESV has yielded important findings, there is a need
for more in-depth study in two principal areas: (1) Current studies predominantly con-
centrate on the temporal trends and spatial patterns of LUCs and ESV, with less attention
given to the underlying mechanisms that dictate how specific land use affects ecosystems.
(2) While some researchers have begun to explore spatial interaction as a factor influencing
ESV, studies employing a grid-based approach are relatively limited [64]. The grid method
utilizes grid cells as the primary data carriers and analytical units, ensuring uniform grid
areas. This approach significantly enhances the accuracy of ESV analysis within the study
area and facilitates more meaningful comparisons of ecosystem services values [65-68].
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Putian City, a burgeoning coastal tourist hub in China, is celebrated for its rich bio-
diversity and is the national production base for longan, litchi, and olive. It’s also a key
region for subtropical crops such as loquat and Wendan pomelo and has been designated
as “China’s premier loquat hometown” by the Ministry of Agriculture and Rural Affairs.
Putian City, situated as a key element within the Economic Zone on the West Bank of the
Strait, holds an essential position in the ecological security structure of Fujian Province in
China. In recent years, the rapid expansion of highway and railway networks, along with
the processes of industrialization and urbanization, have led to a substantial transforma-
tion of agricultural and ecological lands into urban and built-up areas. This development
has sparked a conflict between the protection of arable land, ecological preservation, and
the growth of urban spaces. These patterns of resource exploitation have given rise to
challenges such as sensitive shifts in land use and suboptimal urban development [69].
Nonetheless, there has been a scarcity of research on LUCs and their ecological conse-
quences within Putian City. It is imperative, we contend, to closely monitor and analyze
the transformations in land use, and to conduct a timely examination of the spatial and
temporal dynamics of LUCs, as well as the root causes behind these changes.

Accordingly, the main objectives of this study were: (1) understanding how LUCs
and ESV evolve and differentiate spatially; and (2) how they are affected by underlying
mechanisms. Therefore, this study initially analyzed the spatial-temporal evolution pattern
of land use by utilizing the geo-informatic Tupu method from 2000 to 2020. Building
upon this analysis, we modified the traditional ecosystem services valuation model by
incorporating adjustment coefficients for biomass and socioeconomic factors, enabling
us to investigate the ecosystem’s response to LUCs and their impact mechanisms at the
multi-scale. And then, this study analyzed the coordination level, trade-offs, synergies,
and spatial patterns of regional ecological-economic system development by using EEH,
ESTD, and ESDA methods. The findings of this study not only provide decision-making
references for optimizing land resource allocation but also inform the formulation of
regional socio-economic sustainable development strategies.

3. Study Area and Methodologies
3.1. Study Area

Putian City, with its distinct geographical advantages, is located in the central coastal
region of Fujian Province, China (24°59'-25°46' N and 118°27'-119°39" E). It is connected
to the north with the provincial capital, Fuzhou City, and to the south with the historic city
of Quanzhou. To the west, it is bordered by the Daiyun Mountains, and to the southeast,
it faces the Taiwan Strait, looking across the sea towards Taiwan Province. Putian City
governs one county and four districts (Xianyou County, Licheng District, Chengxiang
District, Hanjiang District, and Xiuyu District), with a maritime area of 11,000 square
kilometers (Figure 1). It covers a total area of 3923.49 km?. Throughout the study period
from 2000 to 2020, the city’s boundaries remained consistent, with no administrative
changes that could influence the land use indicators presented in this analysis.

Putian City, the focal point of this study, has experienced notable land use changes
in the past [70,71]. Putian’s topography exhibits a distinct contrast between its northwest
mountainous region and its southeast coastal plain, with the Xinghua Plain, the third
largest plain in Fujian Province, forming the city’s major agricultural and aquaculture hub.
This plain is traversed by three rivers flowing northwest to southeast, providing crucial
water resources for industry, agriculture, and domestic use. And biodiversity within the
region is characterized by a rich tapestry of species with notable diversity and abundance,
particularly in the Xinghua Plain, which serves as a critical habitat for numerous endemic
and migratory species. The species composition varies across different land use types,
reflecting the ecological responses to human activities. Climatically, Putian City is situated
in the subtropical zone, marked by distinct seasons, moderate temperatures, and a humid
climate. The soil primarily consists of red soil and paddy soil, with evergreen broad-
leaved forests dominating the vegetation. In 2020, the city’s Gross Domestic Product
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(GDP) stood at 264.34 billion CNY, with the primary sector (agriculture-based) contributing
4.75%, the secondary sector (industry-based) contributing 51.53%, and the tertiary sector
(service-oriented) contributing 43.72%. Faced with the limitations of scarce land resources
and the necessity to harmonize economic and social progress with ecological protection,
maintaining this balance is of paramount importance.
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Figure 1. Location of the study area. Sources: Drawings from this study.

3.2. Methodologies
3.2.1. Geo-Informatic Tupu

The geo-informatic Tupu model captures the spatiotemporal composite information
of land-use changes (LUCs) through Tupu units, which possess the integrated attributes
of quantitatively representing “spatial pattern” and “temporal sequence” under various
spatiotemporal conditions, thereby enhancing the intuitiveness and precision of LUCs
analysis [63]. The Tupu unit is constituted by the amalgamation of spatial units with time
series units, and the process of selecting and gathering these units is a pivotal phase in the
creation of the Tupu. Given the complexity and lengthiness of the operational processes
associated with the aforementioned parameters and considering that numerous studies
have already detailed these procedures, this paper will not repeat them [27,63].
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3.2.2. Land-Use Dynamic Degree

The land-use dynamic degree provides a quantitative measure of the pace at which
LUC:s occur, playing a significant role in assessing and comparing the regional disparities
and tendencies of LUCs [72]. The equation is as follows:

S uy-u, 1

X = x 100% (1)

K
U, T

where K signifies the rate of change, or dynamic degree, associated with a particular
category of land use; U, and U;, denote the respective areas occupied by that specific
land-use type at two distinct points within the time frame of the study; and T symbolizes
the duration of the research period over which the land-use changes are being observed
and measured.

3.2.3. Ecosystem Service Classification System

The Millennium Ecosystem Assessment (MEA) represents a comprehensive, global
effort to evaluate the state and trends of ecosystem services, the contributions of these
services to human well-being, and the options available to conserve and use them sus-
tainably [73]. Guided by the MEA, ecosystem services (ESs) are categorized into 4 types:
provisioning services (e.g., food, raw materials, and medical resources, etc.), regulating
services (such as ecological processes and dynamics, climate regulation, and carbon seques-
tration, etc.), supporting services (such as nutrient cycling and primary production, etc.),
and cultural services (e.g., aesthetic landscapes, cultural heritage values, etc.). Based on the
classification system proposed by Xie et al. [8], the study adopted 4 top-level indicators
and 11 secondary-level indicators, as shown in Table 1.

Table 1. Classification system of ecosystem services.

Top Classification of Ecosystem Secondary Classification of Ecosystem
Services (TCES) Services (SCES)
Food production, FP
Provisioning services, PS Material production, MP
Water supply, WS

Gas regulation, GS
Climate regulation, CR
Purify environment, PE

Hydrologic adjustment, HD

Regulating services, RS

Soil conservation, SC
Supporting services, SS Maintaining nutrient cycle, MNC
Bio-diversity, BD

Cultural services, CS Aesthetic landscape, AL

Sources: Cited from Xie et al. [8].

3.2.4. Ecosystem Services Valuation Model

As described above, Costanza et al. pioneered the evaluation of ESV [6], Chinese
researchers Xie et al. extended Costanza’s approach by developing the “equivalent factor
table of ecosystem services value in China”, a widely adopted tool for ESV assessments [8].
Due to the heterogeneity of ecosystems [74], we modified the value coefficients and divided
the ESs into 4 types and 11 sub-types for the study area (Table 2), based on the framework
of [8]. An evaluation model of ESV suitable for the study area was constructed using the
socioeconomic coefficient factor and biomass factor [4], as shown below:

n
ESV =) A;xVC; xS x PI (2)
i=1
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where ESV stands for the total economic value of the ecosystem services (103 CNY) pro-
vided; A; represents the area (hm?) of the i-th land-use type; VC; is the ESV equivalent
per unit area in Putian City (Table 2); S and PI are adjustment coefficients that account
for the biomass factor and the socio-economic factor, respectively; and # is the total count
of land-use types. Given the complexity and lengthiness of the operational processes
associated with the aforementioned parameters, and considering that numerous studies
have already detailed these procedures, this paper will not repeat them [4].

Table 2. ESV equivalent per unit area in Putian City (unit: CNY/hm?-a).

TCES SCES CL FL OL GL WB BL UL
FP 2645.66 604.55 1625.10 558.66 1915.41 23.94 23.94
PS MP 586.59 1388.67 987.63 822.03 550.68 0.00 71.83
WS —3124.51 718.28 —1203.12 45491 19848.41 —17980.88 47.89
GS 2130.89 4567.05 3348.97 2889.07 1843.58 —5794.11 263.37
RS CR 1113.33 13665.23 7389.28 7637.69 5482.85 0.00 239.43
PE 323.22 4004.40 2163.81 2521.95 13288.14 —5889.88 742.22
HD 3579.42 8942.56 6260.99 5594.59 244789.04 0.00 502.79
SC 1245.01 5560.67 3402.84 3519.56 2226.66 47.89 311.25
SS MNC 371.11 424.98 398.05 271.35 167.60 0.00 23.94
BD 407.02 5063.86 2735.44 3200.33 6105.36 814.05 287.31
CSs AL 179.57 2220.68 1200.12 1412.61 4525.15 23.94 119.71

Notes: The meanings of the TCES and SCES are shown in Table 1. CL: cultivated land, FL: forest land, OL:
orchard land, GL: grassland, WB: water body, BL: built-up land, and UL: unutilized land. Sources: Drawings from
this study.

3.2.5. Ecosystem Services Tradeoffs and Synergies Degree Index (ESTD)

ESTD was used for the trade-offs and synergies between ESs [37]. The calculation

formula is as follows:
_ ESVy — ESVy,

ESTD;j = £ov, —Fsv, 3)

where ESTDj; is the tradeoffs/synergies between the i-th and j-th ecosystem service (ES);
ESVj, represents the amount of change in the i-th ES at time b (the final state); and ESV,
represents the amount of change in the i-th ES at time a (the initial state). If ESTD is negative,
it means that there is a trade-off relationship; conversely, synergy relationships.

3.2.6. Coordination Degree Model of the Eco-Economic System

This study referred to the research of existing literature [38] and constructed the
regional eco-economic harmony (EEH). The calculation formula was as follows:

ESV,; — ESV),

EEH=  ESVy GDP,j — GDP,, (4)
GDP,,

where EEH refers to the regional eco-economic harmony; ESV),; and ESV/; represent the
ESV per unit area (10* CNY/hm?) at the beginning and end of a period, respectively; GDPy;
and GDP),; represent GDP per unit area (10* CNY/hm?) at the beginning and end of a
period, respectively.

Since there is no unified standard for the classification of EEH, the study drew on
previous research experience and divided the EEH into 10 levels. The details are shown
in Table 3.
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Table 3. The classification of EEH.

EEH Coordination Type EEH Coordination Type

08<EEH<1 High coordination area —02<EEH<O0 Trang 1t1(?n area frorr.l
coordination to conflict

06 <EEH<0.8 Relatively high coordination area —04<EEH< —-0.2 Low conflict area
0.4 <EEH <05 Moderate coordination area —06<EEH<-04 Moderate conflict area
02<EEH<04 Low coordination area —0.8 <EEH< —-0.6 Relatively high conflict area
0<EEH<0.2 Potential crisis area EEH < —0.8 High conflict area

Sources: Cited from the literature [38].

3.2.7. Exploratory Spatial Data Analysis (ESDA)

ESDA is usually used to reveal the spatial structure and correlation of attribute val-
ues [75], mainly including global spatial autocorrelation (GSA) and local spatial autocorre-
lation (LSA). In order to avoid large differences in ESV caused by the different sizes of grid
cells at the edge of Putian City, this study used the ESV intensity (the ratio of ESV to the
area of each grid) for spatial autocorrelation analysis.

GSA can reveal the overall agglomeration of the study area, and the global Moran’s I
index is used to measure and test the global autocorrelation of the ESV intensity in Putian
City at 1 km x 1 km grid scale. The equation is as follows:

w,-]-(xi — f) (X] — Y) / ) . )
Yo (i —%)) ) w
i—1 i—1j=1

where I represents the global autocorrelation index, with a value range from —1to 1; n is
the grid number (4296 grid cells in total in Putian City); x; and x; represent the attribute
values of the i-th grid and the j-th grid, respectively; X is the attribute mean; and Wj; is the
spatial weight matrix.

When the I, value approaches 1, it indicates that the index has a clustering pattern,
that is, the ESV intensity has a positive spatial correlation; when the I; value approaches
—1, it indicates that the indicator has a dispersion mode, that is, the ESV intensity has a
spatial negative correlation; when the I value is equal to 0, it means that the indicator has
a random pattern, that is, there is no spatial correlation of ESV intensity.

LSA can be used to test whether there is a clustering phenomenon between grid cells
and the surrounding grid cells in space or not, analyze the clustering and differentiation
characteristics of spatial elements, and reveal the local clustering characteristics of spatial
cell attributes. The LISA distribution map was drawn on the basis of the z-test (p < 0.05).
The equation is as follows:

™=
™=

n

1

OQN
I
I
A
I
A

i

I [\1:

=2
n(x;j —x
Il:ZiZj wl‘ij,Zi:Z:E(lxi_)x),Zj:x]‘—x (6)
where zi and z; are the standardization of attribute values for the i-th grid and the j-th
grid, respectively.

If the I; value is positive, it indicates that there are clusters with similar attributes
between the two grids, including high-high clustering (HH, indicating that the ESV intensity
of the grid and adjacent grids is high) and low-low clustering (LL, indicating that the ESV
intensity of the grid and adjacent grids is low); If the I; value is negative, it indicates
that there are clusters with opposite attributes between the two grids, including high-low
clustering (HL, indicating that ESV intensity of the grid is relatively high, and the ESV
intensity of the neighboring grid is low) and low-high clustering (LH, indicating that the
ESV intensity of the grid is low, but the ESV intensity of the surrounding grid is high).
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3.3. Data Acquisition and Processing

Downloading and pre-processing images with the help of traditional remote sensing
analysis means facing the problems of huge data volume and low processing efficiency,
while the cloud platform of Google Earth Engine (GEE) has already carried out the pre-
processing work of atmospheric correction, geometric alignment, radiometric calibration,
and other pre-processing work for commonly used images, and it can quickly realize
the image acquisition, batch processing, computation, and analysis by means of on-line
programming, which greatly improves the operation efficiency [76]. Therefore, land use
classification based on the GEE cloud platform has obvious characteristic advantages
compared with using local software (e.g., ENVI 5.3, ArcGIS 10.8).

Accordingly, the Google Earth Engine (GEE) was initially employed to perform a
supervised classification of Landsat satellite images from 2000 to 2020, which allowed
us to obtain the 30 m resolution of land-use data for Putian City, China. The findings
indicated that the Kappa test’s coefficient values exceeded 0.8 for all time periods, and the
overall accuracy for the remote-sensing imagery at each of the three stages surpassed 90%.
Land-use categories were delineated into several types based on the unique conditions and
research goals of the study area: cultivated land (CL), forest land (FL), orchard land (OL),
grassland (GL), water bodies (WB), built-up areas (BL), and unused land (UL). Subsequently,
a land-use spatial database for Putian City was constructed using ArcGIS 10.8 by allocating
codes ranging from 1 to 7 to each specific land-use type. For instance, the code 12 represents
a shift from cultivated land to forest land, while the code 26 indicates a change from forest
land to built-up land. The remaining codes are assigned in accordance with the same
systematic approach.

After experimentation, the 1 km x 1 km grid scale was ultimately selected for the
study area, considering the scale effect on measurement results. The Create Fishnet function
of ArcGIS 10.8 was utilized to divide the study area into grids (a total of 4296 grid cells).
Subsequently, the Kriging tool of ArcGIS 10.8 software was employed for interpolation
analysis, and target information was collected to establish a foundation for further research.
The following is a comprehensive list of the software used, including version numbers,
manufacturers, and access information:

Google Earth Engine (GEE): Version 1.0.1, developed by Google LLC. GEE is a cloud-
based platform for geospatial data analysis that is freely accessible to users (https://
earthengine.google.com/, accessed on 17 October 2023).

ArcGIS 10.8: Version 10.8, developed by Esri. ArcGIS is a comprehensive Geographic
Information System software suite used for spatial analysis and map creation. It requires a
license, which can be obtained through Esri or its authorized distributors.

GeoDa 1.20: Version 1.20, developed by the GeoDa Center for Geospatial Analysis and
Computation at Arizona State University. GeoDa is free, open-source software for spatial
data analysis (https://geodacenter.github.io/, accessed on 11 December 2023).

Microsoft Excel: Version 2021, developed by Microsoft Corporation. Excel was em-
ployed for basic data management and calculations. It is part of the Microsoft Office suite
and requires a subscription.

Origin 2022: Version 2022, developed by OriginLab Corporation. Origin is a data
analysis and graphing software used for scientific research. It is proprietary software and
requires a license (https:/ /www.originlab.com/, accessed on 23 October 2023).

Additionally, temperature and precipitation data were provided by the National Me-
teorological Information Center (http://data.cma.cn, accessed on 23 December 2023). The
socio-economic data were all from the “Ningde Statistical Yearbook (2001-2021)”. Fujian
Provincial Grain and Price Reserve Bureau provided us with grain prices (http:/ /lIsj.fujian.
gov.cn/xxgk/tjxx/, accessed on 16 December 2023).
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4. Results Analysis
4.1. Temporal Change Characteristics of Land-Use Changes (LUCs)

From Figure 2 and Table 4, forest land areas made up the majority of the land, ac-
counting for more than half of the total land area at each of the three time points analyzed.
Cultivated land (CL) followed as the second-largest type, covering an area exceeding
1000 km?. The average proportion of CL to the total area across the three-time nodes
reached 28.80%. This indicates that the land-use structure of Putian City over the past
two decades has primarily centered on agricultural and forestry production. Nevertheless,
the areas of CL, forest land (FL), and grassland (GL) experienced declines during this
period, while orchard land (OL), water bodies (WB), built-up land (BL), and unused land
(UL) witnessed increases. Notably, CL experienced the most substantial decline among
all land types, exhibiting a continuous downward trajectory from 1261.15 km? in 2000 to
1003.29 km? in 2020, representing a decrease of 20.45%. Among all land types, FL exhibited
the smallest area reduction over the past 20 years, with a decrease of 24.79 km?. The GL area
experienced a notable decline from 2000 to 2010, with a reduction area of 45.44 km? and
an average annual reduction rate of 0.09%; however, from 2010 to 2020, there was a minor
expansion of 2.67 km?. As for OL, its area started at 12.76 km? in 2000 and saw a growth
of 50.86% over twenty years, culminating in an area of 19.25 km?. This increase is largely
due to the favorable climate of Putian City, situated in the mid-subtropics, which supports
the cultivation of local fruit species like longan, lychee, loquat, grapefruit, and olive. The
local government has been proactively encouraging the development of this category of
agriculture. The area of BL has seen a substantial expansion, from 109.15 km? in 2000,
which constituted 2.78% of the total area, to 335.65 km? in 2020. This represents a more
than twofold increase and is the most significant growth among all land-use types. Addi-
tionally, the area of WB has shown a steady increase, which can be credited to Putian City’s
initiatives in advancing river ecological management and the ecological restoration and
management project of the Mulan River, both of which have led to notable achievements.

2000

2020

2010

Legend

‘:I Cultivated land
- Forest land
- Orchard land
- Grassland
- Water body
s, - Built-up land

:’f{{ ) : . |:] Unused land
EK 0 25 50

Figure 2. Land-use structure in Putian City during 2000-2020. Sources: Drawings from this study.
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Table 4. Land-use structure in Putian City from 2000 to 2020.
2000 2010 2020 Single Land-Use Dynamic Index/%
Land Type Area/km? Ratio/%  Area/km? Ration/% Area/km? Ration/%  2000-2010  2010-2020  2000-2020
Cultivated land 1261.15 32.14 1125.85 28.70 1003.29 25.57 -1.07 -1.09 -1.02
Forest land 2071.01 52.78 2054.28 52.36 2046.22 52.15 —0.08 —0.04 —0.06
Orchard land 12.76 0.33 15.73 0.40 19.25 0.49 2.33 2.24 2.55
Grassland 309.00 7.88 263.56 6.72 266.23 6.79 —1.47 0.10 —0.69
Water body 105.33 2.68 114.44 2.92 115.74 2.95 0.87 0.11 0.49
Construction land 109.15 2.78 245.61 6.26 335.65 8.55 12.50 3.67 10.37
Unused land 55.09 1.40 104.02 2.65 137.13 3.49 8.88 3.18 7.44
Total 3923.49 - 3923.49 - 3923.49 - 21.96 8.17 19.09

Sources: Drawings from this study.

The variation in the land-use dynamic degree can also be utilized as an indicator to
assess changes in the land-use structure within a defined timeframe from an alternative
perspective. As shown in Table 4, the average land-use dynamic degree values for the
intervals between 2000 and 2010, and between 2010 and 2020, were 21.96% and 8.17%,
respectively. This indicates ongoing LUCs in Putian City for the past two decades. The rate
of LUCs from 2000 to 2020 reached 19.09%, reflecting a substantial human impact on the
city’s LUCs. From 2000 to 2020, the dynamic degrees of cultivated land, forest land, and
grassland were —1.02%, —0.06%, and —0.69%, respectively, indicating a downward trend
in the area of these land types. In contrast, the WB’s change rate was 0.49%, indicating a
gradual expansion. OL showed a more rapid increase, with a change rate of 2.55%. The BL
had the highest change rate at 10.37%, while the UL had the second-highest rate at 7.44%,
both indicating a quickened pace of expansion.

From the distribution results of land use (Figure 2), distinct patterns of LUCs were
observed across the city’s spatial distribution. Starting from the urban core and extending to
the outskirts, the primary types of land shifted from urban areas to agricultural and forested
regions, among others. CL was notably dense in the southeastern Xiuyu District and the
southwestern Xianyou County of Putian City. Conversely, FL was mainly distributed in
Hanjiang District in the northeast and Xianyou County in the northwest. Grassland was
chiefly found in the southeastern plains of the city, with the Xiuyu District having the
highest concentration, possibly due to the transformation of abandoned arid land into
grassy areas. OL was mainly distributed in the dry land and plateau regions of Hanjiang
District and Xianyou County. WB were predominantly found in coastal areas such as
Hanjiang District and Xiuyu District, excluding the reservoirs in the districts and counties.

4.2. Tupu Analysis of LUCs
4.2.1. Tupu Analysis from 2000 to 2010

The spatial arrangement of Tupu units reflecting LUCs in Putian City from 2000 to
2010 exhibited considerable variation. The most prominent shifts within the Tupu units
were characterized by the transitions from “CL—BL” (code 16), “GL—BL” (code 46), and
“CL—UL” (code 17), which constituted 28.56%, 23.79%, and 18.18% of all the land-use
types that underwent conversion, respectively (Table 5). These particular types of Tupu
units were observed in expansive, densely packed areas throughout the research region
(as depicted in Figure 3a). Furthermore, the transitions “CL—FL” (code 12) and “FL—CL”
(code 21) made up 6.70% and 6.03% of the total converted land-use types, respectively.
Other significant Tupu units included “CL—WB” (code 15) and “CL—GL” (code 14), which
accounted for 4.11% and 3.34% of the total converted land-use types, respectively. These
latter land-use conversions were predominantly found across the southern and coastal
regions of the study area.

Based on the findings regarding the transition zones for each land category (as shown
in Table 5), cultivated land exhibited the largest transfer-out area among all land types,
amounting to 150.94 km?. Within this area, 46.62% was converted into BL (70.37 km?),
29.68% into UL (44.80 km?), 10.94% into FL (16.52 km?), 6.71% into WB (10.12 km?), 5.45%
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into GL (8.23 km?), and 0.60% into OL (0.90 km?). Conversely, the transfer-in area of
cultivated land was only 15.63 km?, with 95.10% originating from FL (14.86 km?) and the
remaining from GL (0.77 km?). When looking at where the CL was reallocated, it was
predominantly transformed into BL, while in certain mountainous regions like Xianyou
County and Hanjiang District, it was converted into FL and OL.

Table 5. Tupu unit ranking of LUCs in Putian City from 2000 to 2010 (Top 10).

Code Transition Tupu Unit Numbe.r of Tupu Transition Area/km? Change Ratio/%
Unit/No.
16 Cultivated land (CL)—Built-up land (BL) 78184 70.37 28.56
46 Grassland (GL)—Built-up land 65136 58.62 23.79
17 Cultivated land—Unused land (UL) 49782 44.80 18.18
12 Cultivated land —Forest land (FL) 18352 16.52 6.70
21 Forest land—Cultivated land 16516 14.86 6.03
15 Cultivated land— Water body (WB) 11246 10.12 411
14 Cultivated land—Grass land 9143 8.23 3.34
24 Forest land—Grass land 7113 6.40 2.60
26 Forest land —Built-up land 6781 6.10 2.48
27 Forest land—Unused land 3945 3.55 1.44

Sources: Drawings from this study.

(2)2000-2010 (b)2010-2020
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Figure 3. Tupu of LUCs in Putian City from 2000 to 2020. Sources: Drawings from this study.

4.2.2. Tupu Analysis from 2010 to 2020

From 2010 to 2020, the total area of LUCs in Putian City, as detailed in Table 6, was
183.21 km?, signifying a reduction of 63.17 km? when compared to the preceding period
from 2000 to 2010. Among the various transitioning Tupu units, CL continued to be the
most extensively transformed land type, with a total of 146.38 km? being converted. More
than half of this area, specifically 58.41% (85.50 km?2), was transformed into BL, with a
significant concentration along the coastal regions, especially in the Xiuyu District, as
illustrated in Figure 3b. The area of CL that was converted into other types totaled only
23.80 km?, mainly from transitions involving FL and GL. The proportions of increase and
decrease in CL were markedly imbalanced. The area of FL that underwent transition was
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22.26 km?, with the majority, 74.10% (16.50 km?), being converted to CL. Other conversions
included 17.21% (3.83 km?) to GL, 8.14% (1.81 km?) to OL, and a minimal 0.55% (0.12 km?)
to water bodies (WB). The area of FL that was converted into other types was 14.10 km?,
primarily from CL and OL. The GL area that was converted out, which was 9.01 km?, was
less than the area that was converted in (7.73 km?), resulting in a net loss of 1.28 km?.
The primary conversion out of GL was to CL (5.35 km?), while the primary source for
the increase in GL area was the conversion from CL (7.49 km?). The shift of CL into GL
was largely due to the abandonment of CL, which then naturally transitioned into GL.
Subsequently, a significant portion of the GL was eventually repurposed for BL.

Table 6. Tupu unit ranking of LUCs in Putian City from 2010 to 2020 (Top 10).

Code Transition Tupu Unit Numbe.r of Tupu Transition Area/km? Change Ratio/%
Unit/No.
16 Cultivated land (CL)—Built-up land (BL) 94,999 85.50 46.67
17 Cultivated land—Unused land (UL) 40,640 36.58 19.96
21 Forest land (FL)—Cultivated land 18,329 16.50 9.00
12 Cultivated land—Forest land 15,545 13.99 7.64
14 Cultivated land—Grassland (GL) 8320 7.49 4.09
41 Grassland —Cultivated land 5939 5.35 2.92
24 Forest land—Grassland 4256 3.83 2.09
76 Unused land —Built-up land 3154 2.84 1.55
71 Unused land—Cultivated land 2175 1.96 1.07
23 Forest land—Orchard land (OL) 2014 1.81 0.99
Sources: Drawings from this study.
4.3. Land-Use Rising/Falling Tupu Analysis
4.3.1. Land-Use Rising Tupu
The examination of the differences in the transitions of the land-use structure in Putian
City was conducted by creating the ascending Tupu for the periods from 2000 to 2010 and
from 2010 to 2020, as depicted in Figure 4. Additionally, a statistical analysis was performed
on the data pertaining to the transitions, which is summarized in Table 7.
Table 7. The structure list of land-use rising Tupu in Putian City from 2000 to 2020 (km?).
Newly Newly Newly Newl Newly Newly Newly
Period District or Added Added Added Added Added Added Added  Unchanged
County Cultivated Forest Orchard Grassland Water Built-Up Unused Area
Land Land Land Body Land Land
Chengxiang 2.00 3.06 0.03 1.86 1.49 18.70 3.08 451.62
Hangjiang 2.46 411 1.69 2.47 2.32 14.36 3.93 722.02
20002010 Licheng 1.10 0.79 0.06 0.34 2.06 30.04 3.26 241.62
Xiuyu 3.56 0.43 0.00 1.36 1.40 57.87 17.66 478.36
Xianyou 6.52 8.50 1.59 8.62 3.25 15.48 21.00 1782.70
Total 15.63 16.89 3.38 14.65 10.52 136.45 48.93 3676.32
Chengxiang 3.70 1.93 0.60 1.43 0.27 5.87 4.15 463.89
Hangjiang 5.08 244 0.26 2.05 0.35 9.74 2.70 730.74
2010-2020 Licheng 0.92 1.08 0.01 0.26 0.26 13.84 2.85 260.03
Xiuyu 1.51 2.39 0.63 1.39 0.23 51.77 19.34 483.38
Xianyou 12.61 6.40 2.15 6.63 0.42 8.81 9.37 1801.27
Total 23.82 14.25 3.66 11.75 1.54 90.04 23.82 3739.31

Sources: Drawings from this study.

Table 7 and Figure 4a present data indicating that between 2000 and 2010, the areas of
land use that underwent change and those that remained unchanged in Putian City were
246.45 km? and 3676.32 km?, respectively. These figures represent 6.28% and 93.72% of the
total area of the study region. Within the areas that experienced change, the most significant
increase was observed in BL, which added up to 136.45 km?2, or 55.37% of the total area that
saw an increase. This was followed by UL (48.93 km?), FL (16.89 km?), CL (15.63 km?), GL
(14.65 km?), WB (10.52 km?), and OL (3.38 km?). In terms of regional distribution, Xianyou
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County had the largest proportion of land that remained unchanged, at 48.49%, suggesting
that it experienced the most stable land-use changes (LUCs) during the period. On the
contrary, Licheng District had the smallest proportion of unaltered areas, at 6.57%, and the
largest addition to BL, with an area of 30.04 km?. This highlights its prominent role in the
land-use changes (LUCs) within the study area.

(6)2010-2020
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- Increased forest land
1 | B increased orchard land

25 50 km

|:| Increased grassland
- Increased water body
- Increased built-up land
|:| Increased unused land

Figure 4. Land-use rising Tupu in Putian City from 2000 to 2020. Sources: Drawings from this study.

When it comes to the extent of newly added land types, Xianyou County had the great-
est expanse of new cultivated land at 6.52 km?, followed by Xiuyu District (3.56 km?), Han-
jiang District (2.46 km?), Chengxiang District (2.00 km?), and Licheng District (1.10 km?). In
the context of FL, Xianyou County, Hanjiang District, and Chengxiang District were identi-
fied as the top three areas with the most significant additions of new forest land, collectively
accounting for 92.78% of the total new FL added. As the primary fruit production hubs
within Putian City, both Hanjiang District and Xianyou County saw an addition of 3.28 km?
to their OL, which constituted 97.04% of the overall new OL that was added. It is also
notable that among the areas where BL expanded, Xiuyu District had the largest increase,
with 57.87 km? of new BL, followed by Licheng District, Chengxiang District, Xianyou
County, and Hanjiang District. As a result, the conversion of land use to BL was most
pronounced in Xiuyu District during the observed period, whereas Chengxiang District
exhibited a comparatively stable land-use pattern.

Table 7 and Figure 4b further demonstrate that during the period from 2010 to 2020,
the area affected by land-use changes (LUCs) in Putian City was less than that of the
preceding period from 2000 to 2010, amounting to a total of 168.88 km?. The BL saw
the most significant increase, with a new addition of 90.04 km?. This expansion was
predominantly a result of the rapid urbanization and industrialization processes, which led
to the conversion of CL, FL, and GL into BL areas due to the pressures of development. The
increase in CL was 23.82 km?, which constituted 14.10% of the total area that experienced
an increase. In contrast, there was a decrease in the area of newly added FL and GL by
2.64 km? and 2.90 km?, respectively, when compared to the earlier period from 2000 to 2010.
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This suggests a trend of land-use conversion from these natural land types to other uses,
particularly towards urban and industrial development.

When examining the data from a district and county perspective, Xianyou County
had the largest expansion in CL, with a new increase of 12.61 km?, followed closely by
Hanjiang District with an additional 5.08 km?2. Across all districts and counties, there was
a notable decrease in the area of newly increased BL when compared to the period from
2000 to 2010, with Licheng District recording the most significant reduction of 16.20 km?.
Furthermore, with the exception of Licheng District and Xiuyu District, the area of newly
increased FL saw a decline in all other districts and counties relative to the previous period,
with Xianyou County experiencing the most substantial decrease. The newly added OL
was predominantly situated in Xianyou County (2.15 km?), followed by Xiuyu District
(0.63 km?), Chengxiang District (0.60 km?), and Licheng District (0.01 km?).

4.3.2. Land-Use Falling Tupu

The temporal and spatial evolution of land-use changes (LUCs) in Putian City was
explored by creating the descending Tupu for the city for the periods from 2000 to 2010 and
from 2010 to 2020, as shown in Figure 5. Concurrently, a statistical analysis was performed
on the data regarding these transitions, which is detailed in Table 8.

(6)2010-2020
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Figure 5. Land-use falling Tupu in Putian City from 2000 to 2020. Sources: Drawings from this study.

Based on the information provided in Table 8 and illustrated in Figure 5, it is clear
that the area of CL that decreased in Putian City from 2000 to 2010 was 150.94 km?, which
constituted 61.24% of the total reduction in land area. This was followed by decreases
in GL and FL, which accounted for 24.38% and 13.64% of the total decrease, respectively.
The areas of OL, WB, and UL that experienced a decline were significantly smaller, each
representing less than 1% of the total decrease. In terms of the geographical distribution
of these decreases, the loss of CL was mainly concentrated in Xianyou County and Xiuyu
District, which together made up 55.55% of the overall reduction. Within the central region
of Putian City, which includes Chengxiang District and Licheng District, the predominant
types of land that decreased were CL and GL, with a combined area of 62.76 km?. This
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is markedly larger than the newly added area for these two land types, which was only
5.30 km? during the same timeframe.

Table 8. The structure list of land-use falling Tupu in Putian City from 2000 to 2020 (km?).

District or

Unchange

d Decreased Decreased Decreased d Decreased Decreased Decreased

Decrease

Period Cultivate Forest Orchard Water Built-Up Unused
County Area Land Land Land Grassland Body Land Land
Chengxiang 451.62 17.99 3.24 0.04 8.87 0.09 0.00 0.00
Hangjiang 722.02 23.03 4.77 0.19 3.20 0.15 0.00 0.01
2000-2010 Licheng 241.62 26.07 1.53 0.06 9.83 0.17 0.00 0.01
Xiuyu 478.36 38.65 10.04 0.00 32.66 0.94 0.00 0.00
Xianyou 1782.70 45.20 14.05 0.12 5.53 0.06 0.00 0.00
Total 3676.32 150.94 33.62 0.40 60.09 1.41 0.00 0.02
Chengxiang 463.89 13.03 391 0.01 0.79 0.00 0.00 0.22
Hangjiang 730.74 16.22 4.76 0.06 1.23 0.00 0.00 0.35
2010-2020 Licheng 260.03 17.92 0.83 0.02 0.21 0.00 0.00 0.25
Xiuyu 483.38 71.56 0.69 0.00 231 0.01 0.00 2.70
Xianyou 1801.27 27.65 12.12 0.06 4.56 0.23 0.00 1.77
Total 3739.31 146.38 22.31 0.14 9.09 0.24 0.00 5.30
Sources: Drawings from this study.

From 2010 to 2020, the pattern of land type reduction in terms of area and structure
in Putian City closely resembled that of the previous period. It is significant to note that
while the area of CL that decreased was not considerably different from the prior period, it
continued to be the land type with the largest reduction, suggesting that the trend of CL
being taken over had persisted. In comparison to the period from 2000 to 2010, there was a
substantial decrease in the area of GL that diminished in Xiuyu District, dropping from
32.66 km? in the earlier period to 2.31 km?, which is a reduction of 92.93%. This significant
reduction is linked to the establishment of the district, where land that was previously
abandoned and had turned into GL was subsequently developed into BL. The reduction
in other land types was relatively minor, with no major changes observed. Among all the
districts and counties, Xiuyu District had the largest decrease in the area of CL, amounting
to 71.56 km?, followed by Xianyou County with a decrease of 27.65 km?2. Other districts
and counties also reported reductions. Specifically, the decreased area for FL and GL in
Xianyou County was 12.12 km? and 4.46 km?, respectively, while Hanjiang District saw a
decrease in FL of 4.76 km?.

4.4. Temporal Change Characteristics of the ESV

According to Equation (2), the ESV of Putian City from 2000 to 2020 was calculated,
as presented in Table 9 and Figure 6. The results indicated a consistent upward trend of
ESV in Putian City from 2000 to 2020, rising steadily from 15.4 billion CNY to 23.1 billion
CNY. Over the past two decades, this represents a total increase of 7.7 billion CNY and
a remarkable growth rate of 50.29%. Furthermore, the ESV intensity increased from
39,300 CNY/hm? to 59,000 CNY/hm?, highlighting the enhanced ecosystem services
provided by the city’s natural environment.

Table 9. Ecosystem services value in Putian City from 2000 to 2020.
Cultivated  Forest Orchard Built-Up Unused
Year Land Land Land Grassland  Waterbody Land Land Total
; 2000 12.45 101.95 0.38 9.32 33.06 —3.28 0.15 154.03
Ecosystem services 51 1534 139.59 0.64 10.97 49.59 ~10.18 0.39 206.35
value/10° CNY 2020 15.72 159.85 0.90 12.74 57.66 ~15.99 0.60 23148
2000-2010 0.23 0.37 0.70 0.18 0.50 211 1.61 0.34
Change rate/% 2010-2020 0.02 0.15 0.41 0.16 0.16 0.57 0.52 0.12
2000-2020 0.26 0.57 1.40 0.37 0.74 3.88 2.95 0.50

Sources: Drawings from this study.
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Figure 6. Structure comparison of ESV in Putian City from 2000 to 2020. Note: Abbreviations are the
same as those given in Table 1. Sources: Drawings from this study.

A detailed analysis of ESV across different land-use types revealed a clear domi-
nance of forest land (67.63%), followed by water bodies (23.47%), cultivated land (7.44%),
grassland (5.62%), orchard land (0.32%), and unused land (0.18%). Notably, built-up land
exhibited a negative ESV, making it the sole land type with detrimental ecological effects.
Excluding built-up land, all other land types displayed an upward trend in ESV over
the study period, with growth rates ranging from 2.95% for unused land to 0.57% for
forest land. The ESV of each land type exhibited distinct trends between the two periods
of study. From 2000 to 2010, unused land, orchard land, and water bodies experienced
significant changes, while grassland ESV exhibited the smallest variation. In contrast, ESV
increased for all land types during 2010-2020, albeit with a modest overall growth rate of
approximately 5%.

A comprehensive analysis of ESV across various service functions revealed that regu-
lating services were the most prominent in Putian City, contributing 73.95% of the total ESV,
reaching 17.118 billion CNY over 20 years. Supporting services followed closely, accounting
for 20.03%, while provisioning services held the least share, contributing only 1.97% of
the total ESV. A notable trend was the continuous decline in provisioning services, from
703 million CNY in 2000 to 455 million CNY in 2020, representing a decline of 35.26%.
The primary cause of this decline was the conversion of cultivated land into built-up land.
It is anticipated that the expansion of built-up land in Putian will continue in the future,
potentially leading to a further decrease in provisioning services. Despite the decline
in PS, RS, SS, and CS all exhibited an upward trend over the study period. Regulating
services increased from 11.1 billion CNY to 17.1 billion CNY, while supporting services
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increased from 2.996 billion CNY to 4.636 billion CNY, and cultural services increased from
602 million CNY to 939 million CNY.

In terms of specific ecosystem service types, the average value of each function varied
significantly. The highest-valued service was hydrologic adjustment, with an average
value of 7.13 billion CNY, followed by climate regulation (4.44 billion CNY), soil conserva-
tion (1.95 billion CNY), biodiversity (1.75 billion CNY), gas regulation (1.58 billion CNY),
purify environment (1.30 billion CNY), aesthetic landscape (787 million CNY), food pro-
duction (633 million CNY), material production (527 million CNY), maintaining nutrient
cycle (192 million CNY), and water supply (—565 million CNY). Among these services,
hydrologic adjustment exhibited the most significant increase, with a growth of 62.61%.
Biodiversity and the aesthetic landscape also experienced notable growth, while maintain-
ing the nutrient cycle, purifying the environment, and food production experienced slower
growth rates. Gas regulation showed the slowest growth among all ecosystem services,
with an increase of only 33.17%.

A district-wise analysis of ESV (Figure 7) revealed a consistent upward trend across all
districts and counties, with Xianyou County demonstrating the most remarkable growth,
reaching 4.186 billion yuan. Hanjiang District followed closely with 1.674 billion CNY, while
Chengxiang District (1.103 billion CNY), Xiuyu District (479 million CNY), and Licheng
District (304 million CNY) trailed behind. In terms of ESV intensity, Xianyou County
and Hanjiang District exhibited a similar pattern, with their ESV intensity increasing
from 39,300 CNY/hm? to 62,000 CNY/hm? and 39,000 CNY/hm? to 61,200 CNY/hm?,
respectively, between 2000 and 2020. This represented growth rates of 57.83% and 56.94%.
In contrast, Xiuyu District displayed the lowest ESV intensity, with only an increase of
8600 CNY/hm? from 2000 to 2020, reflecting an average annual increase of 427.58 CNY /ha.
This disparity is attributed to the conversion of high-service-value ecological land, such as
cultivated land, orchard land, and grassland, into low-service-value built-up land in the
Xiuyu District.
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Figure 7. Ecosystem services value of districts or counties in Putian from 2000 to 2020. Sources:
Drawings from this study.

4.5. Spatial Change Characteristics of the ESV

Using the ArcGIS 10.8 platform, ESV was calculated for each grid cell, followed by
interpolation analysis employing the kriging tool. Subsequently, the natural breakpoint



Appl. Sci. 2024, 14, 4554

19 of 30

method was employed to classify ESV in Putian City into five grades from low to high, as
depicted in Figure 8.
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Figure 8. Spatial differentiation of ESV in Putian from 2000 to 2020. Sources: Drawings from this study.

As illustrated in Figure 8, Putian City exhibited a distinct spatial pattern of ecosystem
services value (ESV), with higher values concentrated in the north and lower values in
the south. Low-value areas (Grade I and Grade II) represented a small fraction of the city,
primarily encompassing regions with dense populations and intense human activities, such
as Licheng District and Xiuyu District. Moderate-value areas (Grade III) were the most
prevalent, predominantly distributed in Xianyou County and Hanjiang District. These
areas were characterized by high forest cover, a substantial proportion of forest land, and
relatively developed fruit and forestry industries. High-value areas (Grade IV and Grade
V) were primarily concentrated in the Xinghua Plain, located in the southern and northern
reaches of the lower Mulan River. These regions, endowed with abundant water resources,
served as Putian’s primary centers for food, vegetable, and aquatic product production.
Their superior ecological conditions contributed to their elevated ecosystem services value.
From an evolutionary perspective, the ecosystem services value of Grade II and Grade
IIT remained relatively stable between 2000 and 2020, while the value of Grade I, Grade
IV, and Grade V expanded. This suggests that Putian City effectively responded to the
national “Three Regions and Three Lines” strategy, achieving notable progress in ecological
conservation. However, it is noteworthy that ESV in most areas of the Licheng District and
Xiuyu District gradually declined over the study period. This decline primarily stemmed
from the conversion of significant portions of cultivated land and grassland into built-
up land during this time, leading to a continuous decrease in provisioning services in
these areas.

4.6. Spatial Autocorrelation Analysis of ESV

The global Moran’s I index was employed to assess the spatial autocorrelation of ESV
intensity at a grid scale by using ArcGIS 10.8. The results revealed that the global Moran’s I
index for Putian City in 2000, 2010, and 2020 was 0.646, 0.640, and 0.637, respectively. These
values were accompanied by Z-scores of 58.21, 57.60, and 57.39, respectively, and p-values
that were all less than 0.0001. This indicates that ESV intensity in Putian City exhibited a
positive spatial autocorrelation, demonstrating a non-random distribution pattern at the
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1 km x 1 km grid scale. The observed declining trend in Moran’s I indices suggests a
weakening spatial autocorrelation of ESV intensity in Putian City over time. This implies
that the spatial clustering of ESV values has become less pronounced, suggesting a more
dispersed distribution of ESs across the city.

To further investigate the spatial patterns of ESV intensity, local spatial autocorrela-
tion analysis was conducted using GeoDa 1.20 software. The results (Figure 9) revealed
that the overall spatial pattern of ESV intensity in Putian City remained relatively stable
from 2010 to 2020, with high-high (HH) and low-low (LL) agglomerations dominating the
landscape. High-low (HL) and low-high (LH) agglomerations were less significant. HH
agglomerations were primarily concentrated in the central and coastal regions of Putian
City, characterized by flat terrain and extensive areas of cultivated land, grassland, and
water bodies. These areas benefited from a favorable ecological environment, contributing
to their elevated ESV intensity. In contrast, LL agglomerations were the most widespread,
predominantly concentrated in Xianyou County in the southwest, Xiuyu District along
the coast, and Licheng District in the city center. These areas were densely populated and
underwent intense urbanization, leading to a decline in ESV intensity due to land-use
conversion and environmental degradation. HL and LH agglomerations were sparsely dis-
tributed and scattered around the HH and LL agglomerations. These areas were primarily
located at the interface between cultivated land, forest land, and orchard land. Significantly,
the range of LL agglomerations was larger than that of HH agglomerations, and both ranges
exhibited a gradual reduction over time, albeit at a slow rate. The range of insignificant
regions remained relatively stable, suggesting a subtle weakening of spatial aggregation in
ESV intensity. These findings highlight the persistent spatial disparities in ESV intensity
across Putian City. While some areas have maintained or even enhanced their ecological
value, others have experienced degradation due to urbanization and land-use change. The
insights from this analysis are crucial for informed decision-making in land-use planning
and conservation efforts, aiming to mitigate the negative impacts of urbanization and
promote sustainable development in Putian City.
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Figure 9. LISA aggregation of ESV intensity in Putian City at the grid scale from 2000 to 2020. Sources:
Drawings from this study.
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4.7. Trade-Offs/Synergies Analysis on ESs

The trade-off and synergy index between ESs can be obtained through Equation (3),
as shown in Figure 10.
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Figure 10. ESTD in Putian City from 2000 to 2020. Note: Abbreviations are the same as those given in
Table 1. Sources: Drawings from this study.

An analysis of trade-offs and synergies among TCES in Putian City revealed a dynamic
interplay over the 20-year study period. Synergy dominated the relationships, with the
strongest association observed between regulating and supporting services. Conversely,
trade-offs emerged between provisioning-regulating services and supporting—cultural
services, with the most pronounced trade-off occurring between provisioning-regulating
services. Specifically, the synergy degree between regulating—supporting services peaked
at 1.022 from 2000 to 2010, exceeding the lowest synergy degree of 0.977 observed between
supporting and cultural services by a significant margin. This suggests that regulating and
supporting services exhibited a mutually reinforcing relationship, where the improvement
of one service often led to synergistic benefits for the other. However, trade-offs between
provisioning-regulating services and supporting—cultural services highlighted the potential
conflicts between different ESs. This underscores the need for careful management to
optimize the balance among these services and ensure the sustainability of ecosystems.
Interestingly, the synergy degree between supporting and cultural services exhibited a
reversal from 2010 to 2020, with the synergy degree decreasing to 0.975. This may be
attributed to the increasing pressure on ecological land due to accelerated urbanization and
industrialization, which may have disrupted the balance between these services.

Equation (3) was applied to calculate the trade-off and synergy degree indices for
SCES in Putian City, as presented in Figure 11.

Figure 11 presents the trade-off and synergy patterns among SCES in Putian City from
2000 to 2020. The data reveal a prevalence of synergistic relationships, with 10 negative
values out of 55 pairs, indicating that synergistic interactions dominate the ecosystem
service network. In the trade-off relationship, the highest trade-off intensity was observed
between water supply and maintaining the nutrient cycle (—7.420), while the lowest
trade-off intensity was found between hydrologic adjustment and water supply (—0.162).
Regarding synergy, the synergy degree demonstrated a relatively stable trend over the two
study periods, with maintaining the nutrient cycle and hydrologic adjustment exhibiting
the highest synergy degree (45.738), followed by gas regulation and water supply (1.319).
A comparison of the two stages showcases distinct patterns of change across ecosystem
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services. Out of 55 pairs, 20 experienced an increase in synergy degree, while 35 exhibited
a decrease, indicating an overall decline in synergy. This variability highlights the dynamic
nature of ESs in Putian City over the past two decades. The trade-off degree between food
production and water supply declined by 59.73% from 2000 to 2020, while the synergy
degree between gas regulation and water supply increased by 126.08%.
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Figure 11. SCES in Putian from 2000 to 2020. Note: Abbreviations are the same as those given in
Table 1. Sources: Drawings from this study.

4.8. Eco-Economic Harmony (EEH)

EEH in Putian City was calculated for three periods: 2000-2010, 2010-2020, and
2000-2020 using Equation (4), and is presented in Table 10.

Table 10. The EEH value in Putian City from 2000 to 2020.

2000-2010 2010-2020 2000-2020

EEH Coordination type EEH Coordination type EEH Coordination type
0.076 Potential crisis zone 0.014 Potential crisis zone 0.031 Potential crisis zone

Sources: Drawings from this study.

Table 10 reveals that the EEH value for Putian City over the entire study period
(2000-2020) was 0.031, indicating a moderate overall value with a downward trend. This
value falls within the potential crisis zone, suggesting that the growth rate of ESV in Putian
City was lower than the economic growth rate. However, ESV was still increasing, indicat-
ing that economic development did not lead to a continuous deterioration of the ecological
environment but posed a potential risk. The data highlight the dominance of forest land
and cultivated land in Putian City. Forest land contributes substantially to regulating,
supporting, and cultural services, while cultivated land provides high provisioning service
value for food production. These land types play a key role in maintaining the stability
of ESV in Putian City. However, rapid urbanization and industrialization have led to a
significant demand for land resources, leading to the encroachment of ecological lands,
including forests and cultivated land. This encroachment, if left unchecked, could pose
a serious threat to the ecosystem and further hinder sustainable development in Putian
City. These findings underscore the need for effective ecological protection measures to
safeguard the balance between ecologically sustainable and socio-economic development
in Putian City. Such measures should focus on conserving and managing ecological lands,
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particularly forests and cultivated land, to ensure the long-term provisioning of ESs and
support sustainable development.

5. Discussion

Although the current studies on land-use changes (LUCs) and ecosystem service
value (ESV) have yielded important understanding, additional comprehensive research
is needed in two main areas: (1) Most of the research to date has concentrated on the
temporal trends and geographic spread of LUCs and ESV, with scarce attention given to the
fundamental processes through which particular land-use types affect ecosystems. (2) The
transformation of land-use types and their geographic spread have varying impacts on the
ESV of a region. To address these gaps, this study used the geo-informatic Tupu, a newly
revised method of benefit transfer, EEH, ESTD, and ESDA to explore the main objectives.

5.1. Land-Use Changes (LUCs)

During the two-decade span from 2000 to 2020, there was a consistent trend in Putian
City of other land types being converted into built-up land. Over these 20 years, a total
of 226.45 km? was transformed into built-up areas, predominantly in the economically
vibrant regions surrounding the city centers and county seats, with Xiuyu District being
particularly affected. The dominant patterns of land-use transition observed during the
periods of 2000-2010 and 2010-2020 were “cultivated land to built-up land” and “cultivated
land to grassland to built-up land”. Over the course of the past 20 years, there was a net
transfer of 297.32 km? of cultivated land out, with only 39.43 km? being transferred in,
indicating a considerable disparity in the shifts of cultivated land. Especially noteworthy
was the rate of expansion of built-up land in Xiuyu District, which outpaced all other
districts and counties with a 275% increase, amounting to an expansion of 109.75 km?
over the two-decade period. Given the scarcity of land resources, the ongoing expansion
of urban land is bound to encroach upon other types of land, particularly those used for
agricultural production and ecological preservation. This situation underscores the need
for careful land-use planning and management to balance urban development with the
conservation of vital agricultural and ecological lands.

In addition, regions throughout Putian City have been progressively forsaken to
different extents as a consequence of issues such as adverse agricultural conditions (e.g., soil
with high salinity and alkalinity), low crop yields, and the migration of rural labor, leading
to the emergence of deserted fields that often turn into grasslands. This situation contributes
to the wasteful use of scarce land resources. As a key grain-producing region within Fujian
Province, Putian City is heavily dependent on external sources for its grain needs. The
city’s essential farmland is mainly located in Xiuyu District and Xianyou County, which
presents substantial difficulties in safeguarding food security and preventing the conversion
of arable land to non-agricultural and non-grain uses. In light of these challenges, it is
imperative for the government to take proactive measures to tackle this issue. To meet
these challenges head-on, it is essential to improve the spatial arrangement of urban, rural,
industrial, and mining lands, and to revitalize abandoned areas. Such actions can help
in the efficient use of land resources, support local agricultural productivity, and ensure
the preservation of land for food production, thereby maintaining a sustainable balance
between urban development and agricultural needs. Furthermore, it is crucial to improve
the efficiency of land resource utilization. For example, the research team discovered that
the fields in Xiuyu District are predominantly saline and alkaline, which have low fertility.
This soil condition restricts the types of crops that can be grown, with sweet potatoes and
soybeans being the mainstays. The prevalence of monoculture farming practices has led to
ongoing challenges in cultivation, which in turn has caused a decline in both the quantity
and quality of the harvest. Enhancing the use of such lands would involve adopting
strategies such as crop rotation, the use of soil amendments to improve fertility, and the
introduction of more salt-tolerant crop varieties to maintain and increase productivity on
these lands [77,78]. Additionally, the research findings suggest that geomatic mapping of
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information offers significant benefits when it comes to examining LUCs. This approach can
effectively illustrate the spatial arrangement of each category, present multifaceted spatial
details, and represent an innovative technique for investigating LUCs. Other research
results have the same conclusions as ours [60,63,79,80].

5.2. LUCs Impact Ecosystem Services Value (ESV)

The results revealed that Putian City’s ESV increased steadily, reaching 15.403 billion
CNY in 2000, 20.635 billion CNY in 2010, and 23.148 billion CNY in 2020. The average pro-
portions of ESV across land-use types were as follows: forest land (67.63%) > water body
(23.47%) > cultivated land (7.44%) > grassland (5.62%) > orchard land (0.32%) > unused land
(0.18%), indicating the substantial contributions of forest land, water bodies, and cultivated
land to Putian City’s ecological services. The study also revealed that built-up land exhibited
a negative ESV, the only land type to demonstrate such an ecological impact. Moreover, this
negative trend intensified over time, while the ESV of other land types continued to grow.
These findings are attributed to the rapid urbanization rate and unsustainable resource alloca-
tion in Putian during the study period, leading to low urbanization efficiency. According to
the study team’s analysis, Putian City possesses the lowest urbanization efficiency among the
nine cities in Fujian Province. This inefficiency stems from the city’s excessive resource input,
inadequate expected output, and excessive unintended output. Resource waste, unreasonable
resource input scale and structure, inefficient resource utilization, and excessive discharge
of wastewater and exhaust gases have all contributed to the negative impact on ESs [69].
Therefore, rational planning of construction land is crucial for improving urban environmental
quality, enhancing regional ecosystem ecological efficiency and service value, and bolstering
ecosystem service capacity. This is a critical scientific challenge facing cities in the era of
ecological civilization.

An analysis of the various types of ecosystem services showed that regulatory services
were the most prominent, amassing an ecological value of 17.12 billion CNY over the last
twenty years. This represents a significant portion, specifically 73.95%, of the entire ESV.
Supporting services followed, contributing 20.03%, while cultural services played a minor
role, accounting for 4.05%. Provisioning services held the lowest value, representing a
mere 1.97% of the total. This distribution can be attributed to several factors, including
the shrinking of cultivated land due to urban expansion, poor agricultural conditions
(e.g., saline and alkaline soils), low food production efficiency, rural labor migration,
and the subsequent abandonment of cultivated land in various regions of Putian City.
This abandoned land often transitioned into wasteland (grassland) with weeds, resulting
in limited land resource utilization. Among the SCES, hydrologic adjustment, climate
regulation, and soil conservation emerged as the primary functions in Putian City, while
the ecological value of food production held a smaller share. Putian City, a major grain
sales area in Fujian Province, relies heavily on external food supplies. Its basic farmland
primarily lies in Xiuyu District and Xianyou County. The government should prioritize
addressing this issue. The study suggests that along with enhancing the planning of
urban and rural settlements as well as industrial and mining zones and rehabilitating
deserted areas, it is essential to boost the efficient use of land resources. This might include
advancing the modernization of agriculture, bolstering its infrastructure, and putting into
action initiatives that support sustainable farming methods.

An examination of ESV across districts and counties revealed a consistent increase from
2000 to 2020. Xianyou County exhibited the most significant growth, reaching 4.186 billion
CNY. Hanjiang District followed with 1.674 billion CNY, Chengxiang District with 1.103 bil-
lion CNY, Xiuyu District with 479 million CNY, and Licheng District with 304 million CNY.
In terms of ESV intensity, Xianyou County and Hanjiang District exhibited a comparable
upward trend. ESV intensity increased from 39,300 CNY /hm? and 39,000 CNY/hm? in
2000 to 62,000 CNY/hm? and 61,200 CNY/hm? in 2020, representing a growth of 57.83%
and 56.94%, respectively. In contrast, Xiuyu District displayed the lowest ESV intensity,
with a modest increase of 8600 CNY/hm? over the past two decades, representing an aver-
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age annual increase of 427.58 CNY /ha. Xiuyu District, characterized by extensive dry land,
exhibited a relatively low ESV intensity. This implies that the transformation of ecological
assets into economic value is not effective, indicating a suboptimal distribution of resources
within the region, which results in a slow or ineffective urban development process. This is
primarily due to the conversion of high-value land, e.g., cultivated land, into built-up land
with a negative ESV. This underlying issue warrants serious consideration by the district
government and scientists. The findings highlight the importance of optimizing land-use
patterns and promoting sustainable development strategies in Xiuyu District to enhance
ESV intensity and achieve a more equitable distribution of ESs across Putian City.

5.3. Spatial Pattern of the ESV

The study revealed that Grade I and II low ecosystem services value areas constituted
a small proportion of the city’s land area and were primarily concentrated in densely
populated areas with intensive human activities, such as the Licheng and Xiuyu Districts.
This finding further corroborates the earlier observation that the inefficient allocation of
resources in these newly developed regions led to reduced urbanization and ecological
efficiency. Grade IIl medium ecosystem services value areas were more prevalent, pre-
dominantly encompassing Xianyou County and Hanjiang District. These areas featured
elevated forest cover, a substantial proportion of forest land, and relatively developed fruit
and understory forest economic industries. Grade IV and V high ecosystem services value
areas were primarily concentrated in the Xinghua Plain, situated along the lower reaches
of the Mulan River. These regions, endowed with abundant water resources, served as
Putian’s principal agricultural production zones for food, vegetables, and aquatic products.
The superior ecological environment of these areas contributed to their higher ESV.

The ESV evolution patterns in Putian City revealed that Level II and III ESV remained
relatively stable overall from 2000 to 2020, while Level I, IV, and V ESV areas expanded.
This indicates that Putian City actively responded to the national “three districts and
three lines” policy, placing significant emphasis on spatial planning and national land
utilization management, achieving notable outcomes. Nevertheless, it was observed that
there was a slow decrease in the ESV in the majority of regions within the Licheng and
Xiuyu Districts. This downturn was mainly due to the transformation of a large portion
of agricultural and grassland into land for development between the years 2000 and 2020.
Consequently, this resulted in an ongoing drop in the provisioning services within these
districts. Additionally, local spatial autocorrelation analysis revealed a concentration of
high-high ESV agglomerations in the central part of Putian City and coastal areas of Han-
jiang District, characterized by flat topography and extensive cultivated land, grassland,
and water bodies. Conversely, low-low ESV agglomerations were most prevalent, primarily
encompassing Xianyou County in the southwest of Putian City, Xiuyu District in the coastal
region, and Licheng District in the city center. These areas exhibited high population
densities and significant urbanization levels, prioritizing rapid economic growth over
ecosystem protection, resulting in low regional ESV intensity. High-low and low-high
ESV agglomerations were less widespread, scattered around their high-high and low-low
counterparts. These agglomerations were primarily located at the interface of forest land,
cultivated land, and orchard land, with a notable presence in the Mulan River’s northern
mountainous region. To tackle the variances in ESV, the following suggestions are made
to the Putian Municipal Government: (a) In regions where high ESV concentrations are
present, it is advised to strategically ease limitations on development for production and
residential purposes, all the while preserving the ecological area. (b) In zones characterized
by low ESV clusters, the focus should be on ecological rehabilitation via tree planting
initiatives, converting cultivated land back to forest, and the creation of nature reserves.
(c) For areas that show minimal correlation in ESV intensity, it is crucial to enhance ecologi-
cal conservation efforts and broaden the scope of ecological preservation.
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5.4. Ecosystem Services Tradeoffs and Synergies Degree

The study findings indicated that regulating, supporting, and cultural services ex-
hibited a significant synergistic relationship, with the highest synergy observed between
regulating and supporting services. The synergy degree between supporting and cul-
tural services was lower and diminished over time. In contrast, provisioning services
demonstrated a trade-off relationship with regulating, supporting, and cultural services,
with the trade-off degree escalating with time, particularly between provisioning and
regulating services. Among secondary ecosystem services, the trade-off between water
supply and maintaining nutrient cycling was the most pronounced, while the trade-off
between hydrologic adjustment and water supply was the least evident. Simultaneously,
the synergy between material production and hydrologic adjustment was the weakest,
while the synergy between maintaining nutrient cycling and hydrologic adjustment was
the most prominent. Overall, while synergy remained the dominant relationship among
ecosystem services, the trade-off pattern exhibited an expanding tendency. This observation
underscores the detrimental impacts on regional ecology associated with the conversion of
high-ESV cultivated land to negative-ESV built-up land.

5.5. Ecosystem Services Tradeoffs and Synergies Degree

The research results revealed that, the harmony between the ecological environment
and economic development in Putian City from 2000 to 2020 was in a potential crisis
area and had a downward trend. This indicated that the land utilization practices in
Putian City were detrimental to the area’s economic growth. It also revealed that economic
progress had resulted in the irrational exploitation of land assets, posing an ongoing
threat to the sustainability of the ecological-economic framework. It can be seen that
whether the land use is reasonable or not will inevitably affect the ecosystem services and
their value realization, and thus affect the sustainable development of the social economy.
Other research results have the same opinion as ours [27]. Thus, it is necessary to further
strengthen the research on optimization and improvement of ecosystem services in the
whole region, especially to attach importance to the construction of the ecological source
and ecological protective screen of the widely distributed low-low agglomeration areas in
the city, enhance ESV intensity, and promote harmonized and sustainable development in
Putian City.

6. Conclusions

This study took Putian City, China, as the research area to explore the response
characteristics of the ecosystem to land-use changes (LUCs) and their impact mechanisms
during 2000-2020. Accordingly, the conclusions are as follows:

(1) The spatial distribution of Tupu units, which represent LUCs in Putian City, showed
significant variations, with the most pronounced alterations observed in the areas of
cultivated land and grassland.

(2) The spatial pattern of ESV evolution and the overall service supply capacity change
in Putian were the ultimate outcomes of LUCs.

(3) The ESV of Putian City exhibited a distinct spatial pattern. And ES relationships
revealed a prevailing synergistic pattern, while the degree of trade-off exhibited a
rising trend.

(4) The ecological environment and economic progress in Putian City collectively faced a
region of potential risk.

To sum up, ESV exhibits a dynamic interplay within the overarching ecological pro-
cess, mirroring the transformations between social development and land-use patterns in
the study area. This study, while providing a comprehensive analysis of land-use changes
(LUCs) and their impact on ecosystem services value (ESV) in Putian City, has several
limitations. Firstly, the reliance on remote sensing data for land-use classification, although
a standard approach, may not capture the full complexity of LUCs at finer scales. Mean-
while, the benefit transfer method used for ESV assessment is subject to uncertainties due



Appl. Sci. 2024, 14, 4554 27 of 30

to the variability in local ecological conditions and economic values. Additionally, while
ecosystems offer a multitude of services, they can also trigger trade-offs or degradation
in other services, potentially leading to negative environmental consequences. This study
does not include the negative services provided by the ecosystem in the evaluation system.
Hence, future research could incorporate higher-resolution imagery and ground-truth
data to refine land-use classifications. And an urgent need exists to develop a framework
and methodology that can assess the net value of ecosystem services, enabling informed
resource allocation decisions. Moreover, future studies could also benefit from integrating
local knowledge and stakeholder perspectives to better understand the human dimensions
of LUCs and their impacts on ESV.
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