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Abstract

This study investigates ecosystem service valuation on Zhoushan Island. Based on Landsat
remote sensing images for 2000, 2010, and 2020 acquired through the Google Earth En-
gine (GEE) platform, six land use types are extracted using the Random Forest method.
By integrating land use dynamic degree, transfer matrix, ecosystem service value (ESV)
accounting, and five-level land–sea gradient zoning approaches, this study systematically
analyzes the spatiotemporal evolution of land use and its effects on ESV over the 20-year
period, and reveals the spatial differentiation pattern of land use change and ESV gains
and losses along the land–sea gradient. The results indicate that from 2000 to 2020, water
bodies and cultivated land on Zhoushan Island experienced continuous decline while con-
struction land expanded rapidly, driven by policy regulation, urbanization, and industrial
transformation. Localized coastal areas exhibited a typical chain conversion process of
“water body → bare land → construction land,” which is closely associated with reclama-
tion and land reclamation activities. Regional ESV declined continuously, reaching only
56.7% of its 2000 level by 2020, with regulating and provisioning services exhibiting the
most pronounced deterioration. Analysis of the ESV net transfer matrix indicates that
the primary driver of ESV decline was the large-scale conversion of high-value water
bodies to low-value construction land and bare land, the magnitude of which far exceeded
the positive ecological gains generated by all other land use conversions. The reduction
in cultivated land area, compounded by adjustments in cropping structure, has placed
sustained pressure on regional food security, and policy responses have lagged consider-
ably behind the pace of ecological degradation. In terms of spatial differentiation, both
the intensity of land use change and ESV loss exhibited a gradient pattern that decreases
progressively from the coastal zone moving inland. Zone 1 and Zone 2 in the nearshore
area together accounted for approximately 80% of total ESV loss, whereas Zone 4 and Zone
5 maintained relatively stable land use structures and ecological support capacity, owing to
higher forestland coverage. Spearman’s rank correlation analysis confirmed a statistically
significant monotonically decreasing relationship between land use dynamic degree and
coastal distance. Policy regulation served as the primary driver of regional land use pattern
evolution: early sea reclamation policies facilitated rapid land transformation along the
coastline, while subsequent tightening of controls effectively curbed disorderly expansion.

Keywords: ecosystem service value; land use change; Zhoushan Island; Google Earth
Engine; land–sea gradient; coastal reclamation; spatiotemporal analysis
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1. Introduction
Land use/cover change (LUCC) is a frequently studied topic in global and regional

environmental change studies, highlighting how land use change reflects the interaction
between people and the environment [1]. Land use changes alter ecosystem functions and
structures, leading to increases or decreases in ecosystem service value (ESV) [2–5], and
are often driven by natural processes or human activities. The latter are often the primary
reason for changes in ESV, particularly in urban areas [6,7].

Ecosystem service value is the sum of the tangible and intangible benefits that humans
obtain from ecosystems [8]. Furthermore, ecosystem services are crucial for sustaining life
on Earth, maintaining ecosystem integrity, and supporting sustainable development [9,10].
Costanza initially outlined principles and methods for evaluating ecosystem service
value [9,11], laying the groundwork for quantitative assessment. In recent years, ecosystem
service valuation techniques have been continually refined and enhanced [11,12], and
Xie et al. developed a China-specific method for assessing ecosystem service value, tailored
to the country’s ecosystem features and based on Costanza’s model [13–15].

According to the classic Theory of Island Biogeography proposed by MacArthur and
Wilson (1967), islands are not simply landmasses surrounded by seawater, but rather indepen-
dent ecosystems with unique evolutionary and successional mechanisms [16,17]. Constrained
by limited land area, isolated geographical location, and relatively homogeneous habitat struc-
ture, island ecosystems support smaller population sizes and narrower survival thresholds
than continental areas, making them highly sensitive to human disturbances such as urban-
ization. Once disturbed, native species are more vulnerable to extinction, and geographical
isolation greatly impedes natural recolonization following habitat degradation, resulting in
a self-recovery capacity far weaker than that of interconnected continental habitat patches.
Consequently, island ecosystems have very limited ecological margins for planning errors and
require precise assessment and spatial regulation.

Current island-related research spans multiple fields, including biogeography [18,19],
tourism [20,21], and sustainable development [22,23], and has revealed the vulnerabil-
ity and complexity of island ecosystems from different dimensions. However, gradient
analyses conducted from a land–sea interaction perspective remain relatively rare.

As the primary interface of between land and sea interaction, the coastline experiences
the most intense human activity and is itself a dynamic boundary whose long-term position
is modulated by sediment supply, beach-face morphology, and storm forcing. Multi-
decadal analyses of satellite-derived shorelines further demonstrate that erosion–accretion
asymmetries and beach-face steepness exert measurable control on coastal vulnerability
and disaster risk patterns at the transect scale [24,25], reinforcing the rationale for explicitly
resolving coastal gradients in island ecosystem service value assessments. Generally, areas
closer to the shoreline face greater ecological disturbance pressures, with land development
intensity gradually diminishing from the coast inland [26–28]. Owing to their small area,
low ecological thresholds, and highly concentrated human activities, islands exhibit steeper
land–sea gradients and more sensitive ecological responses.

Recent research has predominantly focused on the ecological effects of land use change,
emphasizing the spatiotemporal dynamics of ESV [29,30]. However, studies conducting
gradient analyses of island ecosystems from a land–sea interaction perspective remain
relatively scarce, limiting the applicability of research findings in guiding precise spatial
management and ecological conservation strategies for islands. Maintaining ecosystem
service functions and resource supply capacity while ensuring economic development and
urban expansion has become a core challenge for sustainable island development.

As China’s fourth largest island and the core area of the first prefecture-level city
established under an archipelago administrative system, Zhoushan Island has undergone
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rapid urbanization since the establishment of the Archipelago New Area in 2011 [31]. How-
ever, the tension between relative land scarcity and sustained development demand has
become increasingly apparent, and intensive coastal development activities, while driving
economic growth, have also exerted non-negligible impacts on the long-term sustainability
of ecosystems. Existing ESV studies on Zhoushan have mostly adopted year-by-year dy-
namic shorelines, which can reflect overall regional ecological evolution. However, when
quantifying the net ecological losses from coastal development activities, the total study
area expands progressively with reclamation, and the low ecological value of newly added
artificial land dilutes the ecological losses of the original sea areas. The seaward advance of
the Zhoushan Island shoreline from 2000 to 2020 was driven primarily by coastal develop-
ment activities, with natural sedimentation and erosion processes contributing negligibly.
In light of this, this study adopts the 2020 coastline as a unified spatial baseline to ensure a
constant total study area and longitudinal comparability of gradient analysis.

Although previous studies have explored land use and ecosystem service changes
in the Zhoushan Archipelago [32–37], analyses based on coastal gradient and multi-zone
spatiotemporal differentiation remain relatively weak. To address this gap, this study
systematically analyzes the land–sea gradient characteristics of land use on Zhoushan
Island and explores the spatiotemporal relationship between land use and ecosystem
service value, leveraging the Google Earth Engine (GEE) cloud platform and multi-temporal
Landsat imagery spanning 2000 to 2020. This study aims to examine the influence of human–
environment interactions on land use change along the land–sea gradient of Zhoushan
Island, assess the sustainability of island ecosystem services under intensive development,
and reveal the spatiotemporal differentiation patterns and driving mechanisms of ESV
across different zones, thereby providing a scientific basis for island spatial management
and ecological conservation.

2. Materials and Methods
2.1. Study Area

Zhoushan Island is the largest in Zhejiang Province, located in the middle of China’s
eastern coastline in the East China Sea, off the northeastern coast of Zhejiang (Figure 1),
and is the main island of the Zhoushan Archipelago, as shown in Figure 1. The central and
western regions of Zhoushan Island are part of the Dinghai District; in contrast, the eastern
region belongs to the Putuo District. Benefiting from fertile soil and well-developed water
systems, Zhoushan plays a vital role in water conservation and is a key center for forestry
resources within Zhoushan City.

In recent years, Zhoushan Island has undergone rapid urbanization due to the ongo-
ing growth of ocean-related industries [38], which has involved expanding urban areas,
building transportation infrastructure, and meeting the rising need for industrial land.
Combined with limited island land resources, these factors have resulted in extensive land
reclamation from water bodies and tidal flats, as well as the transformation of farmland
into developed land.

2.2. Methods
2.2.1. Land Use Extraction

In this study, land use data for Zhoushan Island were extracted using the GEE plat-
form, and the extraction methodology is shown in Figure 2. GEE can be effectively applied
across various Earth Science studies, including Land Use Change Monitoring [39], Coastline
Change [40], Marine Aquaculture Area changes [41,42], and Marine Disaster Monitoring [43].
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Figure 1. Geographic location of Zhoushan Island. In the two inset maps, light blue represents
Zhejiang Province and dark blue denotes Zhoushan Island. The two black arrows guide the reader’s
view from the national overview map, to the provincial extent, and finally to the main study area.

Figure 2. The flowchart mapping land use extraction on the GEE platform.
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The remote sensing data included Landsat 5 SR data (LANDSAT/LT05/C02/T1_L2)
for 2000 and 2010, Landsat 8 SR data (LANDSAT/LC08/C02/T1_L2) for 2020, and the
ALOS DSM-GLOBAL 30 m dataset with a spatial resolution of 30 m.

(1) Sample point selection

Referring to the National Land Cover Dataset of China [44] and based on the actual
conditions of Zhoushan Island, six land cover types were used in this study: farmland,
forest, grassland, water, construction land, and barren land.

The sampling and validation scheme of this study followed the method of Nasiri et al. [45].
All samples were obtained through visual interpretation of high-resolution Google Earth im-
agery, using a random polygon-based sampling strategy. The sample proportions were
generally consistent with the area of each land use type, and the spatial distribution of sam-
ples was even. The total sample set was split into two parts: 70% for the training dataset and
30% for the verification dataset.

(2) Remote sensing image processing

Landsat remote sensing data from April to September, corresponding to the vegetation
growing season of the year, were filtered based on cloud cover, and images with cloud cover-
age below 10% were retained. After applying a cloud removal function, median compositing
was performed, and the result was then clipped using the island vector boundary.

(3) Multiband composition

To enhance extraction accuracy, several widely used index bands were used, namely
the Normalized Difference Vegetation Index (NDVI) [46], modified Normalized Difference
Water Index (mNDWI) [47,48], and Normalized Difference Built-up Index (NDBI) [49].

The formulas for these indices are as follows:

NDVI =
NIR − Red
NIR + Red

(1)

mNDWI =
Green − SWIR
Green + SWIR

(2)

NDBI =
SWIR − NIR
SWIR + NIR

(3)

Here, Green, Red, NIR, and SWIR are the bands of Landsat TM/OLI imagery, cor-
responding to green (520–600 nm), red (630–690 nm), near-infrared (760–900 nm), and
shortwave infrared (1550–1750 nm), respectively.

The composite NDVI, mNDWI, NDBI, DEM and slope (both from the GEE SRTM
dataset), and multiple Landsat bands were used to perform classification with the stochastic
forest method.

(4) Land use classification accuracy verification

OA and kappa indices were used to verify the accuracy of the classification data,
and the results are shown in Table 1. The complete confusion matrices for each year are
provided in Supplementary Table S1. Due to the similarity of spectral signatures among
certain land cover types, minor confusions were observed primarily between construction
land and barren land, as well as between construction land and farmland. Grassland also
exhibited noticeable omission in certain years. Nevertheless, the overall accuracy (OA) and
kappa coefficients for all three periods remained at high levels.

2.2.2. Calculation of ESV

Ecosystem services include provisioning, regulating, supporting, and cultural services.
Based on the Costanza method [13–15], a questionnaire survey was conducted among
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domestic ecological experts, and a unit value system for ecosystem services tailored to
China’s conditions was developed. In this study, the equivalent value factor conversion
method proposed by Xie was applied and the equivalence table was customized according
to the specific conditions of the study area. Referencing relevant research [50], the equiva-
lent value for construction land was set to 0. Furthermore, the barren land in this study
predominantly consists of transitional bare surfaces formed by coastal reclamation around
Zhoushan Island. These surfaces were created through the construction of cofferdams,
hydraulic filling of dredged sediment, and foundation reinforcement techniques, represent-
ing highly disturbed artificial ground. This type of land surface lacks tidal hydrological
processes, natural wetland structure, and vegetation or biological communities; it does
not constitute natural tidal flats or coastal wetlands; and its ecosystem service functions
are extremely weak. Referring to previous studies conducted in Zhoushan and Zhejiang
Province [37,50], the desert ecological value coefficient was assigned to this type of barren
land to reflect its actual level of ecological function.

Table 1. Interpretation accuracy statistics.

Year OA Kappa

2000 98.6% 98.0%
2010 98.7% 98.4%
2020 96.2% 94.9%

The main grain crop in Zhoushan City is late-season rice. Using data from the
Zhoushan City Statistical Yearbook, including the sown area, yield, and average price
of late-season rice in 2020, the per-unit-area economic output of grain production on
Zhoushan’s farmland can be approximated. This total is then divided by 7 to derive the
value of one ecosystem service equivalent, approximately 3383.33 yuan per hectare, which
was used to create a table of ecosystem service value coefficients for various land types on
Zhoushan Island, detailed in Table 2.

Table 2. Ecosystem service value coefficient of the study area (Unit: yuan/hm2).

Level 1 Level 2 Farmland Forest Grassland Water Construction Land Barren Land

Provisioning services
Food production 3755.50 845.83 778.17 2706.67 0.00 33.83

Material 845.83 1962.33 1150.33 778.17 0.00 101.50
Water supply −4432.17 1015.00 642.83 28,047.84 0.00 67.67

Regulating services

Gas regulation 3011.17 6462.17 4093.84 2605.17 0.00 372.17
Climate regulation 1590.17 19,318.84 10,792.84 7747.84 0.00 338.33

Environment purification 473.67 5650.17 3552.50 18,777.51 0.00 1048.83
Water regulation 5075.00 12,653.67 7917.00 345,912.13 0.00 710.50

Supporting services
Soil conservation 1759.33 7849.34 4973.50 3146.50 0.00 439.83
Nutrient cycling 541.33 609.00 372.17 236.83 0.00 33.83

Biodiversity 575.17 7172.67 4533.67 8627.50 0.00 406.00

Cultural services Esthetic landscape 270.67 3146.50 1996.17 6394.50 0.00 169.17

Total 13,465.67 66,685.52 40,803.02 424,980.66 0.00 3721.66

2.2.3. ESV Sensitivity Analysis

To verify the reliability of the ESV assessment results, the coefficient of sensitivity (CS)
method was employed for validation [51]. The value coefficients per unit area for farmland,
forest, grassland, water bodies, and barren land were individually adjusted upward and
downward by 50%, while those of the other land use types remained unchanged. The total ESV
was then recalculated, and the corresponding CS was derived using the following formula:

CS =

∣∣∣∣∣ (ESVj − ESVi)/ESVi

(VCjk − VCik)/VCik

∣∣∣∣∣ (4)
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where ESVi and ESVj represent the total ecosystem service value before and after adjust-
ment, respectively; VCik and VCjk represent the value coefficient per unit area of a given
land use type before and after adjustment, respectively.

2.2.4. Land Use and ESV Change Analysis

(1) Land use change state degree

The single land use dynamic rate indicates how a specific land use type changes over
the study period and is calculated by the following formula:

K =
Ub − Ua

Ua
× 1

T
× 100% (5)

where K denotes the land use dynamic degree for a given land use type over the study
period, Ua and Ub represent the area of that land use type at the initial and final time points,
respectively, and T is the duration of the study in years.

(2) Comprehensive dynamic degree

The comprehensive dynamic degree of land use refers to the rate of change in overall
land use types during the study period, and the calculation formula is as follows:

LC =


n
∑

i=1
∆LUi−j

2
n
∑

i=1
LUi

× 1
T
× 100% (6)

where LC denotes the comprehensive land use dynamic degree over the study period; ∆LUi

denotes the area of land use i at the beginning of the study period; ∆LUi-j is the absolute
area converted from type i to other land use types during the study interval; n is the total
number of land use categories; and T is the study duration in years.

(3) Land use and ESV Change transition matrix

The land use transition matrix is used to describe the direction and quantity of land
use type changes during the study period [52], calculated as follows:

Uxy =


U11 U12 . . . U1n

U21 U22 . . . U2n

. . . . . . . . . . . .
Un1 Un2 . . . Umn

 (7)

where Uxy is the conversion of land use type x at the beginning of the study to land use
type y at the end of the study, measured as land area. On this basis, we constructed an ESV
transfer matrix to quantify the ESV variation induced by the transformation from land type
x to y, where Uxy represents the ESV change derived from the land area converted between
the two types.

2.2.5. Island Zoning Method

In coastal research, zoning the study area by distance from the shoreline is a com-
mon approach [51]. To characterize the spatial attenuation features of human activity
disturbances, the natural breaks method was applied in this study to divide Zhoushan
Island along the land–sea gradient, as it maximizes inter-group differences and minimizes
intra-group differences, demonstrating strong applicability. Based on the Euclidean dis-
tance from the center point of each 500 m grid to the coastline, the study area was divided
into five gradient zones from near to far, namely Zone 1 (nearshore) to Zone 5 (offshore),
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thereby enabling a standardized comparative analysis of the land use pattern and the
spatial differentiation of ecosystem services. Spatial zoning, distance calculation and cor-
responding cartographic production were performed in ArcGIS 10.8 (Esri, Redlands, CA,
USA) (Figure 3).

Figure 3. Zoning map and area statistics chart of Zhoushan Island.

To assess the potential influence of the Modifiable Areal Unit Problem (MAUP)—
a common issue in spatial analysis—on the conclusions [53–55], this study introduced
two additional zoning schemes with three and seven zones, respectively, for robustness
testing. The MAUP refers to the phenomenon whereby the results of spatial analysis
vary depending on how the basic spatial units are defined (e.g., their scale or boundaries).
By comparing the spatial patterns of ESV loss rates across the three zoning schemes, the
sensitivity of the core conclusion to the number of zones could be evaluated: if the core
pattern of “ESV loss highly concentrated in nearshore zones” remains stable across different
zoning schemes, this indicates that the conclusion is robust and not dominated by the choice
of the number of zones.

In addition, to test the statistical significance of the variation in land use intensity with
distance from the coast, Spearman’s rank correlation analysis was employed to examine the
monotonic relationship between land use dynamic degree and coastal distance. This method
is a nonparametric test that does not depend on assumptions about data distribution, making
it suitable for statistical inference of monotonic trends under small-sample conditions.

3. Results
3.1. Overall Analysis
3.1.1. Spatial–Temporal Evolution and Dynamics of Land Use

Table 3 and Figure 4 present the land use dynamics of Zhoushan Island from 2000
to 2020. Forestland constituted the predominant land cover throughout the study period,
followed by farmland and construction land. Substantial changes were detected in farm-
land, water bodies, construction land, and barren land. Between 2000 and 2020, farmland
steadily decreased from 14,053.78 hm2 to 10,277.42 hm2, with an average annual change
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rate of −1.34%; forest showed a minor decrease from 26,965.44 hm2 to 25,465.88 hm2, at
the same average annual rate of −1.34%; and water bodies continuously declined from
5369.91 hm2 to 1308.57 hm2, at an average annual rate of −3.78%. However, construction
land increased significantly from 5135.56 hm2 to 13,369.47 hm2; between 2000 and 2010
alone, this area grew by 5286.4 hm2, with an overall growth rate of 8.02% over the 20 years.

Table 3. Land use types and area changes (unit/hm2).

Year Farmland Forest Grassland Water Construction Land Barren Land Total Area

2000 14,053.78 26,965.44 151.73 5369.91 5135.56 432.13

52,108.552010 10,614.75 25,162.17 368.98 4024.36 10,421.96 1516.33

2020 10,277.42 25,465.88 679.81 1308.57 13,369.47 1007.4

Figure 4. Land use patterns on Zhoushan Island from 2000 to 2020.

Similarly, unused land increased significantly, rising from 432.13 hm2 to 1007.4 hm2;
this growth was especially notable between 2000 and 2010, with an average annual growth
rate of 25.09% and an overall increase of 6.66%.

The Sankey diagram (Figure 5) derived from the land transfer matrix reveals that
between 2000 and 2020, forestland continually exchanged land with other types. Meanwhile,
farmland steadily decreased and was mostly converted to construction land, with its
proportion of the total area falling from 26.97% to 19.72%, a reduction of 3776.36 hm2.

Over 20 years, water areas shrank by 4061.34 hm2, representing 75% of their 2000 size,
and were mostly turned into construction land and barren land, with areas of 3140.97 hm2

and 313.03 hm2, respectively. The most significant decline occurred between 2010 and 2020,
when 2715.79 hm2 was lost, including 1396.67 hm2 converted to construction land.
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Figure 5. Sankey diagram of the conversion of each land use type from 2000 to 2020.

Construction land underwent sustained expansion, with its proportion of the total
area rising from 9.86% to 25.66%, an increase primarily stemming from farmland, water,
and forestland. There has also been a persistent two-way conversion between farmland
and forestland: between 2000 and 2010, most conversions were from forestland to farmland;
however, from 2010 to 2020, the trend shifted, with slightly more farmland being converted
to forestland than the reverse.

3.1.2. Changes in Ecosystem Service Value

As illustrated in Figure 6, the overall ESV of the study area was 42,773.54 × 105 yuan in
2000, 35,518.64 × 105 yuan in 2010, and 24,242.04 × 105 yuan in 2020, showing a continuous
downward trend over the past two decades. It declined by 7254.90 × 105 yuan between
2000 and 2010 and further fell by 11,276.60 × 105 yuan from 2010 to 2020; by 2020, the
ESV had dropped to 56.7% of its 2000 level. Forestland, water bodies, and farmland made
up the main components of the total ESV. Forestland contributed over 42% of the total
ESV in each of the three periods, with both the absolute value and proportion remaining
fairly stable. Water bodies experienced the most significant decline, decreasing from
22,821.07 × 105 yuan in 2000 to 5561.19 × 105 yuan in 2020, with their share dropping from
53% to 23%. Although the ESV of farmland declined from 1892.43 × 105 yuan in 2000 to
1383.93 × 105 yuan in 2020, its proportion stayed relatively steady. Grassland and barren
land contribute little to the total ESV. Therefore, barren land is excluded from Figure 6, as
its proportion is so small that it cannot be meaningfully presented.

Temporal variations in the composition of ESV are reflected in the proportional changes
in different ecosystem service functions (Figure 7). Regulatory functions were consistently
the primary focus of the island ecosystem, accounting for over 70%, and support services
were the second most significant, maintaining a steady share above 12%. Meanwhile,
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provisioning and cultural services were smaller in proportion: cultural services remained
relatively stable, whereas provisioning services declined by nearly 50%.

Figure 6. Total changes in ecosystem service value (ESV) from 2000 to 2020.

Figure 7. Individual ecosystem service value (ESV) from 2000 to 2020.

3.1.3. Results of ESV Sensitivity Analysis

The results of the ESV sensitivity analysis (Table 4) show that the sensitivity coefficients
(CSs) for all land use types in all three years were far below 1, with the maximum value being
0.701 for forests in 2020. This indicates that the ESV estimates lack elasticity with respect to
changes in the value coefficients of individual land use types, demonstrating that the research
conclusions are robust and not dominated by the setting of any single coefficient.

Although water bodies were the core driver of ESV loss, their CS decreased from
0.534 in 2000 to 0.229 in 2020, indicating that, with the sharp reduction in water area, the
influence of changes in the water coefficient on the total ESV weakened considerably. In
contrast, the CS for forestland increased from 0.420 in 2000 to 0.701 in 2020 because forests
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became the largest contributor to total ESV (accounting for 70%) following the substantial
shrinkage of the water area. Nevertheless, its CS remained below 1, confirming that the
results are still robust.

Table 4. The coefficient of sensitivity (CS) of ecosystem service value.

Land Use Type 2000 2010 2020

Farmland 0.044 0.04 0.057
Forest 0.42 0.472 0.701

Grassland 0.001 0.004 0.011
Water 0.534 0.482 0.229

Construction land 0 0 0
Barren land 0 0.002 0.002

3.1.4. ESV Net Transfer Matrix

The ESV net transfer matrices for the two periods were constructed (Figure 8, Table S2)
to quantify the direction and magnitude of the contribution of each land use conversion to
ecological value changes.

Figure 8. Ecosystem service value (ESV) net transfer matrix.
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2000–2010: The net ESV loss originated primarily from the conversion of water bodies,
as their transformation to construction land, barren land, and farmland resulted in net
losses of 5935.56 × 105 yuan, 3582.18 × 105 yuan, 1471.63 × 105 yuan, respectively. These
three pathways together accounted for 10,989.37 × 105 yuan, representing 95.4% of the total
loss from water body conversion. Over the same period, the combined positive gains from
forest and grassland conversions totaled only approximately 521.35 × 105 yuan, far from
sufficient to offset the ecological value losses caused by the conversion of water bodies.

2010–2020: The value losses from water body conversion intensified further, with
the combined net loss from their transformation to construction land, forest, farmland,
and barren land amounting to 12,212.22 × 105 yuan. Although forest and grassland areas
increased, their combined value gain was only approximately 916 × 105 yuan, equivalent
to merely 7.5% of the losses from water body conversion, and thus unable to compensate
for the aforementioned ecological value deficit.

The above results demonstrate that the core driving force behind the decline in ESV
in the study area was the large-scale conversion of high-ecological-value water bodies to
low-value construction land and barren land. The scale of these losses far exceeded the
positive ecological gains generated by the conversion of other land use types, forming a
pattern in which “high-value losses greatly outweigh low-value gains”.

3.2. Gradient Differentiation of Spatiotemporal Changes
3.2.1. Gradient Differentiation of Spatiotemporal Changes in Land Use

Substantial heterogeneity in land use structure can be observed across the five sub-
zones of Zhoushan Island. As illustrated in Figure 9, Zone 1 displayed a distinctly different
land use pattern compared with the other zones. In 2000, it had considerably higher pro-
portions of farmland, construction land, and water bodies, and it also underwent the most
intense structural changes over time. For example, construction land in Zone 1 expanded
rapidly from 2268 hm2 in 2000 to 6115 hm2 in 2020, contributing 47% of the island-wide
increase in construction land. By contrast, Zones 2–5 exhibited similar land use structures,
with much milder changes than Zone 1.

Figure 9. Land use structure of each zone in 2000, 2010, and 2020.
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Figure 10 first examines the trends in farmland area. In 2000, Zone 2 had the
largest share of farmland, followed by Zone 3 and Zone 4. Over the last twenty
years, the total farmland area has diminished, especially between 2000 and 2010. Dur-
ing this period, Zone 1’s farmland decreased from 3630 hm2 to 2034 hm2, with its
share of Zone 1’s total area dropping from 29% to 16%; likewise, Zone 2’s farm-
land shrank from 4336 hm2 to 3240 hm2, and its share of Zone 2’s total area fell
from 36% to 27%.

Figure 10. Changes in the ecosystem service value proportion of farmland, forest, water, and
construction land.

Land use conversion processes and intensity are clearly depicted by the Sankey
diagrams for each zone (Figure 11). Land activity intensity gradually decreased
from Zone 1 to Zone 5 with increasing distance from the coastline. Forestland dom-
inated Zones 4 and 5 and remained stable between 2000 and 2020. Extensive land
use conversions occurred from Zone 1 to Zone 3, driven mainly by the expansion
of construction land at the expense of farmland. From 2000 to 2010, large areas of
the latter were converted to the former in Zones 1 and 2; however, this conversion
slowed during 2010–2020. Unlike Zone 2, Zone 1 also experienced considerable con-
version of water bodies to construction land. From 2000 to 2010, water bodies in
Zone 1 were mainly converted to construction land and barren land; from 2010 to
2020, they continued to be developed for construction, and most barren land was
also converted.
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Figure 11. Sankey diagram for each zone from 2000 to 2020.

3.2.2. Robustness Test of Land–Sea Gradient Zoning and Spatiotemporal Differentiation of
Ecosystem Service Value

(1) Zoning Robustness Test

The statistical results of the ESV loss rates under different zoning schemes (Table 5)
show the following: under the three-zone scheme, the ESV reduction rates of the first and
second nearshore gradients were 72.82% and 18.10%, respectively, together accounting for
90.92%; under the five-zone scheme, the gradients together accounted for approximately
80%; under the seven-zone scheme, the ESV reduction rates of the gradients were 39.63%
and 27.61%, respectively, together accounting for 67.23%. Regardless of the zoning scheme
adopted, ESV losses were consistently highly concentrated in the nearshore area, and the
core spatial pattern remained stable, indicating that the number of gradient zones does not
alter the principal conclusion of this study—that ESV loss is concentrated in the nearshore
area—and that the five-zone scheme exhibits sufficient robustness.

Table 5. Robustness test of ESV loss share of different zone gradient schemes.

Three-Zone Five-Zone Seven-Zone

Zone 1 72.82% 56.61% 39.63%
Zone 2 18.10% 22.59% 27.61%
Zone 3 9.08% 10.60% 11.77%
Zone 4 - 6.83% 8.63%
Zone 5 - 3.37% 5.55%
Zone 6 - - 4.96%
Zone 7 - - 1.86%
Total 100.00% 100.00% 100.00%

(2) Gradient Differentiation Characteristics of Total ESV

From 2000 to 2020, the ESV exhibited a distinct gradient pattern characterized by
significant nearshore losses and stable offshore conditions. The ESV in Zone 1 plummeted
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from 15,362.42 × 105 yuan to 5035.31 × 105 yuan, representing a loss rate of 67.2%, which
is much higher than the island-wide average of 43.3%. Approximately 80% of the total ESV
loss was concentrated in Zones 1 and 2, suggesting that the nearshore area was the core
zone of ecosystem service degradation. In contrast, Zone 4, where forestland covered more
than 65% of the area, showed a low ESV loss rate of 19%, serving as a key zone supporting
ecological stability across the island.

(3) Gradient Differentiation Characteristics of ESV Service Functions

Shifts in ecosystem service functions varied noticeably across zones, with an overall
declining trend from 2000 to 2020 (Figure 12). Regulating services consistently remained the
core function of the island ecosystem, with the most noticeable change being in Zone 1, where
their value dropped from 12,997.82 × 105 yuan to 3927.72 × 105 yuan, a decrease of nearly
70%. Support services displayed significant spatial variation, with Zone 4 being a high-value
area and Zone 1 comparatively lower. Provisioning services accounted for a relatively small
proportion of total ESV but experienced a drastic decline; their value in Zone 1 decreased
from 1072.05 × 105 yuan to 320.16 × 105 yuan, representing a substantial reduction of 70.1%,
the most prominent relative loss among all gradient zones. Cultural services accounted for
the smallest proportion, and their total value remained generally stable.

Figure 12. Ecosystem individual service value for each zone from 2000 to 2020.

4. Discussion
4.1. Land–Sea Gradient Pattern, Driving Mechanisms, and Ecological Degradation Pressure

Using the five delineated zones as sample points, Spearman’s rank correlation coefficient
was employed to quantitatively examine the monotonic relationship between the comprehen-
sive land use dynamic degree and the mean distance from the coastline. The results for both
periods reveal a statistically significant monotonic negative correlation (2000–2010: ρ = −1.000,
p < 0.05; 2010–2020: ρ = −1.000, p < 0.05) (Figure 13), indicating that the intensity of land use
change exhibited a systematic declining trend from the coastline inland.

However, further comparison of the dynamic degree values between the two periods
reveals that subtle internal adjustments occurred within this distance–decay pattern. The
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nearshore zones (Zone 1–2) exhibited a decelerating trend. During 2000–2010, the dynamic
degree of Zone 1, closest to the coast, was as high as 2.05% and decreased to 1.90%, and that
of Zone 2 also slightly declined from 1.36% to 1.33%. This reflects that, following the initial
phase of rapid development, available land resources in nearshore areas have become
increasingly constrained, and development intensity has gradually approached saturation.
In contrast, the offshore zones (Zone 4–5) exhibited an accelerating trend. The degrees
of Zones 4 and 5 increased from 0.68% to 0.76%, and from 0.61% to 0.70%, respectively,
indicating that hotspots of land use change are migrating inland with increasing distance
from the coast.

Figure 13. Monotonic decline of land use intensity with distance from coastline: Spearman’s rank
correlation results.

The above differentiation pattern of “nearshore deceleration and offshore acceleration,”
while maintaining the overall distance–decay pattern, reveals an inlandward shift in the
spatial center of land use change. Although the Spearman rank correlation coefficient
remained at a highly significant monotonic level of −1.000 in both periods, a reciprocal
shift between nearshore and offshore zones is evident at the numerical level.

Zhoushan City is a typical island city with a highly developed marine economy. In
2021, Zhoushan’s gross ocean product reached 116 billion yuan, accounting for 68% of its
GDP, one of the highest proportions in the country. From 2000 to 2020, its leading industry
gradually shifted from traditional agriculture and fisheries to non-agricultural industries,
including port logistics, coastal industries, and marine tourism [56]. As a typical island
port city with a proportionally large marine economy and strong drivers of urbanization,
Zhoushan’s gradient pattern exhibits both commonalities and unique characteristics.

As shown in Figure 13, the land use intensity of Zhoushan Island decreased with
increasing distance from the coast. Early coastal development was much stronger than
inland development; however, the differences between zones gradually narrowed in the
later period, and development tended to be balanced, consistent with the evolutionary
patterns of port cities such as Yantai [27]. Yet, Zhoushan Island also has special traits.

First, 43% of urban expansion (the increase in the proportion of construction land)
occurred in Zone 1, which is within 1 km of the coastline, leading to more clustered devel-
opment, steeper gradients, and more localized ecological impacts, and thus differentiating
it from mainland coastal areas. Second, the transfer of cultivated land to construction land
showed a phased spatial migration, beginning nearshore in Zones 1–2 and later moving
toward Zone 3, due to the shrinkage of coastal cultivated land. Third, because of sea
reclamation projects focused on Zone 1 and nearshore waters, a clear chain conversion of
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“water body → unused land → construction land” was observed during the study period,
revealing the gradual encroachment of sea reclamation on the island’s ecological space.

Zhoushan’s urbanization and industrialization have come at the expense of tidal-
flat reclamation, loss of arable land, and wetland loss. In 2020, the ESV was only 56.7%
of its 2000 level, with the largest declines in regulating and provisioning services. The
weakening of regulatory services has led to the deterioration of the ecological environment
and increased vulnerability to natural hazards, and the continued decline in provisioning
services has also exerted a significant impact on regional grain production (see Section 4.2.3
for details). The above results indicate that intensive coastal development activities, while
driving economic growth, have imposed non-negligible degradation pressure on the long-
term sustainability of the island ecosystem.

4.2. Policy Implications, Limitations, and Recommendations
4.2.1. Sea Reclamation Policy: Development-Driven and Ecological Costs

In recent years, China’s rapid economic development has intensified disturbances to
coastal ecosystems. Sea reclamation is one of the main drivers of ecological degradation
of coastal ecosystems, which manifests as reduced biodiversity and bird habitats [57–60].
Furthermore, ESV exhibits a significant negative correlation with the intensity of sea
reclamation [61,62]. Empirical evidence has confirmed that the reduction in water areas and
wetland habitats caused by sea reclamation is the primary driver of the decline in ESV [63–65].

As an island city, Zhoushan has experienced rapid population growth and faces
extreme scarcity of land resources. The reclamation projects in Zhejiang Province have
a long history [64]: since 1990, Zhoushan City has implemented large-scale sea recla-
mation projects, including Putuo Donggang Reclamation Project, Zhoushan Diaoliang
Reclamation Project, and Southeast Lujiazhi Shoal Reclamation Project, etc. The spatial
distribution of these major reclamation projects shows a high degree of overlap with
the “water → barren → construction” conversion zones identified in this study (Figure 14,
Table 6), providing direct spatial evidence that reclamation-driven land conversion is the
primary cause of nearshore ESV loss. The national and Zhejiang Province governments
have issued several policies encouraging sea reclamation, including the “National Marine
Economic Development Plan Outline” and “the Overall Plan for Tidal Flat Reclamation
in Zhejiang Province (2005–2020)”, allowing reclaimed land to be used as supplementary
arable land, which directly promoted large-scale sea reclamation in Zhoushan. From 2005 to
2020, 26 sea reclamation projects were planned in Zhoushan, totaling 14,860 ha, providing
substantial land for urbanization, industrialization, and marine economic development, but
also leading to ESV decline, reduced biodiversity, and degradation of tidal flat ecosystems.

Table 6. Major coastal reclamation projects on Zhoushan Island.

No. Project Name Implementation Period

1 Dongdatang Outer Shoal Reclamation Project 2010–2020
2 Zikutu Outer Shoal Reclamation Project 2000–2010
3 Southeast Lujiazhi Shoal Reclamation Project 2010–2020
4 Zhoushan Diaolang Reclamation Project 2000–2010
5 Zhoushan Diaoliang Reclamation Project 2010–2020
6 Putuo Donggang Reclamation Project 2000–2010

Since 2018, the government has tightened restrictions on sea reclamation, stopping
approval of new projects except for major national strategic ones, thereby effectively
limiting large-scale reclamation. However, the policy has clear delays and shortcomings,
and long-term sea reclamation has caused permanent harm to the nearshore ecosystem.
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Figure 14. Spatial distribution of major coastal reclamation projects on Zhoushan Island (2000–2020). The
numbers in the figure correspond to the “No.” column in Table 6, indicating the same reclamation projects.

4.2.2. Soil and Water Conservation Policy: Effectiveness and Shortcomings

During the study period, the forestland area in Zhoushan City remained relatively
stable overall. The rate of converting cultivated land to forestland in the latter period
was significantly higher than the reverse transformation of forestland, mainly due to the
ongoing efforts to return farmland to forest and soil and water conservation projects in
the area. In recent years, China has developed and implemented a series of special soil
and water conservation policies to tackle soil erosion issues [66,67]. As a long-term area
for these policies, Zhoushan City, despite facing challenges such as heavy rainfall, strong
winds, typhoons, and a high risk of geological disasters, has effectively used soil and
water conservation measures to curb regional ecological degradation and maintain local
ecological security. However, there are still clear shortcomings in the current soil and water
conservation policies: on the one hand, policy efforts mainly focus on protecting forest land,
with insufficient attention paid to key ecosystems such as tidal flats, wetlands, and water
bodies; on the other hand, policies have yet to establish an effective coordination mechanism
with related areas such as urban expansion control and sea reclamation management.

4.2.3. Urban Planning and Food Security: Lagged Governance and Growing Security Risks

Based on data from the Zhoushan Statistical Yearbook 2021, the total grain output
of Zhoushan City dropped from 88,000 tons in 2000 to 29,000 tons in 2020, a decline of
67%. According to the remote sensing interpretation results of this study, the farmland
area on Zhoushan Island decreased from 14,054 hectares to 10,277 hectares over the same
period, a reduction of 26.9%. The substantially larger decline in grain output compared
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with the reduction in farmland area indicates that, in addition to the loss of cultivated land,
changes in cropping structure were also an important factor contributing to the decrease
in grain production. As an island city connected to the mainland only by sea-crossing
bridges, Zhoushan’s grain self-sufficiency rate has fallen below 10%, meaning it must highly
dependent on external supplies and is facing sustained food security pressure beyond its
own carrying capacity.

Spatially, farmland loss was concentrated mainly in the nearshore Zone 1 and Zone 2,
driven primarily by the large-scale conversion of farmland to construction land, which not
only directly reduced the land area available for grain production but also exacerbated the
fragmentation of the agricultural landscape, further undermining yield stability.

Although the latest territorial spatial plan (2024) emphasizes the importance of protect-
ing farmland and ensuring food security, the policy response has shown a noticeable lag.
Long-term high-intensity development has substantially reduced farmland area and led to
the continuous degradation of ecosystem services. Relying solely on short-term planning
and regulation is insufficient to rapidly reverse the ecological degradation pressure that
has accumulated over the long term.

4.3. Comparison with Related Studies

Numerous scholars have conducted research on land use and ecosystem service value in
the Zhoushan Archipelago. The findings of this study are generally consistent with those of Shao
et al. (2017) and Xi et al. (2021) [34,36]: all research indicates rapid expansion of construction
land, reduction in farmland and coastal wetland water areas, and a consequent overall decline
in ecosystem service value. Specifically, Shao et al. (2017), focusing on the Dinghai District of
Zhoushan, concluded that urban expansion and the sharp reduction in tidal flat wetlands led to
a continuous decline in ESV, which is entirely consistent with the declining trend observed in
this study [36]. Xi et al. (2021), in their study of ESV across the entire Zhoushan Archipelago
from 2000 to 2020, similarly identified an overall pattern of decline [34].

A directional difference exists between the findings of this study and those of [37],
who reported a 13.46% increase in total ESV for the entire Zhoushan Archipelago from
1984 to 2017. This discrepancy arises primarily from three key differences in study design:
(1) Study extent: This study focused on Zhoushan Island and its nearshore reclamation
areas, where human disturbances are concentrated and ecological degradation is promi-
nent, whereas [37] covered the entire Zhoushan Archipelago, where the stable ecological
background of outlying islands and open waters diluted the declining trend observed on
the main island. (2) Study period: This study focused on the period of intensive develop-
ment from 2000 to 2020, a critical stage of rapid ESV decline, whereas [37] included the
period from 1984 to 2000, when development intensity was relatively low, which elevated
the overall magnitude of change over the longer time series. (3) Shoreline baseline: This
represents the most fundamental methodological difference. [37] adopted a year-by-year
dynamic shoreline, whereby artificial water bodies such as aquaculture ponds created
through reclamation were classified as water area, masking the ecological degradation of
the original marine waters. In contrast, this study adopted the fixed 2020 shoreline, directly
accounting for the conversion of natural water bodies to barren land and construction
land as ecological loss, thereby more realistically reflecting the encroachment upon and
destruction of the original marine ecosystem by reclamation.

In summary, the differences in conclusions between this study and [37] are essentially the
reasonable result of differing study extents, time periods, and shoreline baseline settings. The
fixed-shoreline approach adopted in this study is more suitable for revealing the ecological
costs borne by islands that serve as core areas of reclamation. Together with studies employing
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dynamic shorelines, these approaches complement one another and collectively enrich the
multi-scale understanding of ecological changes in the Zhoushan Archipelago.

4.4. Implications for Management Practice

In response to the dynamic changes in the ecological service value of Zhoushan Island
and the accompanying management challenges, we propose four targeted recommenda-
tions: (1) It is imperative to fully recognize the unique natural, geographic, and ecological
characteristics of the islands and to implement tailored, differentiated management policies.
Simultaneously, improving coordination among various regulatory measures will enhance
overall coherence and strategic alignment. (2) Delays in urban planning impede prompt
responses to issues arising from rapid urbanization, land reclamation, and ecological shifts
in island cities. Therefore, establishing a dynamically updated planning framework that
incorporates land–sea coordination is essential to improve scientific accuracy and foresight,
thereby reducing ecological and spatial risks associated with planning delays. (3) Although
strict controls and restrictions on land reclamation are in place, comprehensive and cautious
ecological risk assessments should be conducted for all new projects. Approval standards
and development intensities must be rigorously regulated to prevent adverse impacts
on island ecosystems, coastal wetlands, and biodiversity. (4) To mitigate the ecological
degradation and functional decline resulting from historical development, systematic and
quantitative ecological impact assessments should be conducted. Such assessments would
help identify damaged areas, ecological corridors, and vulnerable zones, thereby support-
ing the gradual restoration of regional ecological functions and the long-term sustainability
of the ecosystem.

4.5. Limitations and Prospects

This study, based on land use data from 2000 to 2020, revealed the spatiotempo-
ral changes in ecosystem service value (ESV) and its land–sea gradient differentiation
characteristics on Zhoushan Island. However, certain limitations remain.

(1) Limitations of the land use classification system.

This study adopted the commonly used first-level land use classification system. Con-
strained by the 30 m spatial resolution of Landsat imagery, it did not conduct fine-scale
differentiation between natural water bodies and artificial aquaculture ponds, or between
natural tidal flats and reclaimed bare land. Coastal wetland types such as salt pans, tidal
flats, and aquaculture ponds were uniformly grouped into the water body category, result-
ing in insufficient precision in representing the internal structure of ESV. Future research
could establish a more refined second-level classification system, separately delineating
aquaculture ponds, salt pans, and artificial wetlands, and applying differentiated ecologi-
cal value equivalent coefficients to more accurately characterize the ecological functional
differences among various coastal land use types.

(2) Limitations of the ecosystem service assessment.

In this study, only the island area and nearshore reclaimed zones were considered,
without integrating adjacent marine ecological processes into the comprehensive analysis.
In addition, although cultural services were included in the assessment framework, their
value was estimated solely using the equivalent factor method, which cannot adequately
reflect the actual cultural service value of Zhoushan as a marine tourism city. Future
research could incorporate questionnaire surveys, visitor willingness-to-pay data, and
ecotourism statistics to conduct more refined localized corrections of cultural service values.
Meanwhile, adjacent marine ecological processes could be integrated into the analytical
framework to achieve a more complete assessment of island and coastal ecosystem services.
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(3) Limitations of the driving mechanism analysis.

This study employed macro-scale spatiotemporal remote sensing data, without delving
into micro-scale ecological processes, localized human activities, or the dynamic impacts of
climate change. The interactions and feedback mechanisms among various policy measures
also remain to be quantitatively modeled. Future research could leverage the GEE platform
to extend the time series of remote sensing data, couple the InVEST model with machine
learning algorithms, and integrate multiple natural, social, and policy drivers to construct
a multi-scale analytical framework for driving mechanisms. Simultaneously, quantifying
policy synergy effects could provide more robust scientific support for island ecological
conservation and sustainable coastal management.

5. Conclusions
Based on the GEE platform, Landsat remote sensing images from 2000, 2010, and 2020

were selected in this study and the Random Forest classification method was employed to
extract six land use types on Zhoushan Island. By integrating the land use dynamic degree,
transfer matrix, and ecosystem service value (ESV) assessment methods, the spatiotemporal
evolution of land use on Zhoushan Island from 2000 to 2020 was systematically analyzed.
Meanwhile, five land–sea gradient zones were delineated based on Euclidean distance
from the coastline to reveal the spatial differentiation characteristics of land use change and
ESV gains and losses, thereby providing a scientific basis for the sustainable development
of the island. The main conclusions are as follows:

(1) Significant changes in land use pattern: From 2000 to 2020, Zhoushan Island exhib-
ited an overall pattern of continuous reduction in water bodies and farmland alongside
rapid expansion of construction land, driven by urbanization, industrial transformation,
and policy regulation. A typical “water body → barren land → construction land” land
conversion chain process was observed in localized areas, closely linked to nearshore
reclamation activities.

(2) Persistent decline in ecosystem service value: Large-scale land use conversion led
to a continuous decline in regional ESV, with the 2020 ESV amounting to only 56.7% of
that in 2000. The decline in regulating and provisioning services was the most pronounced.
The ESV net transfer matrix analysis revealed that the core driving force behind the ESV
decline was the large-scale conversion of high-ecological-value water bodies to low-value
construction land and barren land, with the magnitude of loss far exceeding the ecological
gains generated by forest and grassland recovery.

(3) Mounting food security pressure: The reduction in farmland area, compounded
by the shift toward non-grain cropping structures, resulted in a decline in grain output
substantially exceeding the rate of farmland loss. Zhoushan’s grain self-sufficiency rate has
fallen below 10%, leaving it highly dependent on external supplies and facing sustained
food security pressure beyond its own carrying capacity. Although the latest territorial
spatial plan has delineated farmland and ecological protection bottom lines, the policy
response has exhibited a noticeable lag.

(4) Pronounced land–sea gradient differentiation: Both the intensity of land use change
and ESV loss exhibited a progressive decline from the nearshore to the inland zones.
Nearshore Zones 1 and 2 experienced the most intensive land use conversions, jointly
contributing approximately 80% of the total ESV loss. In contrast, Zones 4 and 5, with
a higher proportion of forest cover, maintained relatively stable land use structures and
stronger ecological support capacity. Spearman’s rank correlation analysis confirmed
a statistically significant monotonic decreasing relationship between land use dynamic
degree and distance from the coastline. The overall spatial evolution pattern is similar to

https://doi.org/10.3390/su18115649

https://doi.org/10.3390/su18115649


Sustainability 2026, 18, 5649 23 of 26

that of other coastal port cities such as Yantai, reflecting the universal land–sea gradient
differentiation characteristic of island urbanization processes.

(5) Policy and planning as the core driving force: Early reclamation policies promoted
the rapid transformation of coastal land, while the subsequent tightening of reclamation
controls effectively curbed disorderly expansion. Ecological projects such as returning
farmland to forest also contributed to maintaining the relative stability of the forest land-
scape. Current island research tends to focus predominantly on ESV numerical accounting,
with insufficient attention paid to land structure degradation and long-term ecological
degradation pressure. Through a land–sea gradient perspective, this study systematically
quantified the spatiotemporal evolution of land use and ESV on Zhoushan Island, revealing
the differentiated response characteristics and driving mechanisms of ecosystems across
different gradient zones. These findings provide empirical support for island territorial
management, ecological conservation, and sustainable development planning, as well as a
reference for similar island studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su18115649/s1, Table S1: Confusion matrix of land use classification
results; Table S2: Transfer matrix of ecosystem service value changes caused by land use conversion.
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