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Abstract: Island ecosystems are vulnerable, as natural disasters and inappropriate anthro-
pogenic activities can easily disrupt the ecological balance, posing significant challenges to
the delivery of ecosystem services. In order to evaluate the ecosystem service functions of
the Zhoushan Archipelago, based on the In'VEST model, the four services of water conser-
vation, carbon storage, habitat quality, and soil conservation in the Zhoushan Archipelago
in 2017, 2020, and 2023 were estimated, and the spatial pattern of comprehensive ecosystem
service function was determined by principal component analysis. The results showed
the following: (1) the spatial distribution of water conservation, carbon storage, habitat
quality, and soil conservation values in 2017, 2020, and 2023 show the same trend, with
high values distributed in the central areas of Zhoushan Island, Changtu Island, Taotao
Island, and Qushan Island, and low values distributed in the coastal areas of Zhoushan
Island, Yangshan Island, and Yushan Island; (2) land use types have a significant effect on
four services. Trees, built areas, rangeland, and cropland were the primary contributors
to these four ecosystem services; (3) from 2017 to 2023, the highly important areas and
extremely important areas showed a decreasing trend. In 2023, the highly important areas
and extremely important areas accounted for 17.29% and 2.33% of the total area, which
are important for maintaining the virtuous cycle of the ecosystem. This study provides a
scientific basis for the sustainable development of the island.

Keywords: ecosystem service functions; INVEST model; principal component analysis;
Zhoushan Archipelago

1. Introduction

Ecosystem service functions refer to the environmental conditions and utilities pro-
vided by natural ecosystems to support human survival and activities, encompassing
four main types: provisioning, regulating, cultural, and supporting services [1,2]. Island
ecosystems are an important support point for marine economic development, and the
ecosystems they belong to possess important economic values, scientific research values,
and ecological values. In recent years, islands have faced a series of ecological challenges
such as the impacts of global climate change, the deterioration of seawater quality, the
scarcity of freshwater resources, and land resource constraints [3]. Climate change has
led to sea level rise, gradually reducing the limited land area of the archipelago [4]. In
addition, the increased frequency of unusual and extreme weather events has led to more
frequent meteorological and climatic disasters, further disrupting the balance of island
ecosystems [5,6].

Ecosystem service modeling tools include the InVEST model [7], ARIES model [8],
ecological footprint model [9], MSEM model [10], and SolVES [11]. The methodological
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system of the INVEST model, as a mainstream tool for the quantitative assessment of
ecosystem service functions, has been systematically verified through global multi-scale
empirical studies [12], which can achieve a large-scale assessment of ecosystem service
functions based on simpler model parameters and less data. The InVEST model shows
unique advantages in assessing the spatial differentiation characteristics of ecosystem
service functions. It has been widely used in ecosystem assessment in different regions of
the world, providing a scientific basis for the optimization of regional ecological security
patterns and the formulation of ecological restoration policies. However, the integrated
assessments of ecosystem services have focused on inland areas such as Anhui Province [13],
the Yellow River Basin of Henan Province [14], and the Sichuan—Yunnan ecological buffer
zone [15]. Most existing studies on islands focus on individual ecosystem service functions,
such as water yield [16], soil conservation [17], habitat quality [18], and carbon storage [19]
and tend to neglect the interactions between multiple services and the overall value of
ecosystem services on islands.

The Zhoushan Archipelago is widely distributed and relatively fragmented. Due to
the topography and geomorphology of the islands, only 31% of the land in the Zhoushan
Archipelago is suitable for development. Most of the land is steep slopes unsuitable for
development, and most of it is covered by ecological protection forests. Agricultural
land is dominated by coastal protection forests and ecological public welfare forests, and
arable land is scarce and fragmented, with serious soil salinization and low quality. These
challenges are exacerbated by the depletion of reserve resources. The unreasonable de-
velopment and over-utilization of resources will further reduce the area of ecological and
productive land and threaten the ecosystem service function of the area [20-22]. Therefore,
identifying more effective initiatives for the ecologically sustainable development of the
Zhoushan Islands remains a top priority.

For island ecosystem services, existing studies have not yet developed a systematic
assessment framework. This study is committed to filling the knowledge gap in the litera-
ture and providing a comprehensive assessment of the widely distributed and relatively
vulnerable Zhoushan Archipelago. In order to avoid the influence of weather conditions
in a single year, the years 2017, 2020, and 2023 were selected, and the process is described
below. (1) The integrated ecosystem service functions of the Zhoushan Archipelago in 2017,
2020, and 2023 were assessed using the IN'VEST model, revealing the spatial distribution
characteristics of functions such as water retention, carbon storage, habitat quality, and soil
conservation. This fundamental analysis provides a basis for the study of the spatial pattern
of regional ecosystem services. (2) Based on the evaluation results of the importance of
each ecosystem service, the ecosystem service functions of the seven land use types in 2023
were itemized to analyze the contributions of different land use types to the four ecosystem
service functions. (3) On the basis of the evaluation results of individual ecosystem service
functions, the four service functions in 2017, 2020, and 2023 were weighted, superimposed,
and calculated using principal component analysis to obtain the results of the comprehen-
sive grading of the importance of ecosystem services in the Zhoushan Archipelago. The
spatial assessment of the ecosystem service functions of the islands and the formulation of
the corresponding ecological function management zoning measures are of great practical
significance for the ecological protection and sustainable development of the islands.

2. Materials and Methods
2.1. Study Area

The Zhoushan Archipelago (121°30'-123°25' E, 29°32'-31°04’ N) is located in the north-
eastern part of Zhejiang Province and is the largest archipelago in China (Figure 1). It covers
a total area of 22,200 km?2, with a land area of 1400 km? and a sea area of 20,800 km?2 [23].
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The archipelago comprises numerous islands, 58 of which exceed 1 km? in size, accounting
for approximately 96.9% of the total area. As a typical island ecosystem, the Zhoushan
Archipelago is subject to the synergistic effects of ocean circulation and the East Asian monsoon
system, resulting in the formation of a unique subtropical maritime monsoon climate [24]. The
average annual temperature in the area is about 16 °C, and there is abundant precipitation,
providing a stable climatic basis for the formation of ecosystem services. Tropical storms
during the summer are a common meteorological hazard in the region.
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Figure 1. Location map of the study area.

The forest vegetation of the Zhoushan Archipelago is predominantly composed of
secondary broad-leaved forests and shrubs. The unique geographical and climatic con-
ditions of the islands have given rise to distinctive evergreen broad-leaved forests and
evergreen scrub, which are sporadically distributed on the sea-facing slopes of the south-
eastern islands and small offshore islands. Due to poor soil conditions, as well as natural
factors such as wind and salt spray, vegetation development is constrained, resulting in the
formation of a uniquely stable ecosystem. This vegetation type represents the most typical
and characteristic feature of the Zhoushan Archipelago.

2.2. Data Collection and Processing

This study collects and processes data from three sources: land use, physical geogra-
phy, and climate data. The data used are detailed in Table 1.

Table 1. Data source and processing methods.

Data

Data Source and Processing Method

Land use

Land use types for 2017, 2020, and 2023 come from ESRI (https://livingatlas.arcgis.com, accessed
on 16 October 2024), with a spatial resolution of 10 m.

Precipitation

Data on average rainfall were sourced from the National Meteorological Information Centre
(http:/ /data.cma.cn, accessed on 22 March 2025), using data from meteorological stations in the
Zhoushan Archipelago and Ningbo City. Seven years of precipitation data were obtained from
2017 to 2023, and 2017, 2020, and 2023 were selected as the characteristic years. To minimize the
impact of extreme precipitation events, the average precipitation of the one year preceding and
following each representative year was used to derive the characteristic values for each station.
For spatial analysis, Kriging interpolation was applied using ArcGIS Spatial Analyst tools. The
resulting interpolated data were clipped according to the administrative boundaries of the
Zhoushan Archipelago to generate raster precipitation datasets for the three selected years.
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Table 1. Cont.

Data Data Source and Processing Method
Data on average annual temperature and rainfall were sourced from the National Meteorological
Potential Information Centre (http://data.cma.cn, accessed on 22 March 2025), calculated by the modified
evapotranspiration Hargreaves equation. After obtaining the results, Kriging interpolation was carried out for each

meteorological station to obtain the reference evapotranspiration raster data for the study area.

Soil type data are from the China Soil Database (http://vdb3.soil.csdb.cn/, accessed on 18
Soil data September 2024), including soil type, soil texture (%clay, %sand, %silt, %organic carbon), and soil
depth, with a spatial resolution of 1000 m.

Digital The Geospatial Data Cloud (https:/ /www.gscloud.cn/, accessed on 18 September 2024) provided
elevation model the digital elevation model (DEM) data, with a spatial resolution of 30 m.

Calculations were made based on the DEM and soil depth using the spatial analysis tool

Topographic index in ArcGIS.

Soil saturated

. . Calculations were made based on soil texture data using the raster calculator tool in ArcGIS.
hydraulic conductivity

Percentage slope Calculations were made based on DEM data using the slope tool in ArcGIS.
. . Calculations were made based on precipitation amounts using the Raster Calculator tool
Rainfall erosion factor )
in ArcGIS.
Soil erosion factor Calculations were made based on soil texture data using the raster calculator tool in ArcGIS.
2.3. Methods

2.3.1. Ecosystem Service Function Assessment Methods

The Zhoushan City Land Space Ecological Restoration Plan (2021-2035), released in
December 2024, aims to significantly improve the ecological conditions of Zhoushan City’s
critical marine ecological function areas, agricultural production zones, and urban-rural
development zones. This plan also seeks to enhance ecosystem quality, ecological service
functions, and ecosystem stability. Through the implementation of key projects—such as
coastline ecological restoration, urban and rural habitat upgrading, forest ecological restora-
tion, and biodiversity protection—the plan addresses ecological challenges, including soil
erosion, irrational urban spatial development, and biodiversity loss. To address these
issues, this study selected four ecosystem services—water conservation, carbon storage,
habitat quality, and soil conservation—to analyze the spatial distribution characteristics of
ecosystem services in the Zhoushan Archipelago based on the INVEST model [25,26]. The
analysis framework is shown in Figure 2.

’ Land use , Physical Geography Data, and Climate Data ‘

g
‘ InVEST model and related formula ‘
O
Water Yield Carbon Storage Habitat Quality Sediment Delivery
module module module Ratio module
Water Carbon Habitat [ Soil
conservation storage quality _ conservation
O
Evaluation of the importance of Statistics on ecosystem Integrated ecosystem
each ecosystem service function services service assessment
{ Normalized the ES data } [ Kruskal-Wallis Test } Ermcips] Corpponent
Analysis
O

Classify the importance areas of ecosystem service functions
Provide reference for the optimal management of ecosystem services in Zhoushan Islands

Figure 2. The research framework used in this study.
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2.3.2. Water Conservation

The InVEST water yield tool was utilized to estimate annual water yield. This model
operates on a gridded map and employs the Budyko hydrothermal coupling equilibrium
hypothesis [27,28]. The total annual water yield (Yy) for each pixel (x) is calculated as the
difference between annual rainfall (Py) and actual evapotranspiration (AETy). The formula

Y, = (1 — AET") X Py (1)

where Y, represents the annual water yield of the grid unit (mm); Py represents the average

annual rainfall of grid unit x (mm). Ag* represents the approximate Budyko curve

is expressed as follows:

proposed by Zhang et al. [27], which defines the shape of the curve, relating potential
evapotranspiration to actual evapotranspiration.

PET,
AET, Itw (T)
P, PET, P @)
1+ w (B + o
PET, = K¢, x ETo, 3)
ETo, = 0.0013 x 0.408 X RA x (Tay +17) x (TD — 0.0123P)%7¢ (4)

where PET), represents the potential evapotranspiration, w represents a nonphysical em-
pirical fitting parameter, Kc, represents the crop coefficient; T4y and TD represent the
mean and difference in the monthly average daily maximum temperature and average
daily minimum temperature; RA represents extraterrestrial radiation, and P represents the
monthly precipitation. The w can be calculated according to the expression proposed by
Donohue et al. [28] as follows:

Z x AWC
W= (5)
AWC = min(Soil.Depth, Root.Depth) x PAWC (6)

where Z is seasonal factors, reflecting the seasonal distribution of rainfall as well as the
depth of rainfall; AWC represents the water content available to plants. Soil.Depth repre-
sents the maximum soil depth. Root.Depth represents the root depth. PAWC represents
the available water available through indirect calculation.

The resulting layers were superimposed with topographic index (TI), soil saturated
hydraulic conductivity (Kg), and velocity coefficient (velocity) parameters. The results
obtained indicate the amount of water conservation in the system under the combined
effect of topography, soil, and climate, reflecting the level of water-holding capacity of the
study area [29,30]. And the formula is expressed as follows:

) . 249 . 09xTI . Ksg
= _ 1, — Y. 7
Retention = min (1, velocity> X min (1, 3 ) X mm( 300) X Yy (7)

Drainagearea
soil_depth x percent_slope

TI =g (8)

where Retention represents water conservation volume, velocity represents the velocity
coefficient, Kg represents the saturated soil hydraulic conductivity, and TI represents the
topographic index. Drainagearea represents the number of pixels in the catchment area,
soil_depth represents the soil depth, and percent_slope represents the slope.

The biophysical coefficients for land use (LULC) types are listed in Table 2 [16,29,31,32].
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Table 2. Biophysical parameter table of water yield module.

LULC Kc Root Depth (mm)
Water 1 400
Trees 1 3500
Flooded Vegetation 0.8 3500
Crops 0.65 300
Built Area 0.3 1
Bare Ground 0.2 1
Rangeland 0.65 1500

2.3.3. Carbon Storage

The functional assessment of carbon storage service using the carbon storage module
of the InVEST model. Carbon stocks were assessed based on land use and land cover types.
The total carbon stock was calculated by aggregating contributions from four components:
above-ground biomass, below-ground biomass, and dead organic and soil carbon storage.
Total carbon stocks were calculated by multiplying the area of each land use type by its
corresponding average carbon density and summing these values across all land use types.
And the formula is expressed as follows:

Ci = Cabove+cbelozu+csoil + Cdead (9)

Crota = ¥ 1 AiCi (10)

where C;, is the total carbon storage of land cover category; Cpove, Cherows Csoir » and
Cgeqaq denote the above-ground, below-ground, soil, and dead organic carbon storage.

According to the conclusions of existing studies, the carbon density of the same land
use type is consistent within the same climate zone [33]. Therefore, in this study, the carbon
density parameters with comparable climatic conditions and land use types to the study
area were extracted by systematically searching the literature and scientific research data in
the nearby areas of the East China Sea and the neighboring islands. The carbon density of
the Zhoushan Archipelago is summarized in Table 3 [34-38].

Table 3. Carbon density parameter table (Unit: t/ha).

LULC Cabove Cbelow Csoil Cdead
Water 0.685 0 83.962 0
Trees 68.781 21.734 132.572 8.131
Flooded Vegetation 5.74 5.47 77.65 0
Crops 5.961 1.274 96.635 0
Built Area 6.5 14 67.3 0
Bare Ground 0.113 0 75.431 0
Rangeland 2.635 10.043 103.01 0.879

2.3.4. Habitat Quality

The functional assessment of habitat quality service is performed using the habitat
quality module of the InNVEST model. The module integrates multi-dimensional parameters
to construct an assessment system and outputs a habitat quality index. The closer the value
of this index is to 1, the lower the degree of habitat fragmentation and the stronger the
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ability to maintain biodiversity; the closer the value of this index is to 0, the higher the risk
of habitat degradation, and the formula is expressed as follows [39-42]:

D,
_ X]
Qyj = Hj (l_ Dz.+kz> ()

where Q,; represents the habitat quality in grid x within land use class j. H; represents
each LULC assigned a habitat score from 0 to 1, z and k are constants, usually taking the
values of 2.5 and 0.5. D, represents the habitat degradation level in grid x within land use
class j:

R Y, Wi ,
Dyj =)y y=1 (ZR : Wr) TylrxyPxSjr (12)
=

where R represents the number of threat factors, y represents a grid in threat factor r, Y,
represents the number of grids in that factor, W; represents the weight for threat factor r, r,
represents the value of factor r in grid y, iy, represents the threat degree of r, to grid x, By
represents the accessibility to grid x, and S, represents the susceptibility of land use j to
threat factor r, where irxy is assessed using the linear or exponential decay formula:

irxy = 1— (dxy/dy yax) (linear) (13)

irxy = exp[—(2.99/dy max)-dxy] (exponential ) (14)

where d xy represents the straight-line distance from grid x to grid y, and d; 4y represents
the maximum threat range for factor r.

Considering previous studies and the unique environment of the island, three threat
factors were identified in this study: cropland, built areas, and bare ground. In terms
of spatial attenuation characteristics, exponential attenuation was used, considering the
influence of point-source threats such as built areas. In contrast, for linear features, such as
cropland and bare ground, a linear decay function was used. The parameters used were
set within a reasonable range based on previous studies. Based on previous studies, the
maximum threat range, weights, and distance decay functions were assigned to each threat
factor (Table 4) [31,43-46].

Table 4. Habitat resilience and threat factor susceptibility for the InVEST habitat quality model.

Maximum Threat Range

Factor (Kilometers) Weight Distance Decay
Crops 4 0.6 Linear
Built Area 8 1 Exponential
Bare Ground 2 0.4 Linear

The sensitivities of the various land use types to each threat factor varied significantly.
The sensitivities ranged from 0 (lowest sensitivity) to 1 (highest sensitivity). Based on
previous studies, the habitat suitability of different land use types and the sensitivity of
each threat factor to each land use type in the Zhoushan Archipelago were determined
(Table 5) [31,43,45,46].
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Table 5. Features of threat factors for the INVEST habitat quality model.

Susceptibility
Fact Habitat Resili
actor abitat Resilience Crops Built Area Bare Ground

Water 0.9 0.3 0.5 0.3
Trees 1 0.65 0.75 0.6
Flooded Vegetation 0.9 0.55 0.7 0.55
Crops 0.4 0.1 0.2 0.1

Built Area 0 0 0 0
Bare Ground 0.2 0.1 0.2 0.1
Rangeland 0.8 0.5 0.6 0.4

2.3.5. Soil Conservation

The functional assessment of soil conservation service is performed using the sediment
delivery ratio module of the InVEST model. Soil conservation represents the ability of
ecosystems to retain soil and control erosion and is important for maintaining ecosystem
stability, conserving biodiversity, promoting agricultural production, water resource man-
agement, and responding to climate change. This module quantifies the difference between
potential and actual soil erosion. The formula is as follows:

RKLSy = Ry Xx Ky X Ly X Sy (15)
USLEy = Ry Xx Ky X Ly X §; X Cy X Py (16)
SEDRET, = RKLS, — USLE, 17)

where R, represents the rainfall erosion factor; Ky represents the soil erosion factor; Ly
represents the slope length factor; Sy represents the slope gradient factor; C, represents
the vegetation cover factor; Py is the factor for soil conservation measures; RKLSy is the
potential soil erosion; USLEy is the actual soil erosion. The Ly and Py data are calculated
from the DEM data (Table 1).

Ry = Y2, (~1.5577 + 0.1792P;) x 17.02 (18)

_ S S 0.3
K, = {0.24—0.36 0.02565.(1—155) | 5 {m} X (1 - Ge%gigg%c)

x[1-07(1=3)]/[1 = S 4 e551+2290-1%) | % 0.1317 )
[1-07(1 - 5i) |/ [1- 55 }

where P; represents the rainfall in the i-th month; S, represents the sand content; S; repre-
sents the powder particle content; S, represents the content of clay particles; C represents
the organic carbon content. The P;, S;, S;, S¢, and C used in the formula are obtained from
precipitation data and soil data (Table 1).

The factor for soil conservation measures takes the value of [0,1]. When the P, value is
the minimum value of 0, it indicates that the study area has implemented adequate soil
and water erosion prevention and control measures, and no erosion occurs on the surface;
when the Py value is the maximum value of 1, it reflects that the area has not taken any
soil and water conservation engineering or management measures. The vegetation cover
factor takes the same value of [0,1]. When the C, value is the maximum value of 1, it
indicates that the ground surface is completely exposed and lacks the protective effect of
vegetation cover; when the Cy value is the minimum value of 1, it indicates that the ground
surface vegetation is well developed and forms an effective ecological protective layer.
Based on previous studies, the Cx and Py for different land use classes were determined
(Table 6) [47-50].
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Table 6. Land use classification and CP assignment table for the INVEST SDR model.

LULC Cx Py

Water 0 0.2

Trees 0.12 0.7
Flooded Vegetation 0.34 0.2
Crops 0.35 0.29
Built Area 0.25 0.16
Bare Ground 04 0.2
Rangeland 0.3 0.5

2.3.6. Kruskal-Wallis Test

The Kruskal-Wallis test was used to test whether there is a significant difference
between land use types and ecosystem service functions. The Kruskal-Wallis test is the
non-parametric equivalent of one-way ANOVA [51]. Compared with classical ANOVA,
the Kruskal-Wallis test has the following characteristics: (1) it does not require data to be
normally distributed. It is suitable for dealing with data that are not normally distributed
or have unequal variance; (2) it compares not the means or variances but the sum of ranks,
by comparing whether there is a significant difference between the medians of the groups.

The Kruskal-Wallis test is applied to compare the medians of three or more indepen-
dent samples for significant differences. The basic principle is to combine and rank order
all the data and then compare the rank sums of the groups. If the medians of all the groups
are the same, the rank sums of the groups should be approximately equal; if the rank sum
of one group is significantly higher or lower than that of the other groups, the median of
that group may be significantly different from the other groups. In the table of test results,
the p-values are interpreted as significant if p < 0.05 [52]. The Kruskal-Wallis test is based
on Equation (20):

12 R?
H= n(n+1)2f:177;_3(”+1) (20)
where 7 is the total sample size, and R; is the sum of the ranks assigned to the scores in the
i-th trial.

2.3.7. Principal Component Analysis

Principal component analysis (PCA) reveals the strength of association between vari-
ables and principal components by constructing a loading matrix [53,54]. The values of the
elements in the loading matrix intuitively reflect the relative importance of each original
variable in each principal component: the larger the absolute value of the loading coefficient,
the higher the contribution of the variable to the corresponding principal component. Com-
pared with traditional weighting methods (e.g., expert scoring and hierarchical analysis),
the significant advantage of principal component analysis is its ‘objective weighting’ feature.
Traditional methods often rely on the researcher’s subjective judgment of the importance
of the indicators, which can easily lead to a distortion of the results due to the bias of the
weight setting. On the other hand, principal component analysis automatically generates
an objective weight matrix by calculating the variance contribution of each variable to the
principal components. Based on the importance scores of these variables, the weights of
the four ecosystem service functions can be scientifically determined [55].

To further assess the integrated ecosystem service functions, the evaluation results
of the individual ecosystem service functions were analyzed using SPSS software (ver-
sion 27.0) [56,57]. Principal component analysis (PCA) is a multivariate statistical method
used to objectively determine the weights of indicators and principal components. Usually,
principal components with a cumulative contribution of more than 85 percent and an
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eigenvalue greater than 1 are selected, as they provide an adequate overview of the data
with less loss of information. If the eigenvalues of the principal components are <1, there is
the problem that the principal components do not fully explain the variance in the original
variables [58]. Subsequently, a weighted overlay was calculated for the four services, and
the results were equally divided into five grades. The classification criteria were as follows:
slightly important areas (0-0.2), lightly important areas (0.2-0.4), moderately important
areas (0.4-0.6), highly important areas (0.6-0.8), and extremely important areas (0.8-1).

In order to comprehensively and systematically assess the integrated functions of the
Zhoushan Archipelago in terms of water conservation, carbon storage, habitat quality, and
soil conservation, this research used normalization to eliminate the differences in magnitude
between the four services and to achieve numerical standardization. The formula is as follows:

X — Xmin

N=_—_2mn
Xmlzx - Xmin

(21)
where N represents the normalized value, X represents the original value, X,,;,, represents
the minimum value, and X4y represents the maximum value.

The formulae used for principal component analysis are as follows:

wi=A/Y A (22)

ESI =riWy+rWo 4+ -+ 1 W,; (23)

where w; represents the weight of the i-th principal component; A; represents the con-
tribution rate of the ith principal component; n represents the total number of principal
components; ESI represents the integrated ecosystem services assessment index; 7 repre-
sents the i-th principal component.

3. Results and Analyses
3.1. Evaluation of the Importance of Each Ecosystem Service Function in Zhoushan Archipelago

To further analyze the spatial differentiation of ecosystem service functions, the results
were all divided into five grades: slightly important areas (0-0.2), lightly important areas
(0.2-0.4), moderately important areas (0.4-0.6), highly important areas (0.6-0.8), and extremely
important areas (0.8-1), and the trends of the spatial distribution of the four services were
basically the same in the three periods. The spatial distribution in 2023 was analyzed.

The spatial distribution of water conservation in the Zhoushan Archipelago (Figure 3a)
shows that highly important areas and extremely important areas” dispersed distribution is
located in the central areas of Zhoushan Island, Changtu Island, Qushan Island, Xiushan
Island, Putuo Island, Zhujiajian Island, and Taohua Island. Slightly important areas are mainly
located in the offshore areas of Zhoushan Island, Yushan Island, Yangshan Island, Cezi Island,
and Jintang Island. Highly important areas and extremely important areas account for 11.13%
and 5.77% of the total area, respectively (Table 7), and their distribution is relatively scattered.
Slightly important areas cover an area of 538.05 km?, accounting for about 40.01% of the total
area, and are scattered on Zhujiajian Island, Liuheng Island, and other islands, except for
some islands in the western region where the distribution is more concentrated.
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Figure 3. Spatial distribution of ecosystem services in the study area. (a) Water conservation;
(b) carbon storage; (c) habitat quality; (d) soil conservation.
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Table 7. Areas and ratios of the study area classified as important for ecosystem services in 2023.

Ecosystem A B C D E
Servi'ce Area Ratio Area Ratio Area Ratio Area Ratio Area Ratio
Function /km? 1% /km?2 1% /km? 1% /km?2 1% /km? 1%
Water
. 538.05  40.01 23894 1777 34059 2533  149.63 11.13  77.59 5.77
Conservation
Carbon 44107 3280 23431 1742 29934 2226 24385 1813 12623  9.39
Storage
Habitat
. 52443 3843 23884 1750 22699  16.63 19825 1453 17629  12.92
Quality
Soil 7447 5469 2449 1799 19812 1455 13212  9.70 41.79 3.07
Conservation

Note: In the table, A, B, C, D, and E represent slightly important areas, lightly important areas, moderately
important areas, highly important areas, and extremely important areas.

The spatial distribution of carbon storage in the Zhoushan Archipelago shows obvious
differentiation, and the distribution pattern of carbon storage among different islands is
not the same (Figure 3b). Highly important and extremely important areas are mainly
concentrated in the central areas of Zhoushan Island, Changtu Island, Jintang Island, Putuo
Island, and Taohua Island. Slightly important areas are mainly distributed in the offshore
areas of Zhoushan Island, Yushan Island, Yangshan Island, and Liuhang Island. Highly
important areas and extremely important areas of carbon storage accounted for 18.13% and
9.39% of the total area, respectively (Table 7), and their distribution is relatively scattered.
Taohua Island, Jintang Island, and Changtu Island, which have higher topography among
these islands, play an important role in carbon storage. In contrast, Yushan Island and
Yangshan Island have the lowest carbon storage due to limited natural vegetation cover.

The spatial distribution of habitat quality in the Zhoushan Archipelago (Figure 3c)
shows a patchy and scattered distribution of highly important and extremely important
areas, which are mainly distributed in the central areas of Zhoushan Island, Changtu
Island, Putuo Island, Jinzhai Island, Qushan Island, and Taohua Island. Though extremely
important areas account for a relatively small proportion of the total area of the Zhoushan
Archipelago, they play an important role in biodiversity conservation; the slightly important
areas are centrally distributed in the offshore areas of Zhoushan Island, Yushan Island,
Yangshan Island, and Gougqi Island. Habitat quality importance types are dominated
by slightly important areas and lightly important areas, with areas and percentages of
524.43 km?, 238.84 km?, 38.43%, and 17.50%, respectively (Table 7). The extremely important
areas for habitat quality in the research area are concentrated in areas with high terrain,
high natural vegetation cover, and rich species resources.

The spatial distribution of soil conservation in the Zhoushan Archipelago (Figure 3d)
has a patchy and scattered distribution of highly important and extremely important areas,
mainly distributed in the central areas of Zhoushan Island, Changtu Island, Zhongjieshan
Archipelago, Shengsi Archipelago, Putuo Island, and Taohua Island, while slightly im-
portant areas are concentrated in the offshore areas of Zhoushan Island, Yangshan Island,
Daishan Island, Liuhang Island, and Yushan Island. Soil conservation importance types are
mainly dominated by slightly important areas and lightly important areas, with an area
and proportion of 744.7 km?, 244.9 km?, 54.69%, and 17.99%, respectively (Table 7). In the
Zhoushan Archipelago, areas with higher vegetation cover have higher soil retention rates,
a better overall ecological environment, and a stronger soil retention capacity. On the other
hand, some of the islands with low vegetation cover generally have low soil retention rates,
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mainly due to insufficient vegetation cover in the region, which, in consequence, leads to a
relatively weak soil retention capacity.

3.2. Statistics on Ecosystem Services in Zhoushan Archipelago
3.2.1. Kruskal-Wallis Test for Land Use Types and Ecosystem Service Functions

In this study, the normality of the data was first verified using the Shapiro-Wilk test, and
the p-value of the test was less than 0.05. It indicated that the data did not conform to normal
distribution and were statistically significant. According to the statistical norms, when the
premise assumptions of parametric tests are not satisfied, non-parametric tests should be used.
Therefore, the Kruskal-Wallis test was used in order to determine whether there might be
significant differences between land use types and the four ecosystem services.

The results of the Kruskal-Wallis test showed that the land use type had a significant
effect (p < 0.01) on the four services (Table 8). This indicates that land use type influences
the assessment results of service functions.

Table 8. The Kruskal-Wallis test results.

Ecosystem

Servi.ce Land Use N (P251de75) V4 p
Function
Water 191 0(0,0)
Trees 742 64.07 (59.04, 70.72)
Water Flooded Vegetation 13 71.93 (57.95, 87.12)
. Crops 92 93.83 (92.31, 96.18) 1544.516 <0.01
Conservation Built Area 778 0(0,0)
Bare Ground 31 0(0,0)
Rangeland 112 112.73 (98.79, 116.05)
Water 191 0.85 (0.75, 0.85)
Trees 742 2.31 (2.31,2.31)
Carbon Flooded Vegetation 13 0.76 (0.75, 0.96)
Storage Crops 92 1.04 (0.75,1.17) 1958.000  <0.01
Built Area 778 0.75 (0.75, 0.75)
Bare Ground 31 0.75 (0.75, 0.76)
Rangeland 112 1.17 (0.85, 1.17)
Water 191 0.96 (0.93, 0.98)
Trees 742 0.79 (0.73, 0.86)
Habitat Flooded Vegetation 13 0.91 (0.86, 0.93)
Quality Crops 92 0.3 (0.3,0.3) 1756.408 <0.01
Built Area 778 0.1 (0.1,0.1)
Bare Ground 31 0.4 (04,04)
Rangeland 112 0.78 (0.74, 0.87)
Water 191 0.31 (0.05, 1.34)
Trees 742 4.67 (2.22,7.37)
. Flooded Vegetation 13 0.05 (0.04, 0.42)
Soil Crops 92 0.05 (0.04, 0.8) 634720  <0.01
Conservation Built Area 778 0.75 (0.05, 1.83)
Bare Ground 31 0.05 (0.04, 2.39)
Rangeland 112 1 (0.05, 2.63)

3.2.2. The Primary Contributors to Four Ecosystem Services

Based on the evaluation results of ecosystem service importance in the Zhoushan
Archipelago, the ecosystem services were normalized across seven land types. In terms of
water conservation, trees contributed the most, accounting for 74.69% (Figure 4a), followed
by cropland and rangeland, which accounted for 12.35% and 12.04%, respectively. For
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carbon storage, trees represented the largest share at approximately 67.19% (Figure 4b),
followed by built area and waters, which accounted for 19.14% and 5.76%, respectively.
The remaining land types contributed relatively small proportions. Regarding habitat
quality, trees played a significant role in maintaining biodiversity, contributing 75.52%
(Figure 4c). For soil conservation, trees were the primary contributors, accounting for
74.51% (Figure 4d), respectively. In summary;, trees, built areas, cropland, and rangeland
were the key contributors to the four ecosystem service functions, while bare ground and
flooded vegetation had relatively low contributions due to their limited coverage.
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Figure 4. Breakdown of ecosystem service statistics. (a) Water conservation; (b) carbon storage;
(c) habitat quality; (d) soil conservation.

3.3. Integrated Ecosystem Service Assessment

The data on the four ecosystem service functions in Zhoushan City in 2017, 2020, and
2023 were standardized using principal component analysis (PCA).

Before performing principal component analysis on the four services, the correlation
between the four services needs to be verified to determine whether the dataset is suitable
for use in principal component analysis. According to Table 9, the KMO test coefficient is
>0.6, and the significance probability p-value of Bartlett’s test of sphericity is <0.05, which
indicates that the data satisfy the conditions for principal component analysis.

Table 9. KMO and Bartlett’s test results.

Statistic
T
est 2017 2020 2023
KMO 0.842 0.855 0.841
Approx. Chi-Square 27,606.11 24,252.97 24,252.97
Bartlett’s test df 6 6 6
Sig. 0.000 0.000 0.000

Based on the extraction principles of PCA, the contribution rate and cumulative
contribution rate of each indicator were calculated (Table 10). A principal component with
a cumulative contribution rate of 85.25% was identified, which encompassed the majority
of the valid information from the original data. This principal component was suitable for
assessing the importance of various ecosystem services in the Zhoushan Archipelago.

Through the PCA method for assigning the weight of the four ecosystem service
functions, we obtained the weight of water conservation, carbon storage, habitat quality,
and soil conservation for the target region of the Zhoushan Archipelago in 2017, 2020, and
2023 (Table 11).

The distribution of integrated ecosystem services in the study area in 2017, 2020, and 2023
was obtained by the weighted superimposition of the normalized values of the four services
and equating them into five classes (Figure 5). The results were all divided into five grades:
slightly important areas (0-0.2), lightly important areas (0.2-0.4), moderately important areas
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(0.4-0.6), highly important areas (0.6-0.8), and extremely important areas (0.8-1). The spatial
pattern of the three years is basically consistent with the four ecosystem services, showing the
same trend (Table 12). Slightly important areas are mainly concentrated in the offshore areas
of Zhoushan Island, Yushan Island, and Yangshan Island. Lightly important areas are mainly
distributed in Daishan Island and Zhujiajian Island. Moderately important areas are mainly
distributed in Jintang Island and the Shengsi Archipelago. Highly important areas are mainly
concentrated in the central areas of Zhoushan Island, Changtu Island, Qushan Island, and
Taohua Island. Extremely important areas are distributed around highly important areas and
are concentrated in the central regions of Zhoushan Island, Taotu Island, and Changtu Island.
The highly important and extremely important areas account for 17.29% and 2.33% of the
total area, respectively, while the slightly important areas account for the largest proportion,
about 36.06%. Highly important areas and extremely important areas play an important role
in maintaining the comprehensive ecological stability of the Zhoushan Archipelago region.

Table 10. The results of spatial principal component analysis.

Principal Eigenvalues Percent of Accumulative of
Component 8 Eigenvalues/% Eigenvalues/%
1 341 85.251 85.251
2 0.372 9.31 94.561
2017 3 0.182 4558 99.119
4 0.035 0.881 100
1 3.497 87.423 87.423
2 0.325 8.118 95.541
2020 3 0.113 2.826 98.367
4 0.065 1.633 100
1 3.401 85.014 85.251
2 0.353 8.836 94.561
2023 3 0.175 4.365 99.119
4 0.071 1.786 100
Table 11. Weights of different ecosystem service indicators.
Ecosystem Service Water Soil Carbon Habitat
Functions Yield Conservation Storage Quality
2017 0.25 0.23 0.26 0.26
2020 0.23 0.25 0.26 0.26
2023 0.26 0.23 0.25 0.26
N N
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Figure 5. Integrated assessment of ecosystem services in the Zhoushan Archipelago. (a) 2017; (b) 2020;
(c) 2023.
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Table 12. Area and ratio of the study area of importance for ecosystem services.

Ecosystem A B C D E
Service Area Ratio Area Ratio Area Ratio Area Ratio Area Ratio
Functions /km? 1% /km? 1% /km? 1% /km? 1% /km? 1%
2017 504.77 33.81 299.99 20.09 348.17 23.32 296.47 19.86 43.65 2.92
2020 514.56 34.44 264.49 17.70 403.64 27.02 272.92 18.27 38.44 2.57
2023 538.75 36.06 244.61 16.37 417.67 27.96 258.28 17.29 34.75 2.33

Note: In the table, A, B, C, D, and E represent slightly important areas, lightly important areas, moderately
important areas, highly important areas, and extremely important areas.

4. Discussion and Conclusions
4.1. Discussion

In 2023, the comprehensive evaluation of ecosystem services in the Zhoushan Archipelago
revealed a spatial pattern characterized by lower values in the west and higher values in the
east. This aligns with the Zhoushan City Land Space Ecological Restoration Plan (2021-2035),
released by the Zhoushan City Department of Natural Resources and Planning in 2024, which
proposes dividing the city into six major restoration zones: the offshore estuarine ecological
reserve in the west, the offshore marine ecological restoration zone in the east, the habitat
enhancement and ecological restoration zone in the Ningbo-Zhoushan metropolitan area, the
ecological barrier restoration and conservation zone, the ecological island group protection
zone, and the coastal wetland ecological restoration zone. Therefore, offshore areas and nature
reserves should be prioritized for protection.

The spatial patterns of importance for each ecosystem service function are similar.
For instance, the coastal area of Zhoushan Island, which has a high level of urbanization,
exhibits low levels of water conservation, carbon storage, habitat quality, and soil con-
servation. This is primarily due to the expansion of urbanization [59]. The increase in
impermeable surfaces has also degraded natural vegetation, reduced soil fertility, and
increased soil erosion, further diminishing soil retention [60]. Additionally, higher popula-
tion densities have disrupted natural habitats, resulting in low habitat quality [61]. Forest
land, construction land, and water bodies are the primary land types in the Zhoushan
Archipelago, playing a crucial role in ecosystem service functions. Therefore, a proportion
of ecological land should be prioritized in future land space optimization [62].

With the national ecological civilization construction and the “dual carbon” goals
gaining prominence, research on ecosystem service functions—such as water conservation,
carbon storage, habitat quality, and soil retention—based on national land spatial patterns
has become a key academic focus. Simultaneously, Zhoushan City is committed to building
a strong manufacturing city with marine characteristics, aiming to achieve rapid economic
development. Thus, it is crucial to balance economic growth with ecological protection [63].

In view of the characteristics of the spatial distribution of resources in the Zhoushan
Archipelago, in the future process of land space control and ecosystem protection, a
sub-island protection and construction land control proposal should be adopted [64,65]:
(1) Zhoushan Island: As the core island of the city, Zhoushan Island contains rich coastline,
wetlands, and urban green spaces. It is recommended to designate coastal ecological
protection zones and strictly limit new coastal development. Total construction land should
be strictly managed within the framework of the Territorial Spatial Master Plan, and new
development projects must undergo rigorous ecological assessment. While short-term
impacts may include longer investment-return cycles and stricter approval processes,
the long-term benefits include urban branding, attracting high-quality investment, and
achieving sustainable development. (2) Tachua Island, Zhongjieshan Archipelago, and



Sustainability 2025, 17, 3913

17 of 21

Shengsi Archipelago: With their scenic island landscapes and intact marine environments,
these islands are critical areas for coastal tourism and recreation. A tourism ecological
protection zone should be established, emphasizing coastal protection and ecosystem
function preservation. Although some high-return tourism projects may be restricted in
the short term, long-term advantages include lower environmental management costs
and sustainable tourism growth. (3) Liuheng Island and Xiazhi Island: These islands
are dominated by marine fisheries and small residential communities. It is proposed
to designate core fisheries protection zones, prohibiting large-scale development and
conserving traditional fisheries culture. Strict ecological monitoring should be implemented,
and illegal reclamation and shoreline damage should be strictly prohibited. While initial
monitoring and planning costs may be high, this approach ensures the sustainable use
of fishery resources and community resilience. (4) Qushan Island and Changtu Island:
These islands are characterized by fragile ecological conditions, marine agriculture, and
aquaculture activities. Strict marine ecological protection measures should be enforced,
limiting large-scale construction and promoting eco-agriculture, marine farming, and eco-
tourism. An ecological compensation mechanism should be introduced to incentivize local
residents’ participation in conservation, limit illegal development, and support industrial
transformation. While development restrictions may affect certain industries, long-term
gains include reduced ecological degradation costs and sustainable industrial upgrading.

In 2005, Shenzhen, China, took the lead in drawing about 50 percent of its land area
into the basic ecological control line, and now draws about 24 percent of its land area into
the red line of ecological protection and builds 1238 parks. It is an important reference value
for the delineation of the ecological protection red line in Zhoushan City, and this study
proposes a phased implementation path [66,67]: (1) Short-term goals (1-3 years): Based
on the zoning of ecosystem service importance across the Zhoushan Archipelago, core
ecological protection areas, buffer zones, and moderate development zones will be clearly
defined. Construction land on each island will be strictly controlled by the ecological red
line and land use index, in alignment with territorial spatial planning. Digital supervision,
utilizing remote sensing, GIS data management, and other technologies, will enable the real-
time monitoring of construction land use and ecological changes. (2) Medium-term goals
(3-8 years): Key ecological restoration projects: Ecological restoration efforts will focus
on degraded areas affected by construction, particularly in the coastal zones of Zhoushan
Island, Yushan Island, and Yangshan Island. Projects will include mangrove planting,
wetland restoration, and the construction of ecological corridors to enhance connectivity
between the archipelagos and strengthen ecosystem services. Social capital and private en-
terprises will be encouraged to invest in ecological restoration and green industries through
an ecological compensation model. A phased assessment system will be established to
regularly evaluate land use control, ecological restoration outcomes, and industrial trans-
formation progress. (3) Long-term goals (8-15 years): Institutionalized management and
sustainable development: Incorporate the Zhoushan Archipelago’s ecological protection
and construction land use control into the overall planning and territorial spatial planning
and ensure that the ecological red line and land use indicators are legally effective. Draw on
Shenzhen’s practice of transforming the ecological control line from a policy tool to a legal
control so as to achieve long-term stable management. Improve the mechanism for realizing
the value of ecological products, convert the ecosystem service functions embedded in a
good ecological environment into real economic value, and realize the high-level protection
of the ecological environment in tandem with high-quality economic development. Regu-
larly adjust ecological protection and construction land management measures to ensure
that they respond to changing environmental and economic development needs.
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This study assesses the spatial pattern of the importance of ecosystem services in the
Zhoushan Archipelago, which provides a reference for identifying key protection areas
and a scientific basis for sustainable development [68]. However, this study also has
limitations. Because the parameters of the model are mostly based on the existing literature
and the recommended parameters of the model, there may be some errors with the actual
conditions. There are some small islands in the study area, which require high data accuracy
and limit the data that can be collected. Comprehensive ecological assessment is inherently
complex and multifaceted, and future research should take field surveys and incorporate
more ecosystem service functions on this basis to further improve the results.

4.2. Conclusions

Using the InVEST model combined with principal component analysis, this study
assessed the ecosystem service functions of Zhoushan City and revealed the contributions
of different land use types to ecosystem service values. The main conclusions are as follows:

(1) The spatial distribution of the importance of the four ecosystem services in the
Zhoushan Archipelago exhibits a clear pattern. Highly important areas and ex-
tremely important areas for water conservation, carbon storage, habitat quality, and
soil conservation are concentrated in the central areas of Zhoushan Island, Changtu
Island, Qushan Island, Dengbu Island, and Taohua Island. Slightly important areas
and lightly important areas for four services are concentrated in the offshore areas of
Zhoushan Island, Yushan Island, and Yangshan Island.

(2) Trees, built areas, rangeland, and cropland are significant contributors to the four ecosys-
tem service functions, with trees playing the most substantial role across all functions.

(3) Theintegrated function of the ecosystem service function of the Zhoushan Archipelago
is generally favorable, but highly important and extremely important areas show
a decreasing trend from 2017 to 2023, with highly important areas and extremely
important areas accounting for 17.29% and 2.33% of the total area, respectively, in
2023. The ecological pattern is mainly concentrated in islands with higher terrain
and rich forest resources, such as Taohua Island, Changtu Island, Qushan Island, and
Zhujiajian Island.
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