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Abstract: Addressing the contemporary challenges of mitigating and adapting to climate change, conserving
biodiversity, and ensuring human well-being constitutes a central focus for humanity. These challenges,
though often treated in isolation, are intricately interconnected, sharing common drivers. Current and future
research emphasizes the pursuit of an integrated approach that minimizes trade-offs and fosters synergies
among the Sustainable Development Goals (SDGs). The nexus between ecosystem service value (ESV) and the
social cost of carbon (SCC) is pivotal in informing national and governmental decisions regarding human well-
being and climate change mitigation and adaptation, respectively. This study employs the Zhoushan
Archipelago as a case study, exploring ESV and SCC dynamics from 2010 to 2020. An in-depth analysis of
spatial development characteristics and the temporal and spatial correlation between ESV and SCC is
conducted. The findings reveal an increase in Zhoushan Archipelago's land area from 2010 to 2015, stabilizing
thereafter, with construction land exhibiting the most notable proportional growth. Carbon emissions were
observed during the study period, with forests identified as the primary carbon sink, followed by mudflat and
waterbody, while construction land contributed significantly to carbon emissions. Notably, the SCC in
Zhoushan Archipelago increased by 2452%, contrasting with a modest 1.5% decrease in ESV during the study
period. Global spatial correlation analysis demonstrated a significant positive correlation between ESV and
SCC in Zhoushan Archipelago throughout the study period, validated by passing the P-value test. However,
local spatial correlation analysis revealed a specific nature of the global spatial correlation between ESV and
SCC in the island area. This nuanced understanding enhances our comprehension of the intricacies
surrounding ESV and SCC dynamics, contributing valuable insights to the broader discourse on sustainable
regional development, economic decarbonization, and human well-being improvement.

Keywords: ecosystem service value; social cost of carbon; Zhoushan archipelago; spatial correlation

1. Introduction

The escalating trajectory of carbon emissions, leading to global warming, has garnered
widespread concern, compelling the international community to prioritize the development of a
green and low-carbon economy as a consensus strategy to effectively address and mitigate climate
change[1]. Predominantly originating from human activities, greenhouse gas emissions pose a
considerable threat. In comparison to carbon emissions stemming from industrial production and the
combustion of fossil fuels, the introduction of land-use change injects heightened uncertainty into the
carbon emission equation[2]. The Intergovernmental Panel on Climate Change's (IPCC) report on
climate change and land underscores that all scenarios restraining global warming to 1.5 degrees
Celsius hinge significantly on methodologies that effectively mitigate land-use change and facilitate
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the decarbonization of the economy[3]. Beyond the direct impact on carbon emissions, land-use
change significantly disrupts the stability of terrestrial ecosystems by altering their structure and
function[4]. This alteration is pivotal for maintaining ecosystem services, which play a critical role in
ecological equilibrium[5]. Within the realm of land-use optimization, a primary objective is to
maximize environmental benefits. The valuation of ecosystem services stands out as a crucial metric,
providing a quantitative measure of these environmental benefits[6]. Emphasizing the explicit
comparison of economic costs and environmental benefits, economists play a crucial role in shaping
sustainable policies[7]. The Social Cost of Carbon (SCC), estimating the economic loss incurred by
emitting an additional tonne of carbon dioxide, serves as a valuable tool for evaluating environmental
policies and green investment projects[8]. The joint valuation of ecosystem service values and carbon
emissions establishes the foundational basis for national and governmental management decisions.
This encompasses endeavors to ensure human well-being and implement measures for mitigating
and adapting to climate change[9]. In the context of China's dual carbon policy and simultaneous
emphasis on enhancing the ecological environment, an in-depth exploration of the spatial patterns of
carbon emissions and ecosystem service values assumes paramount importance. This investigation
becomes pivotal in addressing the formidable challenge of harmonizing economic growth with
environmental protection within the trajectory of societal development.

Ecosystem services encompass the diverse range of benefits that humans derive directly or
indirectly from the environment[10]. The Millennium Ecosystem Assessment report systematically
categorizes these services into supporting, regulating, provisioning, and cultural functions[11]. The
valuation of ecosystem services involves a meticulous quantification of the benefits accruing to
humans from these services, thereby providing a robust foundation for informed decision-
making[12]. Various methodologies are employed to estimate the value of ecosystem services,
including energy value analysis, ecological space valuation, material quality valuation, and value
quantity valuation[13]. Notably, the value quantity evaluation method, grounded in the area of each
land use type and its corresponding factor value coefficient, has gained widespread application due
to its ease of data collection and low estimation cost[14]. The ESV estimation model introduced by
Costanza et al. in 1997 has garnered extensive recognition and usage[15]. Subsequently, Xie et al.
revised ecosystem service types, aligning them with China's ecological characteristics, and enhanced
the ESV equivalent factor for various land use types[16]. Given China's considerable geographical
diversity and complex ecosystems, the application of ESV assessment necessitates a comprehensive
consideration of the scale, natural environment, and socio-economic conditions of the study area.
This demands the adjustment of ESV equivalent factors per unit area to establish a bespoke ESV
assessment system[17].

Land-use carbon emissions encompass the intricate processes, activities, and mechanisms
through which land, altered by the human production activities it supports, releases carbon dioxide
into the atmosphere. This multifaceted process involves both direct and indirect carbon emissions[2].
Land-use change directly influences the carbon balance of terrestrial ecosystems, subsequently
impacting regional carbon emission levels[18], and exerting a substantial influence on global carbon
cycling processes[19]. Various methodologies are employed to account for carbon emissions,
including the land inventory method, mechanism model simulation method, and carbon emission
coefficient method. Among these, the emission coefficient method stands out for its simplicity and
broad applicability across different scales[20]. The assessment of land-use carbon emissions in the
study area not only serves as a scientific reference for mitigating global warming but also holds
practical value for adaptive planning and management of land use[21]. The optimization of land-use
carbon emissions and its regulated control [22] , along with regulation [23], carry crucial practical
significance.

The impacts of land use change on carbon emissions and ecosystem service values have
undergone extensive scrutiny and validation [24-26]. Current studies consistently integrate both
aspects, providing empirical support for sustainable environmental management. For instance,
Soumik Saha et al.[27] conducted a comprehensive assessment in the Chota Nagpur Plateau (India),
quantifying carbon stocks, evaluating the status of ecosystem service values, and measuring total
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primary productivity. Similarly, Chen et al. [28] delved into the spatial and temporal variations in
carbon emissions and ecosystem service values induced by land use cover changes within the
Chengdu-Chongging urban agglomeration in China. Scholars have explored both quantitative [29]
and spatial[30] relationships between carbon emissions based on land use and the value of ecosystem
services. Notably, du et al. [31] calculated and analyzed the ecological and environmental impacts of
land use change in Hangzhou, encompassing ESV and carbon emissions. In the context of the
Guanzhong Plain urban agglomeration in China from 2000 to 2020, Yang et al. [32] evaluated the
carbon emission intensity and ESV intensity, revealing a significant negative spatial correlation [33].
The utilization of the SCC to depict the correlation between carbon emissions and ESV is compelling
and comparable, as both methods involve quantitative evaluation from a monetary value
perspective[24]. The SCC accounting serves as pivotal evidence for future climate policies and
optimizing carbon emissions structures [34]. For instance, Wilfried Rickels et al. [35] estimated a
historical time series of the social cost of carbon, assessing the global wealth reduction attributable to
individual countries' CO2 emissions from fossil fuels and industrial processes from 1950 to 2018.
While payments for carbon and ecosystem services have been assessed to compensate for the loss of
livestock income due to reduced grazing regimes and provide carbon sequestration and other
benefits[36], there exists a dearth of studies exploring the relationship between carbon emissions and
the value of ecosystem services in island ecosystems.

The island ecosystem, positioned at the juncture of the ocean and land, represents a distinctive
and intricate geographical region. Marked by a simplified ecological structure, constrained land
resources, diminished species richness, and inherent ecological fragility[37], island ecosystems
nonetheless exert substantial influence on the global carbon cycle[38]. Presently, a noticeable gap
exists in the scholarly landscape regarding comprehensive assessments encompassing both carbon
emissions[39] and ESV[40,41] specific to island ecosystems.

This study seeks to elucidate the spatial and temporal dynamics and distribution patterns of ESV
and SCC within island ecosystems, as influenced by land use changes. The overarching objective is
to contribute valuable insights supporting the formulation and implementation of integrated policies
for both land use management and carbon emission control. Utilizing the Zhoushan Islands as a case
study, we systematically quantify ESV and SCC across the temporal spectrum from 2010 to 2020.
Subsequently, we meticulously analyze their spatial and temporal distribution characteristics and
evolution patterns. The investigation extends to a spatial correlation analysis of ESV and SCC at the
grid level, aiming to ascertain the existence of a spatial correlation relationship between the two
metrics. This analysis further explores their spatial interaction characteristics and local clustering
patterns. The findings of this research hold substantial theoretical significance and offer practical
implications for advancing objectives related to low-carbon initiatives, green practices, and the
pursuit of high-quality regional development.

2. Materials and Methods

2.1. Study Area

The Zhoushan Archipelago is located in the southeastern coastal region of China, south of the
Yangtze River estuary, in the East China Sea at the outer edge of Hangzhou Bay. Zhoushan is the first
prefecture-level city in China to be organised as an archipelago, comprising 2085 islands, of which
141 are inhabited. It consists of Dinghai and Putuo districts, and Daishan and Shengsi counties. With
a marine area of 20,800 square kilome-tres and a total land area of 1458.76 square kilometres[42], the
Zhoushan Cross-Sea Bridge was officially opened in late 2009, and the Zhoushan Archipelago New
Area in Zhejiang was established in mid-2011, accelerating the process of urbanisation and
industrialisa-tion in the Zhoushan Archipelago. Rapid industrial and economic development,
coupled with constraints such as limited land resources and natural disasters, underscore the im-
portance of assessing and protecting the fragile ecosystems of these islands.
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Figure 1. Geographical location map of Zhoushan Archipelago.

2.2. Data Sources and Processing

The datasets employed in this study encompassed land use data, Ecosystem Service Value (ESV)
coefficients, and carbon emission coefficients. The land use data and administrative division data for
Zhoushan City were acquired from the Chinese Academy of Sciences Resource and Environmental
Science and Data Center[43] and the Zhejiang Provincial Geographic Information Public Service
Platform[44], respectively. Within the study area, land classes underwent reclassification into eight
distinct categories for analytical purposes: farmland, forest, shrubland, grassland, waterbody,
construction land, unused land, and mudflat. ESV coefficients, carbon emission coefficients, and
correction factors were sourced from the Zhoushan Archipelago Bureau of Statistics [42], the National
Bureau of Statistics [45], and relevant literature published in Section 2.3, respectively.

2.3. Research Methods

2.3.1. Carbon Emission Calculation

Within the spectrum of the eight land-use types in the Zhoushan Archipelago, forest, shrubland,
grassland, waterbody, unused land, and mudflat function as carbon sinks, whereas farmland and
construction land operate as carbon sources. The quantification of carbon emissions for the Zhoushan
Archipelago entails computing the summation of products resulting from multiplying the area of
each land-use type by its respective carbon emission coefficient. The calculation formula is articulated
as follows:

C, = A; x CEC; (1)

In the formulas, i is the land use type, C; is the carbon emission (t/t) of class i land in Zhoushan
Archipelago, A;is the land area (ha), and CEC; is the carbon emission coefficient (t/ha). The carbon
emission coefficients for various land-use types were obtained from relevant published literature,
with values as follows: farmland (0.422)[46], forest (-0.581)[47], shrubland (-0.161)[48], grassland (-
0.021)[49], waterbody (-0.253)[46], unused land (-0.005)[50], and mudflat (-1.538)[51].

It is noteworthy to consider construction land. The carbon emissions from construction land
primarily result from human production and daily life processes, and indirect estimation methods
can be employed for calculation. Considering data availability, the carbon emissions for construction
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land were computed by multiplying the gross output value of the secondary and tertiary industries
in Zhoushan Archipelago by their unit Gross Domestic Product (GDP) energy consumption[52]. The
calculation formula is as follows:
Cs = GDP3 X I X K 2

In the equation, C is the carbon emission of building land (t), GDP, 5 is the output value of the
second and third industries of Zhoushan Archipelago (10,000 yuan). I is the energy consumption of
10,000 yuan of GDP (t standard coal per 10,000 yuan). K is the carbon emission coefficient for coal
consumption, set at 0.7476 (t/t)[53].

As of now, the average transaction price in China's eight major carbon market pilot cities was
about 29.37 yuan per ton of carbon dioxide[54]. The SCC of the study area can be obtained by
calculating the carbon emissions of the study area as in equation (3).

scc = Z(Ci x 29.37) 3)

2.3.2. Ecosystem Service Value Accounting

(1) ESV Accounting Coefficients

Building upon the groundwork laid by Xie et al. [14], this study classifies ecosystem services into
four principal categories: provisioning services, regulating services, supporting services, and cultural
services, each further delineated into 11 subcategories. Provisioning services encompass food
production, raw material production, and water supply. Regulating services include gas regulation,
climate regulation, environmental purification, and hydrological regulation. Supporting services
comprise soil conservation, nutrient cycling maintenance, and biodiversity maintenance. Cultural
services primarily encompass the provision of aesthetic landscape services.

The Zhoushan Archipelago Ecosystem Service Value Equivalence Factor Table is derived from
the research conducted by Xie et al.[55]. Considering the specific land use conditions in the study
area and drawing parallels between landscape types and ecosystem types in the equivalence table,
estimates for the ecosystem service values associated with each land type are computed. Accordingly,
in the Chinese table of equivalent coefficients for ecosystem service values per unit area, farmland is
linked to 'Dry land', forest corresponds to 'Mixed forest', shrubland aligns with 'Shrubland', grassland
is paired with 'Meadow', waterbody is associated with 'Water', unused land corresponds to 'Barren’,
and mudflat is linked to 'Wetland'. Notably, construction land does not contribute to the provisioning
of ecosystem service values. The resulting table of base equivalent coefficients for ecosystem service
values per unit area is presented and detailed in Table 1.

Table 1. Ecosystem service basis equivalent value per unit area.

E .
CO,S}TSteTn Secondary type Farmland Forest Shrubland Grassland Waterbody Construction  Unused Mudflat
classification land land
Food production 0.85 0.31 0.19 0.38 0.8 0 0 0.51
Provisioning Raw material 04 071 043 0.56 0.23 0 0 0.5
services production
Water supply 0.02 0.37 0.22 0.31 8.29 0 0 2.59
Gas regulation 0.67 2.35 141 1.97 0.77 0 0.02 1.9
Climate regulation 0.36 7.03 4.23 5.21 2.29 0 0 3.6
Regulating Environmental 01 199 128 1.72 5.55 0 0.1 36
services purification
Hydrological
; 0.27 3.51 3.35 3.82 102.24 0 0.03 24.23
regulation
Soil conservation 1.03 2.85 1.72 2.4 0.93 0 0.02 2.31
Supporting Nutrient cycling 012 022 013 0.18 0.07 0 0 0.18
. maintenance
services Biodiversit
: Y 013 26 157 2.18 2.55 0 002  7.87
maintenance

Providing aesthetic

0.06 1.14 0.69 0.96 1.89 0 0.01 4.73
landscape

Cultural services
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(2) ESV Coefficient Adjustment

The reference equivalent factor signifies the ecosystem service value per unit area at the national
level in China. To enhance adaptability, it is imperative to convert these equivalent factor values from
the national scale to the regional scale when applying them to specific events. During the application
of these coefficients, adjustments are meticulously executed, taking into account the actual conditions
of the study area and incorporating correction factors related to crop yield, socio-economic
development, and resource scarcity.

The equivalent factor values employed are based on the economic value of annual cereal
production per hectare in regions with the national average yield. These values serve as pivotal
benchmarks and form the basis for regional corrections pertaining to other land use types. The
correction for cereal yield is contingent upon the ratio of the average cereal yield in the study area to
the national average cereal yield. This correction, rooted in cereal yield ratios, reflects regional
disparities in the overall ecological service value compared to the national average[56]. The correction
formula is articulated as follows:

Qzs
A=— 4
Q ®

Here, A is the Zhoushan Archipelago grain yield correction coefficient, Qs and Q represent
the per-unit area grain yield in Zhoushan Archipelago and the national average, respectively.
According to statistical yearbooks, A is calculated as 0.94 for the years 2005-2020.

The calculation of the socio-economic development coefficient takes into account both
willingness and ability to pay. The Engel coefficient represents the share of food expenditure in total
personal consumption expenditure. A lower Engel coefficient indicates a lower cost of living, a higher
willingness to consume non-food items and a higher willingness to pay. Therefore, the Engel
coefficient is used to measure the willingness to pay and GDP per capita represents the ability to pay.
The formula for adjusting the ecosystem service value based on the socio-economic development
coefficient is as follows:

ELzs  GDPgg
~7EL *GDP (5)

Here, S is the socioeconomic development correction coefficient, EL;s and ELrepresent the
Engel coefficients for Zhoushan Archipelago and the national average, respectively, and GDP;s and
GDP represent the per capita GDP for Zhoushan Archipelago and the national average, respectively.
According to statistical yearbooks, S is calculated as 1.89 for the years 2005-2020.

The resource scarcity coefficient reflects the relationship between supply and demand for
ecosystem services, with higher scarcity indicating greater demand for services than supply. This
coefficient is determined by measuring resource scarcity using population density. The adjustment
formula is:

_In Py

R—W (6)

Here, R is the resource scarcity correction coefficient, In P;5 and In P represent the population
density in Zhoushan Archipelago and the national average, respectively. According to statistical
yearbooks, R is calculated as 0.86 for the years 2005-2020.

The calculation formula for the Zhoushan Archipelago standard equivalent factor correction
coefficient (EFys) is:

EF;s =AXS xR @)

The harsh climate and soil conditions on islands limit the development of island vegetation,
resulting in differences in vegetation biomass between island and mainland ecosystems. Further
adjustments are made to the ecosystem service equivalent of Zhoushan Archipelago's forests.:

b
EFtorset,s = B X EFforset ®

Here, EFyoyset,, is the adjusted per-unit area forest ESV equivalent, b is the forest biomass in
Zhoushan Archipelago, B is the average biomass of forest ecosystems per unit area in China, and
EForser is the ecosystem service equivalent for Chinese forests.

(3) ESV for Various Land Use Types in Zhoushan Archipelago
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Ecosystem service value equivalent (ESVE) refers to the potential capacity of ecosystems to
generate the relative contribution of ecosystem services, with a factor of 1 standard unit of ESVE, i.e,,
the economic value of the annual natural food production of 1 hectare of farmland with a national
average yield of 1/7th of the market value of the average local food yield[57]. The formula is:

EV=;><P><Q 9

Here, E, is the ESV for one standard equivalent factor, P is the average price of grain
(yuan/kg), and Q is the per-unit area grain yield (kg/ha). According to the Zhoushan Archipelago
Statistical Yearbook, the average grain yield per unit area during the study period was 4939.81 kg/ha.
Additionally, the average price of grain in Zhoushan Archipelago was 2.1 yuan/kg. Through
calculations, the ecosystem service value for one standard equivalent factor in Zhoushan Archipelago
is determined to be 1481.94 yuan/ha.

The basis ESV equivalent factor was corrected according to Equation (7), and then the forest ESV
equivalent factor was further corrected by Equation (8). The ESV per unit area of ecosystem in
Zhoushan Archipelago (ESV;s) was calculated based on the ESV of 1 standard equivalent factor in
Zhoushan Archipelago, and the results were displayed in Table 2.

ESVyg = Z AREA X Ey (10)

Table 2. Ecosystem service value coefficient of Zhoushan Archipelago (unit: yuan /ha).

Ecosystem Shrubla Grasslan Waterbod Construction Unused Mudfl
A Secondary type Farmland Forest
classification nd d y land land at
Food production 192459 54047 4302 8604  1811.38 0 0 115475
R ial
Provisioning services aw materia 905.69 1237.85 973.61 1267.96 52077 0 0 113211
production
Water supply 4528 64508 498.13 70191 1877039 0 0 586433
Gas regulation 1517.03 4097.11 3192.55 446051 174345 0 4528 4302.02
12256.4
Climate regulation 815.12 5 9577.65 11796.59 5185.07 0 0 8151.19
Regulating services  Environmental 22642 346947 28982 389446 12566.42 0 22642  8151.19
purification
. . 54862.0
Hydrological regulation  611.34  6119.51 7585.14 8649.32 2314939 0 67.93 )
Soil conservation ~ 2332.15 4968.83 3894.46 543413 2105.73 0 4528 523035
, , Nutrient cycling 27171 38356 29435 40756  158.5 0 0 40756
Supporting services maintenance
Biodiversity 29435 453297 3554.83 4936  5773.76 0 4508 178194
maintenance 2
Providi i 10709.7
Cultural services roviding aesthetic 35 o5 198753 156231 217365 4279.38 0 nes 1070
landscape 6

2.4. Bivariate Spatial Correlation Analysis

To visually analyse the spatio-temporal patterns of ESV and SCC in Zhoushan Archipelago, a
fishnet analysis tool was used. The city was divided into a grid of 3 km x 3 km using kilometre grids.
By calculating the ESV and SCC for each grid, the spatio-temporal variations of ESV and SCC for
Zhoushan Archipelago were obtained. This stage was carried out using ArcGIS 10.4.

Subsequently, the bivariate Moran's index was used to explore the spatial clustering and
dispersion between ESV and SCC. The global bivariate Moran's I examined whether there was spatial
correlation and the degree of spatial correlation between carbon emission social cost intensity and
ESV intensity across the region. Meanwhile, the local bivariate Moran's I showed spatial correlations
at specific grid cells[58]. The analysis was carried out using Geoda.
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3. Results

3.1. Spatiotemporal Evolution of Land Use Structure in Zhoushan Archipelago

The area of each land-use type was systematically recorded, as detailed in Table 3. The unit is
hectare.

Table 3. Temporal changes of land type area in Zhoushan Archipelago, 2010-2020 (unit: hectare).

Land Year

and use type 2010 2015 2020
Farmland 25445.86 25694.56 25609.90
Forest 71758.81 70961.86 70919.01
Shrubland 3660.83 3763.73 3763.66
Grassland 1270.99 2302.81 2302.81
Waterbody 6270.76 6342.48 5904.85
Construction land 25728.66 28599.03 29441.51

Unused land 20.50 20.91 20.91
Mudflat 4077.15 4411.54 4133.77

Total land area 138233.57 142096.94 142096.42

The results of our land use classification reveal a distinct trend in the total land area of the
Zhoushan Archipelago from 2010 to 2015, primarily attributed to human reclamation activities.
Subsequently, there was a modest reduction in area from 2015 to 2020, with relatively minor changes.
Specifically, the areas designated for forest and water experienced a gradual annual decline, while
the land allocated for construction witnessed a consistent increase. Human reclamation activities on
mudyflats influenced an overall expansion in both grassland and mudflat areas. In contrast, other land
use types exhibited relatively stable patterns, characterized by small fluctuations in their respective
contribution rates.

3.2. Spatiotemporal Evolution of SCC

By utilizing the area of each land-use type and carbon emission coefficients specific to the
Zhoushan Archipelago, we calculated carbon emissions for each land type during the period 2010-
2020 using formulas (1) and (2), as detailed in Table 4. Subsequently, in accordance with Equation (3),
carbon emissions were used to determine the SCC. The SCC values were categorized into five levels,
representing a spectrum from low to high, and the results showcasing its spatial and temporal
variations are illustrated in Figure 2.

Table 4. Temporal changes of carbon emissions in Zhoushan Archipelago,2010-2020 (unit: t).

Land use type Year
2010 2015 2020
Farmland 10738.15 10843.11 10807.38
Forest -41691.87 -41228.84 -41203.95
Shrubland -589.39 -605.96 -605.95
Grassland -26.69 -48.36 -48.36
Waterbody -1586.50 -1604.65 -1493.93
Construction land 571493.23 1166625.60 16078977.24
Unused land -0.10 -0.10 -0.10
Mudflat -6270.65 -6784.95 -6357.74
Total
Sink 50165.21 50272.87 49710.03
Source 582231.38 1177468.70 16089784.62
Net carbon emission 532066.17 1127195.83 16040074.59
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Figure 2. Temporal and spatial changes of SCC in Zhoushan Archipelago.

The findings on carbon emissions reveal a consistent upward trajectory in net carbon emissions
throughout Zhoushan Archipelago from 2010 to 2020, indicating an overall increase. The period
spanning 2010 to 2015 experienced a substantial surge in net carbon emissions, escalating from 53.21
x 104t to 1604.01 x 104 t by 2020. The growth rate moderated between 2015 and 2020. Carbon sources
exhibited a parallel trend to net carbon emissions, accompanied by a slight decline in carbon sinks.
Examining the composition of carbon sources, emissions from construction land surged from
1,057.91x10* t to 4,125.12 x 10* t, emerging as the primary carbon source. This surge was primarily
attributed to the rapid urbanization and industrialization of Zhoushan Archipelago post-2010,
leading to a substantial increase in emissions from construction land. Per capita carbon emissions
from construction land, indicative of carbon emission intensity and regional energy consumption
structure, witnessed a pronounced upswing since 2015. Per capita carbon emissions from
construction land for the respective years were 22.21, 40.79, and 546.13 t/ha. Examining the
composition of carbon sinks, forests emerged as the predominant carbon sink, closely followed by
mudflats. The distribution across different land categories remained relatively stable.

Figure 3 illustrates significant spatiotemporal variations in the carbon emission intensity of land
use in the urban cluster from 2010 to 2015. The lowest intensity manifests as a carbon sink, primarily
situated in the central area of Zhoushan Island, the coastal fringe of larger islands, and some isolated
small islands distanced from the mainland. Conversely, all other levels manifest as carbon sources.
Regions with higher social cost intensity of carbon emissions are concentrated in Zhoushan Island,
Daishan Island, Liuhang Island, and Jintang Township — regions characterized by substantial land
areas and concentrated populations. Yuoshan Island, situated to the left of Daishan Island,
exemplifies a typical industrial island, witnessing a steady increase in carbon emissions over the
study period. Peripheral scattered islands, distant from the mainland, exhibit low carbon emissions,
attributed to their smaller size, challenging development prospects, and sparse human activities.
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Figure 3. Temporal and spatial variation of ESV in Zhoushan Archipelago.

3.3. Spatiotemporal Evolution of Ecosystem Service Value

Employing Formula (9), we computed the spatiotemporal changes in ESV across Zhoushan
Archipelago from 2010 to 2020, considering the area of each land type and its corresponding ESV, as
detailed in Table 5. The temporal shifts in ESV, categorized by land-use type, are outlined in Table 6.
ESV intensity changes were stratified into five levels, and the outcomes are depicted in Figure 3.

Table 5. Temporal changes of ESV for functional division,2010-2020 (unit: million yuan).

Secondary ecosystem classification Year
2010 2015 2020
Food supply 106.49 107.99 106.69
Raw material 124.93 125.99 125.32
Water supply 191.77 195.35 185.48
Gas regulation 378.44 382.04 379.78
Climate regulation 1016.05 1022.74 1017.62
Purifying environment 382.33 387.56 379.63
Hydrology adjustment 2168.77 2208.70 2091.84
Soil conservation 471.60 476.12 473.34
Nutrient cycling 38.69 39.05 38.83
Biodiversity protection 460.92 469.21 461.51
Cultural & amenity services 225.06 229.80 224.86
Total 5565.04 5644.56 5484.88

Table 6. Temporal Changes of ESV by land use type division,2010-2020 (unit: million yuan).

Land use type Year
2010 2015 2020
Farmland 231.04 233.29 232.53
Forest 2887.49 2855.42 2853.70
Shrubland 126.16 129.70 129.70
Grassland 56.66 102.67 102.67
Waterbody 1783.46 1803.86 1679.39
Construction land 0.00 0.00 0.00
Unused land 0.01 0.01 0.01
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Mudflat 480.23 519.61 486.90

Total 5565.04 5644.56 5484.88

The findings indicate a dynamic trend in the total ESV within Zhoushan Archipelago from 2010
to 2020, characterized by an initial ascent followed by a subsequent decline. Overall, a diminishing
trend is observed, with a decrease from 5565.04 million yuan in 2010 to 5484.88 million yuan in 2020,
representing a 1.5% reduction. In terms of individual ESV functionalities, hydrological regulation
and climate regulation emerged as principal contributors, jointly constituting 57% of the total.
Climate regulation experienced an increase, while hydrological regulation witnessed a decrease, with
other functions remaining relatively stable. Analyzing different land-use types, woodland and
watershed proved to be the primary contributors to ESV, collectively accounting for 83% of the total,
closely followed by mudflat. Grassland exhibited an increase, watershed experienced a decrease, and
other types fluctuated within a 1% range.

Figure 4 illustrates slight spatial and temporal variations in ESV intensity across Zhoushan
Archipelago during the study period, predominantly reflecting an overall decreasing trend. Regions
with low ESV values are primarily distributed in coastal areas near large islands, which coincide with
aggregations of built-up areas. Conversely, regions with high ESV values are concentrated in areas
abundant with forest, water, and mudflat expanses, aligning with the distribution of different land-
use types and their respective ESV contribution rates.

a) 2010 Moran's I: 0.128 b)2015 Moran's I: 0.141 <) 2020 Moran's I: 0.140

lagged SCC
lageed SCC
lageged SCC

Figure 4. Moran scatter plot 2010-2020.

3.4. Spatial Correlation Analysis between ESV and SCC

Utilizing Geoda software, a bivariate global Moran's I index analysis was executed for both the
ESV and SCC of carbon emissions in Zhoushan Archipelago from 2010 to 2020. The analysis
comprised 999 randomizations for testing, and the results are detailed in Table 7. The Moran
scatterplot, presented in Figure 4, delineates each quadrant as High-High (H-H), Low-High (L-H),
Low-Low (L-L), and High-Low (H-L) clustering types. Additionally, bivariate local Moran's I analysis
was employed to scrutinize the spatial clustering relationship within individual grid cells for ESV
intensity and social cost intensity of carbon emissions, as depicted in Figure 5.

Table 7. Bivariate global Moran 'T index of Zhoushan Archipelago from 2010 to 2020.

Year Moran 'l P-value z-value
2010 0.128 0.001 13.3427
2015 0.141 0.001 14.7151

2020 0.14 0.001 14.3616

doi:10.20944/preprints202401.0217.v1
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Figure 5. Spatial correlation between ESV and SCC.

The results reveal correlation coefficients between ESV and SCC in Zhoushan Archipelago from
2010 to 2020 of 0.142, 0.136, and 0.134, respectively. The positive Moran's I value, with p-values <0.01
and z-values > 2.58, indicates a statistically significant spatial correlation between ESV and SCC at a
99% confidence level. Surprisingly, regions with high ESV tend to exhibit high SCC, which
contradicts conventional expectations where high ESV correlates with low SCC. To better understand
this result, a bivariate local analysis was conducted, as depicted in Figure 5. The analysis reveals
clustering in the first and third quadrants, indicating that H-H and L-L types are spatially clustered,
while L-H and H-L types are dispersed.

Figure 6 illustrates minimal changes in clustering types in Zhoushan Archipelago over time.
During the study period, the number of grids in H-L and L-H increased, while H-H and L-L grids
decreased. H-H and L-L regions exhibit a positive correlation between ESV and SCC, while L-H and
H-L regions display a negative correlation. The proportion of networks with a positive correlation is
24% higher than those with a negative correlation. H-H is predominantly concentrated in
economically active regions with significant carbon emissions, such as Zhoushan Island, Putuoshan
Island, and Daishan Island. These areas prioritize environmental protection, resulting in higher ESV.
Islands like Shengsi Archipelago and Dongji Archipelago, characterized by their distance from the
mainland, limited human activities, and lower carbon emissions, exhibit L-L characteristics.
Meanwhile, L-H is distributed in areas where construction land is accumulating on Zhoushan Island,
reflecting the impact of urbanization on ecological resources and resulting in lower ESV and higher
carbon emissions. H-L is mainly found on Qushan Island, some islands in Shengsi County, and
certain islands in the eastern part of Putuo District. Local correlations in other regions are not
statistically significant (NS).

4. Discussion

The analysis of land use changes reveals that, during the study period, alterations in the total
land area were primarily propelled by reclamation and the development of the Wadden Sea. The
growth of land resources on the islands remained limited overall, with construction land steadily
increasing while other land types, like farmland, experienced proportional decreases. The
development of cross-sea bridges in Zhoushan after 2010 significantly accelerated island
development, contributing to rapid economic growth, urbanization, and industrialization. These
factors led to heightened human activities on built-up areas, resulting in increased carbon emissions.
From 2010 to 2020, Zhoushan's net carbon emissions rose by 1550.8 x 10 t, and the SCC surged by
2452%. Despite this, the total ESV of Zhoushan Archipelago exhibited a slight downward trend
during the study period, with a marginal change of 1.5%. This trend is attributed to the high ESV of
land types such as forests and water bodies, which possess robust ecological compensation
capabilities. The importance of mudflats, a characteristic land type of islands, should not be
overlooked. Therefore, future development strategies should prioritize the protection of forests,
water bodies, and mudflats to enhance regional ESV and foster high-quality development.

This study was motivated by two main considerations. Firstly, previous research has often
treated carbon emissions and ecosystem service values as separate evaluation units for assessing
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environmental benefits, with limited exploration of their correlation[28,29,31,59]. Secondly, scholarly
attention has predominantly focused on the provincial level or higher administrative divisions, with
coastal and island areas receiving less consideration[60]. A study by Wang [30] on the urban
agglomeration of the Central Plains identified a significant negative spatial correlation between
carbon emissions and ESV, passing the p-value test. In contrast, our study focuses on island cities,
examining two distinct indicators —ESV and SCC—to assess environmental benefits. It concludes
that there exists a robust positive spatial correlation at the 99% confidence level between Zhoushan
Archipelago's ESV and SCC, contradicting previous research. Examining the rationales behind the
observed variations, several factors contribute to the disparities. Firstly, a noteworthy observation is
that the quantity of grid cells exhibiting a positive correlation between ESV and SCC — denoting the
percentage of regions manifesting a positive correlation — surpasses those demonstrating a negative
correlation. Secondly, the emphasis placed by the government on conserving areas of high ESV, such
as forests, waters, and mudflats, is accentuated by the intrinsic scarcity of freshwater resources and
ecological vulnerability of the islands. Thirdly, the islands exhibit a significantly lower population
density compared to inland cities. Coupled with limited land resources, this restricts the potential for
unrestrained expansion of construction land. Consequently, the proportion of construction land is
dwarfed by that of forested and other natural areas. Fourthly, the archipelagic nature of the region
introduces a unique spatial configuration characterized by scattered land masses, low adjacency
between grid cells, and considerable distances between them. This spatial arrangement exerts a
discernible impact on the outcomes, leading to statistically insignificant correlations in numerous
instances. Notably, the archipelago's dispersed land distribution contributes to the presence of only
a limited number of regions where ESV and SCC exhibit a negative correlation, coinciding with areas
earmarked for construction land.

Despite providing valuable insights into the spatial distribution characteristics of social costs
related to land carbon emissions and ecosystem service values during rapid urbanization, this study
has potential limitations that necessitate further refinement. Firstly, the definition of farmland as a
carbon source could be re-evaluated, considering that it might also act as a carbon sink.[61].
Additionally, carbon emissions from construction land in Zhoushan Archipelago were based on
output values of secondary and tertiary industries due to data availability issues, potentially leading
to inaccuracies in carbon accounting. Hence, future studies should determine carbon emission
coefficients more scientifically based on the actual situation of the region.

5. Conclusions

Land Use Change Analysis: From 2010 to 2015, the land area of Zhoushan Archipelago
experienced an expansion primarily driven by tidal flat reclamation and land reclamation activities,
with construction land exhibiting the most substantial growth among all land types. However,
stringent policies governing land reclamation, coupled with limited island land resources, curtailed
the unrestrained expansion of construction land. Post-2015, the total island area began to stabilize.

Spatial and Temporal Evolution of Carbon Emissions and Their Social Costs: Over the study
period, Zhoushan Archipelago exhibited a discernible trend in carbon emissions. Forests emerged as
the primary carbon sink, succeeded by mudflats and waterbodies. Conversely, construction land
stood out as the principal contributor to carbon emissions. The period of accelerated industrialization
between 2010 and 2015 fostered rapid growth in secondary and tertiary industries, resulting in a
substantial increase in carbon emissions. Throughout the study, the SCC in Zhoushan Archipelago
experienced an extraordinary surge, rising by 2452%.

Spatial and Temporal Evolution of ESV: The analysis of the temporal and spatial evolution of
ESV during the study period revealed an overall decline, attributed to the expansion of construction
land. This change, however, was marginal, with a mere 1.5% decrease. Global spatial correlation
analysis of ESV and SCC unveiled a noteworthy positive spatial correlation between ESV and the
social cost of carbon emissions in Zhoushan Archipelago from 2010 to 2020. The Moran's I passed the
p-value test. The examination of local spatial correlation between ESV and SCC indicated that the
contribution rate of areas exhibiting a positive correlation was 24% higher than areas displaying a
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negative correlation. Notably, land with carbon sinks, such as forests, demonstrated high retention
levels and accounted for a greater proportion of land use compared to areas acting as carbon sources,
such as construction land. The global spatial correlation of ESV and SCC in the island region
displayed distinct characteristics.
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