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Abstract

Context The capacity of a landscape to maintain
multifunctionality through ongoing pressures relates
to its sustainability and is affected by land use policy
and environmental changes. In coastal zones, limited
empirical evidence exists regarding the impact of
macro-level policy changes on local landscapes and
their resulting temporal and spatial responses.
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Objectives This paper investigates the impact of
national and provincial policies on local landscape
patterns in China’s Zhejiang coastal zone, encom-
passing human expansion and ecological restoration
in terms of landscape sustainability.

Methods A cluster-based landscape pattern mining
is conducted from 1990 to 2020 using Google Earth
Engine, which is coupled with a historical policy
classification analysis.

Results Coastal zone policies evolved in three
stages: development-oriented (1990-2010), conserva-
tion turning (2010-2017), and land-sea coordination
(2017-present). Consequently, significant temporal
and spatial differences in local landscape changes are
observed. Artificial surface expansion aligned with
these stages, especially in Hangzhou Bay, Xiangshan
Bay, and Sanmen Bay. Expansion responded more
swiftly to development-stimulating policies, exhibit-
ing longer-lasting effects. Conservation policies faced
delays due to conflicting interests, varied implemen-
tation entities, unsynchronized cycles, and a lack of
coordinated conservation priorities across terrestrial
and marine domains.

Conclusions This study provides insights into the
processes and patterns of human expansion and
ecological restoration in coastal zones, offering
implications for coastal policies and landscape sus-
tainability. It facilitates an evaluation of the effec-
tiveness of coastal zone policy implementation and
suggests differentiated sustainable transformation
plans. Moreover, it underscores the need to strengthen
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coordination between sea and land development for
effective coastal zone management and sustainability.

Keywords Coastal zone - Policy evaluation -
Landscape pattern - Time series - Land-sea
coordination - SDGs

Introduction

Coastal landscapes are important and complex places
for sustainability in a changing world (Nicholls and
Cazenave 2010; Von Glasow et al. 2013; Scown
et al. 2023b). Coastal zones are characterized by high
population density and rapid economic growth, with
more than 50% of the population and over 80% of
metropolitan areas, globally, located within 100 km
of the coastline (Halpern et al. 2019; Tu et al. 2022);
the flat, fertile plains of coastal landscapes are highly
important for food production; and coastal ports cre-
ate hubs for global trade through shipping. In recent
decades, however, global climate change and human
activities have led to significant changes in the land
use (LU) function and structure of coastal landscapes
as well as in the hazards they face (e.g., sea-level rise,
cyclones, etc.). These changes have resulted in issues
such as nearshore water pollution, salinization, loss of
ecological diversity, wetland degradation, land sub-
sidence, and coastal inundation and erosion (Nicholls
and Cazenave 2010; Mentaschi et al. 2018; Goldberg
et al. 2020; Murray et al. 2022; Lincke et al. 2022).
These dynamics play out through spatial patterns in
coastal landscapes and the challenge of maintaining
critical landscape functions in the face of high expo-
sure to hazards and rapid socio-economic and envi-
ronmental change (i.e., coastal landscape sustainabil-
ity) requires prudent spatial landscape planning and
coastal zone policies (Loizou et al. 2014; Fan et al.
2018; Gussmann and Hinkel 2021; Bazant-Fabre
et al. 2022). Understanding the impacts of coastal
zone policies on landscape patterns, and how these
patterns might affect future risk and sustainability, are
important steps towards guiding sustainable govern-
ance of coastal zones.

Previous research has yielded rich information on
the effects of coastal zone policies around the world,
yet has been limited in two ways that we advance in
this study: (1) limited consideration of multiple inter-
acting policies and multiple social and ecological
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outcomes in coastal landscape patterns; and (2) lack
of spatially-explicit insights into landscape patterns
and structure, multifunctionality, and consequently
hazard exposure. To explain the first limitation, the
relationship between coastal zone policies and their
impacts can be classified into four types: one-to-
one, one-to-many, many-to-one, and many-to-many.
Existing studies mostly focus on the first two types,
assessing the impact of specific coastal zone policies
on one or more objects, such as the impact of marine
protected area policies on biodiversity or land use
functions (Cheng et al. 2021; Wang et al. 2022a).
Many-to-one studies typically analyze the impact of
multiple policies on a particular phenomenon, such
as the expansion of aquaculture ponds or the restora-
tion of wetlands (Vélez et al. 2018; Lou et al., 2022).
The many-to-many type involves assessing the impact
of multiple regional policies on multiple historical
observations, often considering different types of
coastal zones that aim to balance development and
protection (Loizou et al. 2014). As coastal zone poli-
cies encompass multiple aspects of socio-ecological
systems, many-to-many research often holds greater
policy guidance value, which is often overlooked in
previous studies. Existing methods for assessing the
impact of coastal zone policies fall into three main
categories: econometric models, scenario simula-
tions, and coupling analysis. Commonly used econo-
metric models include input-output models (Loizou
et al. 2014), structural equation models (SEM) (Wang
et al. 2022a), and the double-difference method
(DID) (Cheng et al. 2021). While these models are
frequently employed to assess the impact of coastal
zone policies, they often overlook spatial differences
and are limited to one-to-one or one-to-many policy
analyses. Scenario simulations are useful for analyz-
ing the impact of dominant policies or specific poli-
cies, but they are often highly uncertain, challenging
to apply to many-to-many policy analyses, and fail
to capture the coupling effect between policies (Guo
et al. 2015; Strokal et al. 2017; Shih et al. 2022).
While it is crucial to monitor and evaluate the
long-term implementation effects of coastal zone
policies, few studies have utilized long time-series
analysis methods to assess the historical evolu-
tion of multiple policies on multiple LU functions
(i.e., many-to-many) in a spatially-explicit frame-
work to analyse their impact on landscape patterns.
This knowledge gap is mainly due to limitations in
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long time-series data, spatio-temporal mining tech-
niques, and platforms. However, the availability of
remote sensing big data platforms such as Google
Earth Engine (GEE) has made it possible to moni-
tor and analyze human expansion and ecosystem
changes in coastal zones over an extended period.
Based on this capability, evaluating the effective-
ness of different types of coastal zone policies
implemented in different historical periods becomes
feasible (Duan et al. 2020). Policy coupling analy-
sis also provides an approach for evaluating histori-
cal policies and can analyze the impact of multiple
policy types from multiple dimensions. This analy-
sis is typically conducted through time-stage divi-
sion or by extracting key time nodes for compari-
son with alterations in specific goals or outcomes. It
helps decision-makers learn from existing policies
and understand the objective laws that exist during
policy implementation (Bao et al. 2019; Wang et al.
2021a).

In this study, the coastal zone of Zhejiang Prov-
ince, China, is selected as a representative case study
area that epitomizes the historical development and
protection of coastal zones in China. This area has
undergone three distinct stages, transitioning from
encouraging coastal zone development in the past to
implementing protection policies to prevent ecologi-
cal degradation, and eventually striving for a balance
between development and protection. Following an
extensive process of policy collection and review, we
meticulously categorized the selected policies based
on expert discussions. Then, a long-term LU clas-
sification data spanning a 30-year period from 1990
to 2020 was used to identify landscape functions and
delve into landscape pattern mining analysis. Fur-
thermore, the study integrates the obtained findings
with the spatiotemporal landscape patterns and evo-
lution of coastal zone policies to assess their interac-
tion on human expansion and ecological degradation.
The research examines different coastal zone policies,
with a particular focus on the impact of sea-land inco-
herence on the effectiveness of policy implementa-
tion. We aim to answer the following scientific ques-
tions and frame the paper accordingly: (1) How can
we categorize and phase coastal zone policies with
a focus on sustainability, (2) Have distinct spatial
and temporal patterns emerged in coastal landscape
changes, and (3) Are these patterns related to policy
changes?

Study area and data
Study area

The Zhejiang coastal zone is located in the southeast
coast of China, adjacent to the Yangtze River Estu-
ary in the north and the East China Sea in the east
(Fig. 1). It includes eight major cities ranging in
population from 1.16 to 12.0 million inhabitants—
Hangzhou, Huzhou, Jiaxing, Zhoushan, Shaoxing,
Ningbo, Taizhou, and Wenzhou. The study area’s
boundary used here is extended by adding a buffer
zone of 10 km towards the sea on the basis of the
administrative boundaries. The total length of the
coastline is more than 6,600 km, accounting for 35%
of China’s national coastline length. The northeast
and south coastal areas encompass vast plains, while
the remaining areas are dominated by mountains and
hills. The Zhejiang coastal zone includes bedrock
coast, sandy coast, and muddy coast, with bedrock
coast as the main coast, accounting for 80%. The bed-
rock coast has a deep coastal water depth and stable
underwater terrain, naturally forming many natural
harbors that penetrate deep into the land. From north
to south, there are six bay areas including Hangzhou
Bay, Xiangshan Port, Sanmen Bay, Taizhou Bay
(Jiaojiang Estuary), Yueqing Bay, and Wenzhou Bay
(Oujiang Estuary). There are four primary rivers in
the study area: the Qiantang, Ling, Jiao and Ou Riv-
ers. The coastal zone falls within a typical subtropical
monsoon climate zone. Affected by the westerly and
easterly winds, typhoons, waves, and tsunamis occur
frequently, making it one of the provinces with the
most serious marine disasters in China.

As a strong maritime province and a pioneer in
reform and development, the development and policy
innovation of Zhejiang’s coastal areas have been at
the forefront of the country, and its practical experi-
ence has provided important lessons for other coastal
provinces. At the beginning of this century, the
country and Zhejiang Province published a series of
development policies to promote the development of
marine economy. In 2003, the State Council issued
the “Outline of National Marine Economic Develop-
ment Plan”, which is a programmatic document to
guide the development of the national marine econ-
omy. In response to the national call, Zhejiang prov-
ince also issued the “Outline of the Strong Marine
Economic Province Construction Plan in Zhejiang”
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Fig. 1 A map providing an overview of the study area

in 2005. Encouraged by the policy, the population
and economy of the coastal areas continue to gather.
In 2020, the coastal population of Zhejiang Province
reached 52.8 million, and the total GDP accounted for
88.28% of the province’s total. As a result, the inten-
sity of development of the coastline and near-shore
sea areas are constantly increasing.

The contradiction between protection and devel-
opment of the coastal zone has also become increas-
ingly prominent. Studies have shown that the coastal
zone of Zhejiang is one of the main reclamation areas
in China, and the reclamation in Hangzhou Bay is
particularly intense (Meng et al. 2017). The coastal
waters are seriously degraded, with more than half of
the seawater in a severe state of eutrophication (Jiang
et al. 2018). In order to alleviate the degradation of
the coastal ecological environment, the national and
provincial governments have introduced a series of
coastal zone protection policies, including among
others the “Blue Barrier Action Plan of Zhejiang
Province” in 2011; the “Marine Environment Protec-
tion Law” amended three times in 2013, 2016 and
2017; and the “Procedure for Protection and Use of
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Coastlines” issued in 2017. The promulgation and
implementation of these policies has promoted the
transformation of the country’s coastal development
from pursuing high-speed growth to harmonious and
steady development, and has also formed a coastal
zone management policy system that emphasizes
land-sea coordination and sustainable development in
the new era.

Data sources

The research data comprises three major components.
The first part consists of fundamental geographic
information for Zhejiang Province, which includes
administrative unit data in 2004 and 2020, bay bound-
ary data, and digital elevation model (DEM) data.
Specifically, the administrative unit and bay bound-
ary data are obtained from the Zhejiang government,
and the DEM data is derived from the SRTM (Shuttle
Radar Topography Mission) dataset.

The second part includes multi-source remote
sensing images, auxiliary data for land use classifi-
cation on GEE, and historical land use classification
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data. The available Landsat TM/ETM/OLI images
from 1990 to 2020 were filtered using two specific
criteria. Firstly, the data acquisition was limited to
two periods: June-October (vegetation period) and
November-March (vegetation yellowing period). Sec-
ondly, only images with cloud cover less than 15%
were considered. Following the rigorous screening
process, a total of 1284 high-quality Landsat images
were obtained. The historical Landsat images were
used to calculate various spectral indices and were
used together as input to the classifier. Auxiliary input
data includes the VIIRS (Visible Infrared Imaging
Radiometer Suite) nighttime light data, SRTM DEM
data, and FLDAS (Famine Early Warning Systems
Network Land Data Assimilation System) climate
data. The auxiliary data were collected, resampled
to 30 m, and snapped to Landsat image pixels on the
GEE. Based on the research team’s previous work on
remote sensing image classification (Shen et al. 2022;
Wang et al. 2022b), the LU classification was carried
out using random forest classifier on the GEE, and
post-processed using a bidirectional spatiotemporal
consistency detection method. Supplementary Mate-
rial (SM1) contains a detailed description of the LU
classification approach and data quality.

The third part encompasses a series of coastal poli-
cies and socio-economic statistics issued by national
and local governments over the past 30 years. These
data were sourced from public information websites
of relevant ministries and commissions such as the
State Oceanic Administration, the Ministry of Ecol-
ogy and Environmental Protection, and local gov-
ernments. We have supplemented some important
national-level plans through discussions with these
departments. We also categorized the government
data based on their respective goals. A detailed direc-
tory of the policies is given in the supplementary
material (Table S1).

Methodology

This study comprises four major components: (1) pol-
icy classification and stage division, which extracted
policy characteristics and classified according to the
three dimensions of landscape sustainability, and
divided evolution stage according to the long-term
distribution of policy types; (2) provincial-level land-
scape function analysis, which classified landscape

function into urban (artificial surface), agriculture
(cropland), ecology (natural land) according to land-
scape sustainability, and identified the regions with
drastic changes and conflicts; (3) Landscape pattern
mining in the Bay areas, which used time series clus-
tering method to reveal the spatio-temporal patterns
of human expansion and ecological degradation; (4)
coupling analysis of policy transformation and land-
scape pattern change, which divided the dominant
policy types and evolution periods, and evaluated
the response of landscape pattern change to policy
change. The overall flowchart is shown in Fig. 2.

Policy classification and stage division

In examining the intricate web of transference and
implementation relationships within coastal zone
policies, our study zeroes in on the transforma-
tive effects of high-level policy shifts on local
landscapes. Consequently, we’ve honed our focus
to coastal zone policies enacted at the provincial
level and beyond, serving as our primary filter.
We sorted out and classified coastal zone policies
implemented in Zhejiang from 2000 to 2020. This
was achieved through government website retrieval
and local research. Essential attributes of each
policy, such as release time, release subject, action
target, policy orientation, and validity period (if
applicable) were carefully documented. A detailed
information of policy attributes is referred to Sup-
plementary Material (SM2). The issuing agency
includes the State Council, national-level ministries
and commissions, as well as provincial-level local
governments. The action target was classified based
on its focus on either the land side or the sea side of
the coastal zone. The policy orientation was catego-
rized as development-oriented, protection-oriented,
or a balance between development and protection.
We align different policy orientations with distinct
dimensions of landscape sustainability by adopt-
ing Wu’s conceptualization (Wu 2006, 2013, 2021).
Development-oriented policies focus on social and
economic sustainability, protection-oriented focus
on ecological or environmental sustainability, and
the integrated policy for protection and develop-
ment focuses on coordinating the relationship
between three dimensions (Frazier et al. 2019;
Liao et al. 2020; Wu 2021). The action target and
policy orientation were determined through expert
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Fig. 2 Overall technical flowchart

discussion and based on specific criteria including
the policy title, frequency of keywords (e.g., protec-
tion, development, coordination), and policy priori-
ties. Note that periodic policies like the “Five-Year
plan” were excluded when collecting relevant poli-
cies. Such policies are remarkably comprehensive,
and their stable release frequency implies limited
adjustments, leading to relatively little explanatory
power for policy transformation. Finally, the policy
evolution stages are divided based on the changes in
policy orientation over a long period of time.
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Cluster-based landscape pattern mining

Time-series clustering is a powerful tool in recog-
nizing dynamic changes and detecting correlations
between time-series. The annual classification results
were cross-tabulated using a hexagon with a 1 km
side length, followed by spatial and temporal aggre-
gation (Wang et al. 2022b; Ye et al. 2022). Each
grid cell records a curve of historical LU fraction for
the site. Since the study area was divided into over
thirty thousand grid cells, direct clustering would
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be computationally intensive and time consuming.
Therefore, the CLARA (Clustering LARge Applica-
tions) algorithm (Kaufman and Rousseeuw 1990) was
used to mine the landscape patterns, which extends
the Partitioning Around Medoids (PAM) algorithm to
handle large datasets more efficiently.

We used the Euclidean distance to quantitatively
express the similarity between different time series.
This is one of the most widely applied lock-step (one-
to-one) measurements for clustering time series. Let
F! = (Fi,...,F!) denote a time series of areal pro-
portion of specific LU type in grid i with length n,
and the Euclidean distance dist(i,j) between it and
another time series F]i_n = (Fj yeen ,F{,) can be
expressed as: .

cdist(i,j) = Z \/ (F;' - F{)2 (1)
=1

where
dist(i, )
and , n represents the length of the time series, ¢ rep-
]

represents the similarity between grid i

resents the #-th time point in the sequence, F; and Ff
respectively represent the areal proportion of grid i
and j in the #-th time point.

The calculated time series clusters are a condensa-
tion of related or homogeneous sequences, with mini-
mal intra-cluster differences that can reflect the aver-
age changing characteristics of all individuals within
the cluster, which helps identify grid cells with simi-
lar LU changes. Additionally, we identified the over-
all characteristics of each time series cluster based on
changes in slope and detected change points.

Coupling analysis of policy transition and landscape
pattern changes

The coupling analysis in this paper differs from pre-
vious studies, employing clustering at various scales
and aggregating different spatial unit types. Our focus
spans two levels: the provincial and the key area (Bay
area). On the provincial level, we examine three fun-
damental landscape types—urban, agricultural, and
ecological—aligning with distinct dimensions of
landscape sustainability. This analysis enables a swift
identification of key areas exhibiting conflict and
change in landscape functions.

Shifting to the key area level, our attention turns
to more detailed landscape changes, encompassing
reclamation, aquaculture ponds, and coastal eco-
logical restoration. Additionally, at the policy level,
we traversed all spatial units where policies could
be implemented, subdividing them based on district
and county units into functional zone types. Each
functional zone type correlates with almost distinct
dimensions of landscape sustainability at the policy
level. Consequently, the policy aspect encapsulates
vital information such as the stage of policy evolu-
tion, key nodes, and overarching objectives compared
to those of the functional zones.

In terms of landscape response, we present the
clustering and aggregation outcomes for basic land-
scape types at the provincial level and specific land-
scape types at the key area level. This approach
enhances the clarity and coherence of the study’s
structure and facilitates a more seamless understand-
ing of the coupling analysis.

Hence, we translate the coupling between policy
and landscape changes into an examination of the
correlation and alignment of landscape changes
across various levels and spatial units with the stages
of policy evolution, key nodes, and overarching goals
of functional zones. Throughout this process, we
employ a blend of qualitative and quantitative anal-
ysis methods. This integrated approach allows for a
comprehensive understanding of the intricate rela-
tionship between policy transition and landscape pat-
tern changes.

Results
Policy classification results

Detailed policy formulation can play a constraining
role on territorial space planning. In order to adapt
to the changing coastal environment, socio-economic
conditions and development requirements, coastal
zone policies are often updated during periods of
intense land use conflicts. Since 2000, the state and
Zhejiang Province have issued seven land policies and
nine marine policies in the coastal zone area. Based
on the review of policy orientation changes, we iden-
tified three periods of policy evolution: development-
oriented period (2000-2010), conservation turn-
ing period (2010-2017) and land-sea coordination
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period (2017-present) (Fig. 3). A smaller number
of policies were issued during the development-
oriented period to encourage the exploitation of
marine resources and the development of the marine
economy (SM2), while also relaxing the constraints
on various development activities in coastal areas.
However, rapid economic development and industri-
alization promptly changed the coastline landscape
and wetlands, generating threats such as biodiver-
sity loss and ecological degradation in coastal zone,
which posed new challenges to land use decisions.
As a result, during the conservation turning period,
governments and the public became increasingly
concerned about the ecological and environmental
conditions of coastal zone areas, and emphasized
conservation planning for coasts, oceans and islands.
For example, the National Marine Functional Zoning
Plan issued in 2012 emphasizes the protection of the
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marine ecological environment, while the Regula-
tion, Restoration, and Protection Plan for the Coastal
Zone and Islands in Zhejiang Province issued in 2014
emphasizes the protection of resources and ecologi-
cal environment of sea islands. The rapid frequency
of policy adjustments after 2010 (Fig. 3) reflects the
transformation of the understanding of sustainable
development. The policies promulgated during the
latest period—Iland-sea coordination—were mainly
aimed at balancing the protection and development
of coastal zone resources, so as to scientifically plan
the functional structure of the area based on its “best
use” and to resolve conflicts between different stake-
holders. The policies on the both sides of the timeline
in Fig. 3 reflects the positive response of provincial
policies to national policies. For example, in 2012, in
response to the National Marine Functional Zoning
Plan, Zhejiang Province issued the provincial marine
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Fig. 3 Timeline of coastal zone protection and development policies in China (above the line) and Zhejiang Province (below the
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functional zoning; in 2013; Major Function Zoning
in Zhejiang Province was issued in response to the
National Major Function Zoning Plan issued in 2010;
and in 2017, Marine Major Function Zoning in Zhe-
Jjiang Province was issued in response to the National
Marine Major Function Zoning Plan. These policies
help to scientifically approve sea projects, promote
the protection of ecosystems in coastal areas, guide
the restructuring of marine industries, and promote
the orderly development of land and sea development
patterns.

Provincial-level clustering results

The land use classification results on the coastal
zone of Zhejiang from 1990 to 2020 is presented in
Fig. 4. The area of artificial surface was relatively
small in 1990, accounting for only 1.05% (975.96
km?) of the entire region, while the proportion of
cropland was as high as 24.17% (22435.98 km?).
After three decades of development, the areal propor-
tion of artificial surface increased to 8.23% (7641.19
km?), while the counterpart for cropland decreased
to 16.96% (15738.63 km?). The concentration of
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" Yueging Bay

~ = Wenzhou Bay/

Cropland
Natural land

- Seawater

I Unused land
1990
Tidal flats

0 25 50

[ Inland fresh-waters
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artificial surface is most pronounced in Hangzhou
and Ningbo, while central cities like Jiaxing, Wen-
zhou, and Taizhou show a patchy distribution. The
distribution of artificial surface in Hangzhou Bay,
Taizhou Bay, and Wenzhou Bay is the most intensive,
while the other three bays have not yet reached such
levels of intensity. Cropland is mainly distributed in
coastal plain areas, especially in Jiaxing and Huzhou.
A certain amount of cropland is distributed in the
periphery of Shaoxing, Ningbo, and Taizhou. As
for aquaculture ponds, they cover only 0.35% of the
entire study area, primarily occupying the vicinity of
Sanmen Bay, with sporadic occurrences in other bays.
Natural land is mostly distributed in mountainous and
hilly areas far from the coast.

Five classes of landscape pattern change emerged
from the clustering analyses for each of the three
land use types (Fig. 5). These classes (I-V) repre-
sent increasing fractions of artificial surface (Fig. 5a),
cropland (Fig. 5b), and natural land (Fig. 5c), respec-
tively, within each class. From the clustering results,
the landscape pattern of the coastal zone in Zhejiang
Province has changed significantly in the past three
decades.
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1990

— [
100 km
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Fig. 4 Mapping of classification results in the coastal zone of Zhejiang
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Fig. 5 Time series clustering results of artificial surface (a), cropland (b), and natural land (c)

An observable pattern emerges in the distribu-
tion of artificial surfaces, indicating a predominant
northward trend compared to the southward direc-
tion. Additionally, the proximity to the sea exhibits
a stronger prevalence of artificial surfaces compared
to inland areas. Notably, the shoreline serves as a
defining axis, with the expansion of artificial surfaces
occurring in both the seaward and landward direc-
tions, and the expansion area concentrated on both
sides of the four primary rivers in the area—the Qian-
tang, Ling, Jiang and Ou. (Fig. 5; see also Fig. 1).
Artificial surface has grown in the past three decades,
with a relatively slow growth rate before 2000 (except
for Class V) and two marked accelerations in expan-
sion around 2000 and 2010, particularly for Classes
[I-V (Fig. 5a). In 1990, the fraction of artificial sur-
face was similar across Classes I-IV and very low
compared to Class V; however, by 2020, Classes III
and IV had clearly surpassed the highest Class V’s
fraction in 1990, and Class II was rapidly approach-
ing it (Fig. 5a). In contrast to artificial land, cluster
result classes for cropland and natural land showed
very little growth in these land uses during any period
and mostly gradual decline was observed (Fig. 5b and
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¢). The exception to this “gradual” decline is cropland
Class IV, which showed a reduction in cropland frac-
tion by almost half, accelerating first around 2000 and
again around 2010 (Fig. 5b).

Bay-level clustering results

Figure 6 shows the spatial distribution of change in
seawater, aquaculture pond and artificial surface area
within the hexagonal analysis cells throughout the six
bays. In the clustering results of seawater (Fig. 6b),
Class V shows a dramatic decrease trend in the
water bodies percentage, which reflect the reclama-
tion characteristics, while Classes III and IV reflect
the trend that water bodies percentage remained sta-
ble before 2006 and slowly decreased after 2006. In
terms of spatial distribution, reclamation exists in
all six major bays, while Hangzhou Bay is the most
dramatic (Fig. 6a). The reclamation in Sanmen Bay,
Taizhou Bay, Yueqing Bay and Wenzhou Bay is
mostly linear along the coastline, while the reclama-
tion in Xiangshan Bay is relatively minor. In the clus-
tering results of aquaculture pond, Classes II, III, and
IV respectively reflect the trends of area maintaining
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Fig. 6 Clustering results of the area fraction of water, aqua-
culture ponds, and artificial surface in the hexagonal analysis
cells throughout the six bays, with the base map being the LU

at a low level, a dramatic increase from around 2010,
and an increase from around 1995-2005 followed by
a decrease after 2010 (Fig. 6¢). The largest number

classification result of 1990 (a). The corresponding clustering
curves for water, aquaculture ponds, and artificial surface are
shown in panels b, ¢, and d respectively

of Class IV occurs within Hangzhou Bay, reflecting
the fact that aquaculture pond appeared in this area as
transitional features and were later covered by other
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feature types. In Sanmen Bay, Taizhou Bay and Wen-
zhou Bay, Class III aquaculture areas are distributed
in the periphery of Class II, reflecting the trend of the
expansion of aquaculture ponds to the sea, and the
expansion of aquaculture pond in these areas is also
well coordinated with the contraction of water bodies.
In contrast to the other bays, Xiangshan Bay and Yue-
qing Bay show much smaller areas and much lower
degrees of change in aquaculture pond area, although
there are certain fluctuations and rise in places. From
the clustering results of impervious surfaces (Fig. 6d),
the coastal areas of all major bays are strongly devel-
oped and expanded by human activities, except San-
men Bay. Especially, in Hangzhou Bay and Yueqing
Bay, most of the reclamation is caused by artificial
surface expansion.

The clustering curves corresponding to each sur-
face feature can identify the time nodes of emer-
gent mutations, and delineate the different temporal
stages of human expansion. In the clustering curve of
water bodies, 2003 and 2015 are the two most typi-
cal change nodes of Class V. The curve is divided
into three different stages: “stable high”—*"“rapidly
declining”—*stable low”, in the period of 2003-2015
corresponds to the most intense reclamation activi-
ties. By contrast, the years 1995 and 2010 can be con-
sidered as change nodes in the clustering curves of
aquaculture pond, and their abrupt change years are
both earlier than those of the reclamation. The values
corresponding to the curves of Classes II, III, and IV
all showed a small decrease before 1995, and turned
into an increasing trend of different magnitudes
between 1995 and 2010. After 2010, the Class III
curve stays at high values with fluctuating changes,
while the Class II and IV curves start to decline. Arti-
ficial surface can be divided by 2000 and 2010, with
Class V showing a trend of staged growth and Class
IV expanding most dramatically from 2007 to 2013.

Interactions between policies and landscape changes

Comparing the time series of the expansion of human
activities with the evolution of policy orientation,
it is easy to see that there is a fast or slow response
between human expansion and coastal zone policies
(Fig. 7a). During the period 2000-2010, there was a
noticeable and continuous increase in both reclama-
tion, aquaculture ponds and artificial surfaces. This
trend coincided with the issuance of policies oriented
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to marine economic development and resource
exploitation. Around 2003, in order to promote the
marine economy, coastal regions in the country for-
mulated their own marine economic development
plans, with land reclamation becoming a primary
approach to stimulate coastal economic growth. In
2008, the State Oceanic Administration issued the
“Notice on the Promotion of Stable and Rapid Eco-
nomic Development for the Expansion of Domestic
Demand”, which streamlined the approval procedure
for sea reclamation once the regional sea construction
plan was approved. Under the influence of a series
of policies, the reclamation in Zhejiang have entered
a period of rapid expansion. The reaction in human
expansion to development policies shown in Fig. 7a is
even more pronounced in the high intensity landscape
change classes in Figs. 5 and 6.

Since 2010, national and local coastal policies
were issued with emphasis on coastal zone protec-
tion and restoration. As a response to the protection-
oriented policies in this period, the expansion of
aquaculture ponds shifted from rapid expansion to
gradual decay, and the expansion of artificial surface
also shifted from rapid expansion to slow expan-
sion, while the rapid expansion of reclamation con-
tinued in the previous period, and the rapid expan-
sion of reclamation was effectively curbed only after
2015 (Fig. 7b). The policies promulgated during the
period of land-sea coordination have struck a balance
between conservation and development, reflecting the
gradual advancement of policy makers’ understand-
ing of the concept of sustainable development. Gov-
ernments at all levels advocated “sea-land integration
and coordination” and carried out protection work
such as returning reclamation to the sea and delineat-
ing the marine ecological conservation red line, while
focusing on high-quality construction of marine ports
and promoting the marine economy.

Summarizing the coupling analysis of policy evo-
Iution and human activities in the three periods since
2000, we can see that human activities responded
more positively to the stimulating policies in the
development-oriented period, while there was a long
time lag in the response to the restrictive and con-
straining policies in the conservation turning and
land-sea coordination periods, and it was difficult for
the government to see the effect of policy implemen-
tation in the short term, so the frequency of policy
adjustment gradually accelerated in the later period.
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Fig. 7 The coupling of policy evolution and landscape change in Zhejiang Province

Compared with the expansion of human activities,
natural land is less sensitive to the evolution of coastal
zone policies and has a longer lag period in response
to policy changes. Here we additionally analyze natu-
ral land within the 10 km area from both sides of the
shoreline as nearshore natural land. During the devel-
opment-oriented period from 2000 to 2010, the natu-
ral land in the whole area of the coastal zone remained

relatively stable in the early stage, and only after 2009
did the trend of decline become obvious. By con-
trast, nearshore natural land has been shrinking since
2003, which shows that in the nearshore, natural land
responds more obviously to development-oriented
policies—or, to put it another way, artificial surface
expansion in response to development-oriented poli-
cies impacts natural lands faster in the nearshore area
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than in the broader coastal zone. the decline in natural
land continued well into the period turning towards
conservation (2010-2017), both in the coastal zone as
a whole and in the nearshore area (Fig. 7b). This is
due to the strong inertia of the development-led pol-
icy, causing its impact to continue for several years
despite national and local governments vigorously
pursuing conservation-oriented and balanced devel-
opment and conservation policies since 2010. As a
result of the inertia, it was not until 2018 that natural
land began to recover, with a gradual increase in area.

From the policy lineage combing and the coupling
analysis of human expansion, ecological restoration
and policy, it is clear that China’s coastal zone policy
is still in the process of continuous development and
improvement. The policies in both the development-
oriented and conservation turning phases in the early
stage only targeted a single dimension of development
or conservation, ignoring the fact that another dimen-
sion has an equally important role in the development
process of coastal areas. In addition, China’s political
performance assessment system is GDP-oriented, and
ecological construction and environmental protection
indicators are only symbolically added to the assess-
ment, and their weight is very small. The imperfect
policy system led to rapid expansion of human activi-
ties in the development stage (2000-2010), while con-
servation policies in the protection stage (2010-2017)
be effectively implemented in a relatively short period
of time. In addition, the differences in the response of
human expansion to different types of policies, espe-
cially the rapid response to development-stimulating
policies in the short term and the delayed response to
conservation policies in the longer term, also indicate
the need for adequate risk assessment across scales
before policy implementation.

Discussion

Maintaining diverse landscape functions and adap-
tive capacity is essential for urban and rural sustain-
ability (Wu 2021; Reyers et al. 2022; Walker et al.
2023), particularly in rapidly changing coastal zones.
Landscape planning and coastal zone policies play an
important role in determining landscape functions,
directly and indirectly, and learning from the effects
of past policies on landscape patterns can help us cre-
ate and maintain sustainable coastal urban and rural
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landscapes in the future. Our coupling analysis of
urban expansion, agriculture, and ecological conser-
vation in response to coastal zone polices provides
such a learning opportunity at the landscape pat-
tern—ecosystem services—human wellbeing nexus.
Our findings reveal: (1) differences in the timing and
degree of local landscape change in response to poli-
cies; (2) trade-offs and a lack of land-sea coordina-
tion between policy objectives and landscape func-
tions; and (3) the necessity of policy coordination for
landscape sustainability, which we discuss here with
implications for urban and rural landscape sustain-
ability, coastal planning, and the SDGs.

Spatial and temporal differences in landscape
response to policies

Our results reveal significant differences in the speed
and degree of landscape change in response to vari-
ous types of policies in Zhejiang Province, China,
which supports previous studies (Wang et al. 2014;
Miao and Xue 2021). Among these, human expansion
is most sensitive to development-oriented policies. Li
et al. (2020) also demonstrate that reclamation activi-
ties are more responsive to stimulus policies than
restriction or tightening policies, with stimulus poli-
cies encouraging reclamation often yielding short-
term responses. During the development-oriented
policy period from 2000 to 2010, all coastal areas in
Zhejiang Province responded positively to national
or local development policies. Particularly, after the
issuance of the Outline of the Strong Marine Eco-
nomic Province Construction Plan in Zhejiang in
2005, coastal development and construction in vari-
ous areas experienced significant growth (Wu et al.
2014; Duan et al. 2016; Yan et al. 2023).

Taking the six bay areas as examples, local
responses to policies were evident in the expan-
sion of human activities such as port construction,
industrial park development, infrastructure con-
struction, shoreline engineering, and aquaculture
and fishery. However, variations existed in the size,
order of expansion range, and response time (Wang
et al. 2017). First, this can be seen in the spatial and
temporal differences in the reclamation expansion
of the six bay areas. We counted the year-by-year
water body area change curves within each of the
six bays separately (Fig. 8) and delineated the most
intense temporal stages of reclamation. Each bay area
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started reclamation in different years, Yueqing Bay
and Hangzhou Bay being the earliest (around 2004);
while Wenzhou Bay was the latest (2010), and most
of the bays experienced dramatic reclamation expan-
sion between 2005 and 2015, which is basically con-
sistent with the results revealed by the overall clus-
tering (Fig. 6). The response of Wenzhou Bay is
relatively late, with two significant declines between
2003 and 2005, and 2010-2020, the latter being more
drastic.

In addition, the information we gathered through
field research also confirms this. Hangzhou Bay,
where Ningbo and Zhoushan are located, exhibited
the earliest response time to policies and the most
pronounced expansion of human activities (Fig. 9).
From 2000 to 2010, the petrochemical industry expe-
rienced significant development along the coast of
Ningbo, establishing a large-scale petrochemical base
centered around Hangzhou Bay and the Ningbo Pet-
rochemical Economic and Technological Develop-
ment Zone. Concurrently, Zhoushan vigorously pro-
moted projects connecting the mainland and islands,
including the construction of Cengang Bridge and
Jintang Bridge (Zhang et al. 2014; Wang et al. 2017).
During this decade, the two cities experienced sub-
stantial improvements in socio-economic develop-
ment, with population and GDP growth rates reach-
ing 25% (1.762 million people) and 379% (459.347

billion yuan), respectively. The urbanization ratio also
increased from 40 to 53% (Lin et al. 2018). By con-
trast, Sanmen Bay and Taizhou Bay focused on devel-
oping mariculture-based fisheries, establishing fishing
economic zones such as Jiaojiang Qiangian, Yuhuan
Kanmen, and Sanmen Jiantiao. Figure 9 illustrates a
significant increase in newly added aquaculture ponds
in Sanmen Bay and Taizhou Bay during this period
(Li et al. 2018). Notably, the fishery output value of
Taizhou, the prefecture-level city where Taizhou Bay
is located, increased from 8.87 billion yuan in 2000 to
13.52 billion yuan in 2010.

Complementing the results of our study, some
scholars have found similar diversity when analys-
ing the impact of policies on the landscape in other
coastal areas. Bao et al. (2019) analyzed the response
relationship between coastal landscape and policy
in Jiangsu Province on a 100-year scale. The results
indicate that traditional land use policies often lag
behind coastal development, leading to a continu-
ous intensification of human land conflicts. However,
after 2000, with the increasing demand for sustain-
able coastal development, the adjustment speed of
coastal policies has accelerated, shifting from pas-
sive to proactive response to environmental changes
and stakeholder conflicts. Luo et al. (2022) analyzed
the important role of policy in promoting the expan-
sion of aquaculture ponds in four major aquaculture
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Fig. 8 The curve of seawater area changes in the six bay areas, reflecting the intensity of reclamation
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Fig. 9 Comparison of human expansion in Hangzhou Bay, Taizhou Bay and Sanmen Bay

countries in Southeast Asia. It can be seen that in dif-
ferent regions and different landscapes, the relation-
ship between policy and landscape is also different.
These results suggest that different SDGs, sup-
ported by different landscape functions, will be more
or less responsive to policy adjustments depending
upon a number of factors. Economic development
(SDG 8) seems to be the most responsive to devel-
opment-stimulating policies while at the same time
being the likely cause of temporal lags and damp-
ening of ecosystem (SDGs 14 and 15) responses to
protection-oriented and coordinated policies. Schol-
ars have argued that the SDGs and the 2030 Agenda
are still based on an economic growth paradigm that
places the environment secondary to the economy
(Eisenmenger et al. 2020; Forestier and Kim 2020).
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Next to this, our results show that economic devel-
opment policies have a greater impact on landscape
patterns than environmental policies. Taken together,
the implications for any attempt to protect and
restore terrestrial and marine ecosystem functions in
coastal zones are that conflicts and trade-offs with
the economy need to be navigated, vested economic
interests need to be controlled, system inertia needs
to be acknowledged and managed, and temporal lags
in ecosystem responses (both to policies and also to
degradation) need to be at the forefront of long-term
planning for coastal urban and rural sustainability.
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Trade-offs between land-sea policy objectives and
landscape functions

Although the rapid expansion of coastal human
activities in Zhejiang Province during the develop-
ment-oriented policy period contributed to local eco-
nomic development to some extent, it also resulted
in adverse impacts such as environmental pollu-
tion, biodiversity reduction, and habitat degradation,
which caught the attention of national and local gov-
ernments at all levels (Wang et al. 2021a; Yang et al.
2022). With the introduction of the National Major
Function Zoning Plan in 2010 and the National
Marine Functional Zoning Plan in 2012, coastal poli-
cies shifted from development-oriented to protection-
focused and land-sea coordination. However, our cou-
pling analysis of landscape change and policies reveal
that the policies implemented during the conservation
shift and land-sea coordination period did not yield
the expected results for ecosystems. Two primary
reasons contribute to this outcome: (1) lack of coor-
dination between terrestrial and marine policies; and
(2) lack of simultaneous implementation of terrestrial
and marine policies.

Most policies exclusively target either the land
area or the sea area of the coastal zone, leading to
differences in functional positioning and policy
orientation between the two areas along the same
coastline (Walsh 2021; Wang et al. 2021b; Yue
et al. 2023). Figure 10 shows the major functional
zones (MFZs) on both terrestrial and marine areas
across the Zhejiang coastal zone, as well as the
end point rate (EPR) of shoreline movement, and
indicators of terrestrial and marine development
intensities and ecological degradation degrees.
Among them, the northern and central coastal
areas of Zhejiang Province are relatively consist-
ent in their functional positioning, such as the land
and sea function positioning of Hangzhou Bay are
optimized development zones. However, there is
a big difference between land and sea policies in
the southern region. For example, the land area of
Yueqing City on the west side of Yueqing Bay is
positioned as a significant development zone, while
the adjacent sea area is designated as a reservation
zone. The land area of Yuhuan City on the east side
of Yueqing Bay is positioned as an ecological secu-
rity zone, while the sea area is an optimized devel-
opment zone. The incoordination of land and sea

policies led to a high degree of ecological degrada-
tion in the sea area of Yueqing City, which should
have been protected originally. The faster shoreline
migration rate (Fig. 10b) also reflected the seri-
ous damage to the local natural shoreline (Li et al.
2018). The lack of alignment between terrestrial
and marine policies not only hampers the effective
allocation of economic resources but also impairs
the coordination of development and protection on
both sides of the shoreline (i.e., at sea and on land),
hindering the sustainable development of coastal
areas (Scarff et al. 2015; Schliiter et al. 2020; Van
Assche et al. 2020; Singh et al. 2021).

The implementation effects of various policies
differ due to discrepancies in the releasing subjects
and timeframes. For instance, the National Major
Function Zoning Plan, led by the National Develop-
ment and Reform Commission (NDRC), integrates
both protection and development aspects in land
policies (Fan et al. 2019). Conversely, the National
Marine Functional Zoning Plan, led by the State
Oceanic Administration, primarily focuses on pro-
tecting the sea. Consequently, the latter’s implemen-
tation lags significantly behind the former (Smith
et al. 2011; O’Hagan et al. 2020). Although the
NDRC released the National Marine Major Func-
tion Zoning in 2015, it was five years later than the
National Major Function Zoning, and there was an
additional 1-2 year gap between the promulgation
of national policies and the implementation of local
policies. As a result, sea policies remained discon-
nected from land policies for an extended period,
exacerbating the lack of coordination between
sea and land development (Yu et al., 2020; Walsh
2021).

Therefore, it is imperative to strengthen the coor-
dination and harmonization of land and sea policies
in the future. In China, the traditional perspective
that land is more important than the sea should be
revised at the decision-making level, and the rela-
tionship between land and sea in industry, ecology,
resources, and other aspects should be comprehen-
sively planned and addressed to achieve unified
implementation subjects, integrated development
planning, and coordinated spatial layout.
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Fig. 10 Terrestrial and
marine MFZs (a), mean
EPR of shoreline movement
(b), coupling of land-sea
development intensity (c),
and ecological degrada-
tion degree (d). The data
sources and methodologies
are referred to Supplemen-
tary Material (SM3)
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Policy coordination and landscape sustainability

Policy coordination and coherence across goals,
sectors, regions, scales, and between society and
the environment, is widely argued to be essential
for achieving the SDGs (Nilsson et al. 2016; Nils-
son and Wietz, 2019; Scown et al. 2023a). Our
results confirm that coordination between terres-
trial and marine policies is particularly important
for achieving the SDGs in coastal zones, but lack
of such coordination is currently a barrier in China
and possibly elsewhere around the world. Spatial
coordination of diverse landscape (and seascape)
functions to continually support different goals is
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also essential (Wu 2006, 2013). In Fig. 10a, fish-
ery zones and food security zones mainly provide
various agricultural products and aquatic products
(SDG 2 — Zero hunger). In order to ensure fishery
and food production, local development intensity in
such zones should be limited. However, our findings
reveal that when either land or sea areas are domi-
nated by development-led functional types, such as
in Cangnan and Haiyan districts and counties (iden-
tified as optimized development zones), it leads to
an adverse impact on fishery and food production
capacity in these zones. Additionally, this results
in an excessive increase in development intensity
(Fig. 9b and c¢).
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Ecological security zones and reservation zones
are important areas to ensure the stability of the eco-
system (SDGs 14 and 15), so mandatory protection
measures need to be implemented. The mismatch
between land and sea development intensity caused
by the spatial dislocation of land and sea functions
may further exacerbate the risk of ecological degra-
dation (SDG 14 and 15) in these areas. This finding
is particularly evident in Pingyang, Yuhuan and Wen-
ling districts and counties, where ecologically safe
and reserved areas coexist with urbanized or marine
economic development-dominated zones, including
fishery and food security areas. As a consequence,
development intensity in both land and sea areas
increases more rapidly than in districts and counties
with coordinated land and sea policies, amplifying
the degree of ecological degradation (Fig. 9d). Bal-
ancing and navigating tensions and trade-offs among
SDGs in coastal urban and rural landscapes will
require policy coherence and coordination, but also
thinking and planning across scales and spatially to
continually support functional diversity (Wu 2021;
Scown et al. 2023a; Walker et al. 2023).

Conclusion

Exploring the impacts of policy changes on landscape
patterns is essential for achieving coastal urban and
rural sustainability. In this study, we utilized the GEE
platform and multi-source data to conduct spatio-tem-
poral coupling analysis of policy changes and land-
scape pattern evolution, aiming to identify inflection
points and local characteristics of human expansion
and ecological restoration. The findings reveal that
the implementation period of coastal zone develop-
ment policies coincides with the inflection point of
the evolution of human expansion, particularly con-
cerning reclamation activities. Policies often result in
rapid increases in human expansion within the same
year of their issuance. Moreover, the study highlights
that coastal zones exhibit a faster response to national
development policies compared to protection poli-
cies, with a lag period of 2-5 years typically observed
for the implementation effects of protection policies.
However, the exact duration of the lag depends on the
specific subject and content of policy implementation.

This study uncovers a lack of coordination
between the implementation periods of development

and protection policies in coastal land and sea areas.
This lack of coordination severely hampers policy
effectiveness and further impedes the sustainable
transformation of coastal zones. To address this issue,
we recommend strengthening the implementation and
periodic assessment of coastal zone policies, with a
particular focus on harnessing the synergistic effects
of different policies. This approach will enable timely
adjustments to unsustainable situations. Additionally,
it is crucial to enhance the spatial planning system
to facilitate land-sea coordination in coastal areas.
Development activities should be carried out based on
the limits of natural system, ensuring that the upper
limit of coastal ecosystems is not exceeded. Legisla-
tive measures should be implemented to strengthen
control over coastal zone space, strictly limit the scale
of reclamation, and establish clear examination and
approval processes. It is also necessary to enhance
coordination among various government depart-
ments and foster collaboration with social organiza-
tions, groups, and communities to collectively restore
the coastal ecosystem. Such cooperative efforts will
foster a harmonious and sustainable balance between
human activities and the preservation of our precious
coastal landscapes.

This paper emphasizes the dominant role of
national and provincial governments in shaping and
safeguarding coastal zones. However, it neglects the
essential contributions of local governments, includ-
ing their inherent needs and spontaneous initiatives,
which are crucial for achieving sustainable trans-
formation and ecological protection in coastal zone
development. Achieving alignment between macro
policies and local requisites is crucial, influencing
spatial and temporal patterns in coastal zone land-
scape changes. The potential lies in the development
of quantitative approaches, utilizing scenario design
and modeling to discern contributions from natural
factors, socio-economic factors, and policy changes
across different scales. Future research should delve
deeper into these aspects for a more comprehensive
understanding.
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