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1Department of Marine Remote Sensing, National Marine Environmental Monitoring Center,
Dalian, China, 2Key Laboratory of Marine Spatial Planning Technology, China Oceanic Development
Foundation, Beijing, China, 3South China Sea Institute of Oceanology, Chinese Academy of Sciences,
Guangzhou, China
Introduction: Human socioeconomic activities flourish in coastal zones, and the

rational use and protection of spatial resources and environments are vital for the

sustainable development of coastal cities. To promote optimal resource

allocation across ecological, residential, and production spaces (hereafter

referred to as the “triple space”), an investigation into their functional coupling

coordination is crucial for optimizing the allocation of ecological, living, and

production space resources.

Methods: In this study, we developed an evaluation index system encompassing

multiple aspects such as ecological supply and purification, residential security,

and production supply. We constructed coupling coordination degree models

for the triple space to quantitatively measure pairwise functional coupling and

overall coordination in the coastal zone of Ningbo. Spatial characteristics and

evolution patterns were analyzed using global and local Moran indexes. We

analyzed the overall variation in functional coupling coordination across the

coastal zone of Ningbo and correlations among evaluation units.

Results: The findings are summarized as follows: First, a cross-coupling

relationship exists with coupling coordination degrees ranging from 0.21 to

0.66 across the coastal zone of Ningbo, showing significant spatial variation

(high in the south and north and low in the middle), with local coordination

centers in Cixi City and Xiangshan County. Coupling coordination generally

increased from 2000 to 2020. Secondly, pairwise functional coupling

coordination varies, with relatively low coordination between ecology and

residential areas, increasing coordination between ecology and production,

and rapidly rising coordination between residential and production areas,

which is currently at high levels. Third, the coupling coordination degree

exhibits an overall random spatial distribution pattern without distinct

clustering or discrete effects.

Discussion: According to the local Moran index, land and sea areas of Yinzhou

District show high-value polarization, failing to drive surrounding development;

Zhenhai and Beilun districts exhibit low-value clustering with potential for
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optimization; and Cixi City and Ninghai County are high-value clustering areas,

indicating strong coupling coordination. This study provides a new approach for

exploring the intrinsic relationship between the different triple space functions in

coastal zones and valuable reference for policy formulation and planning.
KEYWORDS

coastal, ecological-living-production space, coupling coordination degree model,
pattern evolution, triple space
1 Introduction

Situated at the interface of the land and sea, coastal zones

encompass both terrestrial and marine ecosystems and are rich in

natural, ecological, transportation, and tourism resources. They

play a crucial role in promoting socioeconomic development,

ensuring resource security, and regulating the ecological

environment. However, rapid and uncontrolled economic growth,

population expansion, and urbanization in the coastal regions of

China over recent decades have resulted in the degradation of arable

land, vegetation, mudflats, and wetlands (Liu et al., 2014; Jones

et al., 2018). This has intensified the conflict between human

activities and the natural environment, leading to resource

depletion, ecological imbalance, severe soil erosion, and frequent

natural disasters; therefore, achieving a harmonious balance

between development, habitation, and environmental protection

is paramount (Xu et al., 2016). The promotion of functional

coupling and coordinated management of ecological, residential,

and productive spaces—referred to as “triple space”—within coastal

zones is central to this goal. This concept underscores the need for

integrated and sustainable development practices to ensure both the

health and orderly growth of these regions. Consequently, the

management and conservation of national spatial resources have

emerged as critical areas of research interest.

Of the three functions referred to in triple space (primarily

ecological products and ecological services), ecological functions are

related to the essential property of a natural resource, serve as the

prerequisite and control the development direction for the living

and production functions, acting as a constraint (Chen and Shi,

2005). Living functions mainly refer to residence, consumption,

recreation, and entertainment (Sun et al., 2017), and production

functions refer to the use of land to obtain various products and

services (Wang and Dong, 2015). The triple space is functionally

interrelated and interacts via a logical relationship; thus,

constituting a holistic system (Li et al., 2018).

Early studies investigating national land space do not mention

the concept of “triple space”, nor investigate the triple space of the

coastal zone. However, the “Green Belt” planning of UK (Wang and

Zhang, 2003) and the “Urban Growth Boundary” of the US (Fan

and Li, 2009) embody a similar principle. From the perspectives of

multi-purpose land use and ecology, subsequent studies included
02
the land use decision-making process (Koomen et al., 2008),

sustainable development prediction and analysis (Ghaderi and

Henderson, 2012), planning management (Hersperger et al.,

2018), and land use and ecological effects (Nelson et al., 2009), to

promote the coordinated development of cities and the

environment. Existing studies examining the triple space

predominantly concern China, a country in which the national

land space must be optimized owing to its rapid urbanization,

which aggravated the human-land contradiction. Hence, concepts

such as “triple space” have become a focus for research, with

domestic studies mainly focusing on connotation analysis, spatial

function identification, and spatial division evaluation on national

(Liu and Sun, 2020), provincial (Chen et al., 2020), and city (Wu

et al., 2016) scales over the last two decades. In terms of evolution,

domestic researchers mainly use the spatial autocorrelation model

(Cui et al., 2018), GeoDetector (Lu et al., 2022), and the landscape

ecological risk index (Xia et al., 2023) to examine the quantitative

structure and spatial structure characteristics of the triple space,

while its optimization is generally examined using methods such as

multi-factor evaluation based on suitability (Wei et al., 2021),

spatial effect and trend simulation analysis (Jin et al., 2013), and

spatial supply-demand coupling analysis based on the ecological

niche (Meng et al., 2011). Most studies investigating the triple space

function focus on a single type of function, with qualitative analysis

of the relationship between the different regional space functions

performed by identifying and evaluating the functions of regional

space and analyzing their spatiotemporal evolution characteristics

(Hong et al., 2017). However, few studies quantitatively analyzed

the relationship between different triple space functions and the

inherent evolution pattern, and none comprehensively examined

the coordinated development of different triple space functions

using a nature-economy-society-ecology comprehensive evaluation

system (Zhang and Zhai, 2020). The coupling coordination degree

model (Zhang et al., 2016), which can evaluate the degree of

interaction and coordination between two or more systems, was

applied in diverse fields, such as ecological environments and

resource development (Xiong et al., 2014), transportation and

urban development (Yuan et al., 2019), land use and socio-

economy (Huang et al., 2017; Zhang et al., 2017), tourism and

agriculture (Fleischer and Tchetchik, 2005), urban and rural

development (Wang et al., 2017; Yang et al., 2022), and
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ecosystems and landscapes (Gulickx et al., 2013). This model could

therefore provide an important reference for evaluating the triple

space functions in coastal zones.

Ningbo is a major economic center that lies south of the

Yangtze River Economic Belt and is a major node in the “One

Belt and One Road” region. The rapidly increasing population in

the area has led to accelerated industrialization and urbanization,

resulting in the rapid evolution of the triple space functions in the

zone. Thus, in this study, the districts, cities, and counties of the

coastal zone of Ningbo were used as evaluation units and an

evaluation index system was created to characterize the triple

space functions in the zone. A functional coupling model for the

triple space was then constructed to calculate the functional

coupling and coupling coordination degrees of the triple space

and analyze the spatiotemporal variation and evolution pattern of

the coupling coordination degree. Our findings are expected to

provide a new approach and act as a reference for exploring the

intrinsic relationship between the different triple space functions in

coastal zones, promote the coordination of the functions, and

ultimately optimize the spatial pattern of the coastal zone.
2 Data and methods

2.1 Study area

Ningbo is located northeast of Zhejiang Province and south of

Hangzhou Bay, with geographic coordinates of 29°01’ to 30°24’N

and 120°50’ to 122°11’E. Ningbo is dominated by a sub-tropical

monsoon climate with four distinct seasons, moderate climate,

plentiful rainfall, high terrain in the southwest and low terrain in

the northeast, and abundant marine resources. Ningbo is a globally

known port city and is the core demonstration area for the

development of the marine economy in Zhejiang Province, and a

major metropolitan area demonstrating the coordinated

development of the Yangtze River Delta city group. The coastal

zone of Ningbo covers a total area of 12 069.91 km2, of which land

and sea areas comprise 4696.35 km2 (38.91%) and 7373.56 km2

(61.09%), respectively.

In this study, the coastal zone of Ningbo refers to the sea area

between the central axis (i.e., Ningbo’s coastline) and the outer

boundary specified in marine functional zone promulgated by

China in 2012 and the land at least 5 km away from the central

line that is bounded by the administrative boundaries of its coastal

villages and towns (Figure 1). Specifically, the coastal zone of

Ningbo includes Yuyao and Cixi cities; Zhenhai, Beilun, Yinzhou,

and Fenghua districts; and Ninghai and Xiangshan counties (as

shown in Figure 1).
2.2 Data sources and processing

Following the Technical Regulations on Land Resource Survey

and Classification System for Sea Area Use, land and sea area use

data were extracted from satellite images using an object-oriented
Frontiers in Marine Science 03
method (e.g., multiresolution segmentation, subordinating degree

function, and standard nearest neighbor classification) (Luo et al.,

2013; Wang et al., 2014). Satellite data were obtained from the

Landsat and HJ series (Spatial resolution 30m); specifically, the

Landsat series data from the official website of the United States

Geological Survey (http://www.usgs.org/), and the HJ series data

from the official website of the China Center for Resources Satellite

Data and Application (http://www.cresda.com/CN/) were utilized.

Industrial agglomeration data were vectorized according to

Ningbo’s Planning on Key Industrial Agglomeration Areas (2000–

2020). Geological hazard data were synthesized and digitized

according to the Geological Hazards Planning (2000–2020) and

Distribution Map on Hidden Geological Hazards issued by the

Ningbo Bureau of Natura l Resources and Planning .

Environmental disaster data were provided by the Ningbo

Environmental Monitoring Center. Data concerning nature

reserves were acquired from the Ministry of Ecology and

Environment of the People’s Republic of China. The ecological

red line data were vectorized according to Ningbo’s Program on

Ecological Red Line Delineation and Ningbo’s Program on Marine

Ecological Red Line Delineation. the coastal socioeconomic data of

Ningbo (including GDP per capita, educational resources, medical

resources per capita, and transportation accessibility) were obtained

from the Social and Economic Statistics Yearbook issued by Ningbo

Municipal Statistics Bureau (http://tjj.ningbo.gov.cn). Water quality

data were obtained from the Bulletin on China’s Ecological

Environment Status released by the Ministry of Ecology and

Environment of the People’s Republic of China, and field

measurements. The vector and raster data coordinates used were

based on CGCS2000 and Gauss-Kruger projection.
2.3 Methodology

Based on the theory of triple space for the spatial planning of

national land and existing studies, the spatial functions of the

coastal zone were classified as the triple space. Considering that

coastal zones are affected by diverse factors, such as natural

condit ions , resource endowment, and socioeconomic

development of land and sea areas, functional coupling evaluation

index systems describing the triple space were constructed for the

land and sea areas of the coastal zone Ningbo, and functional

coupling and coupling coordination degree models constructed

based on related data describing the zone (e.g., high-resolution

remote-sensing images, land use, sea area use, ecological

environment factors, natural environment disasters, and

socioeconomic development). The functional coupling degree and

coupling coordination degree for the land and sea spaces

comprising the coastal zone were then calculated, the spatial

variation evolution trend of the pairwise functional coupling of

triple space in the coastal zone was analyzed, and the overall

variation in the functional coupling coordination degree and

similarity between local adjacent units finally discussed in terms

of the global and local Moran indices. A flowchart of the methods

used is shown in Figure 2.
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2.3.1 Determination of the evaluation units
Based on data characteristics, the evaluation units used for

functional coupling of the triple space in the coastal zone of Ningbo

were classified into type and administrative. Land- and sea area-use

types and vectorized disaster data were extracted from remote sensing

images, complete ground feature units were used for evaluation, and

the corresponding district- or county-level administrative areas were

used for the evaluation of economic, human, and social data on

district or county scales. The different types of evaluation units were

converted to a unified scale and then spatial overlay operations were

performed for the evaluation of the functional coupling and coupling

coordination degrees of the triple space.

2.3.2 Creation of the evaluation index system and
index weight calculation

The coastal zone of Ningbo includes three types of land and sea

space (i.e., ecological, living, and production). Owing to the

differences between the land and sea areas in terms of geographic
Frontiers in Marine Science 04
location, natural conditions, resource endowment, and

development types, different evaluation indices were selected for

land and sea, for which relevant literature and experts in the fields of

land, geography, and oceanology were utilized, and the availability

and stability of index data describing the study area were

considered. The functional coupling evaluation index system for

the triple space covers diverse aspects (e.g., ecological supply,

ecological purification, life guarantee, welfare guarantee,

production function, and non-production function), with 19

indices for land and 17 indices for sea (as described in Table 1).

As the functional coupling evaluation index system comprised

multiple indices for both land and sea, the weights of the

evaluation indices were calculated using the entropy value and

analytic hierarchy process (APH) methods, and the optimal

combined weights were determined using the optimal combined

weighting model (Jia and Liang, 2018). This method fully considers

both subjective experience and objective data, rendering the

calculation results more scientific and reliable.
FIGURE 1

Schematic diagram of the study area. Sea and land areas associated with Yuyao and Cixi Cities, Zhenhai, Beilun, Yinzhou, and Fenghua Districts, and
Ninghai and Xiangshan Counties are numbered from 1 to 16, respectively.
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2.3.3 Standardizing the index data
The data used in the functional coupling evaluation indices

included both statistical text (social and economic statistics) and

vector (land and sea area use statuses, protected reserve, and red line

area) data; thus, the units and orders of magnitude varied, which

implied that standardization was required. The functional coupling

evaluation data were standardized via 1) graded assignment for

seawater quality and natural environmental disasters data; 2)

normalization for resources, environment, and socioeconomic

data (Equations 1, 2); and 3) distance decay and buffer analysis

for transportation accessibility and tourism resource density data

(Equation 3).

fij =
xij − xminj

xmaxj − xminj
(1)
Frontiers in Marine Science 05
The equation for the negative index is as follow:

fij = 1 −
xij − xminj

xmaxj − xminj
(2)

where fij denotes the value of the j-th index in factor i (unit), xij
denotes the j-th index in factor i, xmaxj denotes the maximum value

of the j-th index, and xminj denotes the minimum value of the j-th

index.

Fij = K 1 −
d
D

� �
(3)

where Fij denotes the value of the j-th index in factor i (object), k

denotes the coefficient of the evaluation index object, d denotes the

influence radius of the evaluation object, and D denotes the distance

between the evaluated area and the evaluation object.
FIGURE 2

Flowchart showing functional coupling of triple space in the coastal zone. To promote optimal resource allocation across ecological, residential, and
production spaces in the sea area, the evaluation index system and functional coupling model were constructed, and the spatial characteristics and
evolution patterns were analyzed using global and local Moran indexes.
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2.3.4 Creation of the coupling model
The interaction between the triple space functions in a coastal

zone not only reflects the diverse development needs of

stakeholders but is also a dynamic process that includes the

quantitative and spatial redistribution of scarce land resources

across the triple space, while also reflecting the socioeconomic

characteristics of the coastal zone at different stages. This

interaction thus has a considerable impact on the spatial

development and evolution of the coastal zone. Ecological space,

as the resource and environmental background of a zone,

guarantees production and living functions. The production space

serves as the foundation for the zone and can provide an economic

and material guarantee for its living functions; however, increasing

the scope and intensity of production activities can lead to severe

damage to the coastal zone environment and degradation of its

ecological functions. Living space is the daily living and social needs

of residents in the zone, supplementing its production functions.
Frontiers in Marine Science 06
Expanding the living space leads to pollution from excessive human

activities and restricts the implementation of ecological functions.

The triple space of a coastal zone thus exhibits a coupled and

interactional relationship manifested as mutual promotion and

coercion. In this study, functional coupling and coupling

coordination were introduced to construct a functional coupling

model for the triple space of the coastal zone, allowing exploration

of the mutual promotion and coercive relationship between the

triple space functions within the zone. The functional coupling

degree of the triple space in a coastal zone is expressed using the

following equation:

R = Ei�Li�Pi
(Ei+Li+Pi)

j
�� �1

j= (4)

where R denotes the functional coupling degree of the triple

space and reflects the interaction intensity and the mutual influence

between the triple space functions. The larger its value, the more
TABLE 1 Evaluation indices and weights used in the functional coupling of the triple space in the coastal zone of Ningbo.

Triple Space of
Coastal Zone

Criterion Layer
Index Layer

Land area Weight Sea area Weight

Ecological function

Ecological supply

Vegetation coverage 0.17 Sea water quality 0.15

Wetland area 0.17
Proportion of
natural coastline

0.14

Proportion of
natural reserves

0.29 Marine reserve area 0.16

Water area 0.19 Marine biodiversity 0.13

Ecological purification

Landslide frequency 0.03
Frequency of red tide and
storm surge

0.09

Soil salinization 0.03 Oil spillage 0.08

Per-capita industrial
pollution emissions

0.07
Discharge of industrial
waste into the sea

0.13

Per-capita agricultural and
fishery pesticide usage

0.05
Discharge of domestic
waste into the sea

0.12

Living function

Life guarantee

Per-capita income 0.26
Sea area occupied in
urban settlements

0.1

Urban-rural
construction ratio

0.13 Terminal passenger traffic 0.18

Transportation accessibility 0.13

Welfare guarantee

Proportion of the
educated population

0.26 Beach area 0.26

Tourism resource density 0.1
Proportion of marine
tourism facilities

0.46

Number of hospitals 0.12

Production function

Production function

Industrial park size 0.29 Port throughput 0.27

Per-capita arable land area 0.13 Aquiculture area 0.1

Urban employment rate 0.26 Marine economy size 0.25

Non-production function
Hinterland influence 0.15 Sea area activity 0.16

Population agglomeration 0.17 Sea reclamation area 0.22
fro
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intense the interaction, with an R-value of 0 indicating non-

coordinated triple space. Based on these results and reports

from earlier studies, the functional coupling degree was divided

into four grades (Table 2), with F denoting the coefficient of

adjustment between the triple space functions (3 in this case), and

Ei,   Li,   and   Pi denoting the overall evaluation values for triple

space, respectively (i ∈ 1, 2⋯ 16f g). The pairwise functional

coupling models for the triple space in a coastal zone (i.e.,

ecological-living, ecological-production, and living-production

couplings) can be expressed using the following equations:

REL =
Ei�Li

(Ei+Li)
2

.� �1
2=

(5)

REP = Ei�Pi
(Ei+Pi)

2

.� �1
2=

(6)

RLP = Li�Pi
(Li+Pi)

2

.� �1
2=

(7)

The coupling degree reflects only the dynamic coordination

relationship between the triple space functions in a coastal zone.

Practically, the triple space can barely develop synchronously, and a

high coupling degree may imply either high or low coordination.

Therefore, the coupling degree cannot characterize whether the

triple space is functionally promoted at a highly coordinated level or

constrained at a low coordinated level. Therefore, we constructed a

coupling coordination degree model based on the functional

coupling model to more accurately reflect the coordination
Frontiers in Marine Science 07
relationship across the triple space functions. The coupling

coordination degree is expressed as follows:

T = (R� (rE + tL + mP))1=3 (8)

where T denotes the coupling coordination degree of triple

space and reflects the coordinated development level of the triple

space. The grading of the coupling coordination degree is described

in Table 3. R denotes the functional coupling degree; E, L, and P

denote the average functional coupling degree for ecological, living,

and production space, respectively; and r,   t , and m are adjusting

parameters that were assumed to be r=0.3, t=0.35, and m=0.35 (The
weights were obtained based on the suggestions of 25 experts in the

coastal zone) in calculating the coupling coordination degree,

respectively. The pairwise coupling coordination degree models

(i.e., ecological-living, ecological-production, and living-production

coupling coordination degree models) for the triple space are

respectively expressed by the following equations:

TEL = (R� (rE + tL))1=2 (9)

TEP = (R� (rE + mP))1=3 (10)

TLP = (R� (tL + mP))1=3 (11)

With   r=0.5 and t=0.5, r=0.45 and m=0.55, and   t=0.45 and
m=0.55 used in calculating the ecological-living coupling,

ecological-production coupling, and living-production coupling

coordination degrees, respectively.
TABLE 2 Grading of coupling degree.

Type Range Characteristics

Low coupling R ∈  [0–0.3)
The triple space components compete, rendering it low coupling; an R of 0 indicates that triple
space is in a disordered development state.

Antergia R ∈  [0.3–0.5)
Interaction across the triple space is increased, with components beginning to influence and
constrain each other.

Run-in R ∈  [0.5–0.8) Triple space components coordinate with each other, exhibiting benign coupling characteristics.

Coordination R ∈  [0.8–1] The coupling degree is increasing, and the triple space shows a trend toward ordered development.
TABLE 3 Grading of the coupling coordination degree.

Type Range Characteristics

Extreme imbalance T ∈  [0–0.2)
Production space is overdeveloped, living space and ecological space are severely crowded, the living
environment is poor, and ecological problems are severe.

Moderate imbalance T ∈  [0.2–0.4)
Production functions still dominate, living functions are highlighted, and ecological problems caused
by living-based pollution are obvious.

Basic coordination T ∈  [0.4–0.6)
An intensive and efficient production mode is gradually implemented, and ecological problems
resulting from production and living activities are gradually solved.

Moderate coordination T ∈  [0.6–0.8)
An intensive and efficient production mode is gradually implemented, ecological restoration takes
effect, and the living environment is greatly improved.

Extreme coordination T ∈  [0.8–1]
Triple space functions are mutually promoted and satisfy the needs of different interest groups; the
triple space shows a diverse and ordered development trend.
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3 Results and analysis

3.1 Spatiotemporal variation in the
functional coupling degree

The functional coupling degrees for 2000, 2010, and 2020 were

obtained using (Equation 4) and distribution maps for the

functional coupling degree generated (Figure 3). Spatially, the

functional coupling degree shows a distribution pattern of “high

at both ends and low in the middle” along the coastline, with high

values mainly distributed in the land areas of Yuyao and Cixi cities

and Ninghai and Xiangshan counties, and low values mainly in the

land and sea areas of Beilun and Zhenhai districts. Temporally, the

functional coupling degree tends to increase overall in the coastal

zone, although significant variation is observed among the different

regions, with repeated changes in some regions (e.g., the repeated

process of “antergia−low coupling−run in” in the sea areas of Yuyao

City, and the leaping change from “antergia” to “coordination”). In

2000, the functional coupling degree was predominantly in the form

of “low coupling” (31.25%) and “antergic” (56.25%). The rapid

development in the harbor and shipping industries around 2000

was accompanied by intensified sea reclamation in the zone, which

implies that production functions dominated and occupied much of

the ecological space, destroying the coastal ecological environment

and weakening the ecological functioning. Functional coupling

increased in 2010, leaping from “antergia” to “run-in,” with the

proportion of “run-in” increasing by 12.5%. At this point, Ningbo

gradually realized the role of the ecological environment in

supporting the coordinated development of its coastal zone and

started to implement policies such as returning farmland to forests

and reclaimed land to beaches, thus maintaining the coastal

ecological environment, improving the ecological function, and

changing the focus from economic construction to optimizing the

urban living environment and improving the ecological quality. The

functional coupling degree increased significantly in 2020,

manifesting as “coordinated” (56.25%). Since the concept of

“ecological civilization construction” was proposed in 2012,
Frontiers in Marine Science 08
coastal reclamation was strictly controlled in China, and the

principle of “refraining from large-scale development and

promoting large-scale protection” in its coastal zones was under

strict adherence, leading to a balance between economic

development and ecological conservation. In this regard, Ningbo

formulated the spatial planning of its coastal space and

implemented the policy of eco-compensation for the use of its sea

areas, thus promoting the coupling coordination of the triple space

in its coastal zone.

Using the frequency analysis method (Ge et al., 2017), temporal

evolution curves for the functional coupling degree of triple space

were generated according to the grading of functional coupling

degree, with results indicating an overall increase in the grading.

The overall evolution curve was generated based on the curves for

functional coupling obtained for 2000, 2010, and 2020 (Figure 4),

with results showing fluctuation from 2000 to 2020; however, the

triple space gradually self-adjusts, exhibiting a trend towards

ordered development.
3.2 Spatiotemporal variation in the
coupling coordination degree

The coupling coordination degree for the triple space was

obtained using (Equation 8), and spatial distribution maps showing

the coupling coordination degree for the years 2000, 2010, and 2020

were generated (Figure 5). Spatially, areas with high coupling

coordination are generally consistent with those with high

functional coupling, with both manifesting as “high in the south

and north and low in the middle.” Temporally, the coupling

coordination degree overall transitions from “moderate imbalance”

to “moderate coordination,” with the coupling coordination degree in

the range of 0.21– 0.64 in 2000 mainly manifesting as moderate

imbalance (68.75%), basic coordination (18.75%), and moderate

coordination (12.5%). The lowest value was observed in the sea

area of Zhenhai District and the highest in the land surrounding Cixi

City. The coupling coordination degree was low overall and
FIGURE 3

Distribution of the functional coupling degree of the triple space in the coastal zone of Ningbo. The distribution of functional coupling degree levels
in (A) 2000, (B) 2010, and (C) 2020.
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manifested predominantly as a moderate imbalance. In 2010, the

coupling coordination degree was in the range of 0.22–0.62 and

mainly manifested as moderate imbalance (50%), basic coordination

(31.25%), and moderate coordination (18.75%), with the lowest value

observed in the sea areas of Zhenhai District, and the highest in the

land surrounding Xiangshan County. The coupling coordination

degree was predominantly in the form of moderate imbalance

(with a significant decline in the proportion as compared to that in

2000), while a marginal increase was observed in the proportions of

basic and moderate coordination. In 2020, the coupling coordination

degree of triple space was in the range of 0.24–0.65 and was mainly

manifested as moderate imbalance (12.5%), basic coordination

(25%), and moderate coordination (62.5%), with the lowest value

observed in the sea areas of Beilun District, and the highest in the land

surrounding Xiangshan County. The coupling coordination degree

was generally manifested as moderate coordination. Since 2010,

appropriate measures were taken in Ningbo to optimize the spatial

pattern of its land development, promote resource conservation, and
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strengthen ecosystem and environmental protection. The

implementation of related policies (e.g., forewarning of resource

and environmental bearing capacities, land planning, and land

regulation and error correction for the coastal zone) has effectively

restored the ecological function, improved the living environment,

and promoted the efficient and intensive use of the resources within

the zone, thus increasing the coupling coordination degree from

moderate imbalance to moderate coordination.

Using the frequency analysis method, temporal evolution curves

for the coupling coordination degree of the triple space were also

generated according to the grading of the coupling coordination

degree. Overall, the coupling coordination degree increases gradually,

with the most significant increase at the stage of moderate

coordination. An overall evolution curve describing the coupling

coordination was then generated based on the curves for the coupling

coordination degree in 2000, 2010, and 2020 (Figure 6), with results

showing a U-shaped variation pattern from 2000 to 2020, which

gradually evolves toward high coordination, suggesting that
FIGURE 5

Distribution of the coupling coordination degree of the triple space in the coastal zone of Ningbo. The distribution of coupling coordination degree
levels in (A) 2000, (B) 2010, and (C) 2020.
FIGURE 4

Evolution trend of the functional coupling degree for the triple space in the coastal zone of Ningbo. There were four levels, namely low coupled
([0–0.3)), antergic ([0.3–0.5)), running in ([0.5–0.8)), and coordinated ([0.8–1]).
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development of the triple space was undertaken in a more

coordinated and ordered manner. Before 2000, economic

construction was the main task. Industrial parks, ports,

transportation were developing rapidly. Reclamation led to the

reduction of coastal mudflat and wetland resources and the

degradation of biodiversity. In 2010, efforts were made to

strengthen ecological environment construction and protection,

including the protection of natural shoreline, implementation of

strict reclamation management, evaluation of the resource and

environment carrying capacity, and optimization of coastal

utilization, transforming the relationship of the three from the

bottom from excessive to coordinated in 2010 and 2020, respectively.
3.3 Spatiotemporal characteristics of the
pairwise functional coupling coordination
degree of the triple space

To fully reveal the functional interactions across the triple space

in the coastal zone of Ningbo, the pairwise functional coupling and

coupling coordination relationships were further analyzed, with the

pairwise functional coupling and coupling coordination degrees

calculated and spatial distribution generated using (Equations 5–7

and Equations 9–11) (Figures 7, 8). Evolution curves were then

generated using the obtained values (Figures 9, 10).

The living-production coupling and coupling coordination

degrees in the coastal zone of Ningbo are significantly higher

than those obtained for ecological-production and ecological-

living coupling overall, with a continuously increasing trend. This

is due to the mutual promotion between production and living over

long periods. Specifically, production provides a firm material base

for economic development, guaranteeing the maintenance and

improvement of the livelihoods of the residents. Improvements to

the living functions attract personnel and technologies, further

developing the production functions. Temporally, with the
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integrated development of triple space, production activities and

services in the coastal zone become more diverse, ecological

functions are further optimized and upgraded, living standards

are improved, and various services (e.g., housing, medicine,

education, and social security) are further improved. After

experiencing long-standing antergia and imbalance, the living and

production functions tend to develop at high coupling and

coordination levels.

The ecological-production coupling coordination degree

continues to increase more rapidly than living-production and

ecological-living coupling coordination, changing from extreme

imbalance to moderate coordination. The ecological-production

coupling coordination in the coastal zone of Ningbo is essentially a

process under which coastal production space grabs and contends

for resources from the ecological space. In the early days, various

coastal industries (e.g., harbor and shipping, coastal industrial parks,

offshore fishery, and agricultural reclamation) encroached on the

coastal ecological resources, and the discharge of production waste

(e.g., oil dirt, chemical wastes, microplastics, pesticides, and

fertilizers) caused many ecological problems (e.g., deterioration of

seawater quality, soil salinization, and coastal erosion), leading to a

fragile coastal ecological space. As coastal economic activities caused

increasingly severe ecological problems, ecological restoration and

construction have become key solutions to human-sea symbiosis and

the harmonious development of coastal zones. China implemented a

series of production pollution control projects (e.g., construction of

beautiful bays, prohibition of sea reclamation, beach restoration and

treatment, and pollution control at sea outfalls), changed the

traditional production modes, and encouraged the development of

green and ecological industries, thus improving the ecological-

production coupling coordination degree.

The ecological-living coupling coordination degree in the

coastal zone of Ningbo overall shows a fluctuating trend of

“decrease first then increase” (manifested as basic coordination,

moderate imbalance, and moderate coordination), and is relatively
FIGURE 6

Evolution trend of the coupling coordination degree for the triple space in the coastal zone of Ningbo. There were five levels, namely extreme
imbalance ([0–0.2)), moderate imbalance ([0.2–0.4)), basic coordination ([0.4–0.6)), moderate coordination ([0.6–0.8)), and extreme coordination
([0.8–1]).
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low. In the competition between ecological and living space,

ecological functions are weakened for various reasons (e.g.,

underdeveloped infrastructure and weak environmental

consciousness, emphasis on construction but disregard of

governance, and inefficiency of domestic garbage and sewage

treatment), resulting in a low ecological-living coupling

coordination degree. Spatially, the ecological-living coupling

coordination degree is high in the south and north of the zone,

diffusing toward the middle of the zone. Temporally, the ecological-

living coupling coordination degree is relatively low. Hence,

strengthening the optimization and coordination of ecological-

living coupling remains necessary.
4 Discussion and conclusions

Using the global and local Moran indices, the overall variation

in the coupling coordination degree of the triple space in the coastal

zone of Ningbo was obtained, and the similarity and correlation of

the coupling coordination degree between adjacent spatial units

were ascertained in this study.
Frontiers in Marine Science 11
The global Moran index can be used to measure overall spatial

correlation, identify the spatial pattern of a whole coastal zone, and

judge the spatial autocorrelation in the coastal zone. The global

Moran index is expressed as follows:

I =
non

i=1on
j=1wij(xi − �x)(xj − �x)

(on
i=1on

j=1wij)on
i=1(xi − �x)2

(12)

where n denotes the total number of spatial units in a coastal

zone, i and j denote the serial numbers of spatial units, xi and xj
denote the attribute values of spatial units, �x denotes the average

value of spatial units in a coastal zone, and wij denotes the weight of

a spatial unit in a coastal zone.

The global Moran index lies within the range I ∈ ½−1,   1�,  with
an I of -1 indicating that the areas of the coastal zone are discrete

overall with the coupling coordination degree differing between

adjacent areas, an I of around 0 indicating random distribution and

no obvious correlation between adjacent areas, and an I of 1

indicating clustering, and a similar coupling coordination degree

in different areas. In this study, the coupling coordination degree

was used as the attribute value, with the 5% significance level at

Z5% = 1:960.
FIGURE 7

Distribution maps showing the pairwise functional coupling degree in the triple space of the coastal zone of Ningbo in 2000, 2010, and 2020:
(A–C) Living-production coupling; (D–F) Ecological-production coupling; and (G–I) Ecological-living coupling.
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As a supplement to the global Moran index, the local Moran

index can be used to explore and analyze the correlation between a

specific spatial unit and its adjacent units on a more microscopic

scale, or specifically, evaluate the similarity and correlation between

the attribute eigenvalues of adjacent spatial units in a coastal zone.

The local Moran index is expressed as follows:

Li =
Zion

j=1,j≠iwijZj

S2
(13)

w h e r e Zi = (xi − �x),    Zj = (xj − �x),     S2 = 1
non

i=1(xi − �x)2

denotes the standard deviation, n denotes the total number of

spatial units in a coastal zone, i and j denote the serial numbers of

spatial units, xi and xj are attribute values of the spatial units, �x

denotes the average value of the spatial units, wij denotes the weight

of a spatial unit, and Li denotes the local Moran index of the i-th

area. The obtained results can be used to classify areas of a coastal

zone into four types (Table 4).

The global Moran index of the triple space was calculated for

different years using (Equation 12) (Table 5). The triple space failed

to pass the significance test in 2000 and 2020, suggesting that the
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coupling coordination degree of the 16 areas in the coastal zone of

Ningbo tends towards random distribution and fluctuation, with no

significant discrete or clustering effects and only slight spatial

variation observed in the coupling coordination degree. In 2010,

the coupling coordination degree of the land–sea space in the

coastal zone of Ningbo manifested as the clustering of similar

attributes. The above analysis suggests that the coupling

coordination degree of the triple space has fluctuated overall,

following a trend of “random distribution, clustering, and random

distribution,” with no significant discrete or clustering effect. Briefly,

the coupling coordination degree for the triple space is not high and

is not significantly affected by adjacent areas.

The local Moran index was calculated using (Equation 13) to

determine the coupling coordination degree of the 16 areas in the

coastal zone of Ningbo (Figure 11). No significant spatial

automation was observed across the three years (2000, 2010, and

2020). As shown in Figure 11, the coupling coordination degree

differed mainly in 10 areas of the coastal zone, including the land

and sea areas of Cixi City; Zhenhai, Beilun, and Yinzhou districts;

and Ninghai County. The land and sea areas of Zhenhai and Beilun
FIGURE 8

Distribution maps showing pairwise coupling coordination degree for the triple space of the coastal zone of Ningbo in 2000, 2010, and 2020: (A–C) Living-
production coupling coordination degree; (D–F) Ecological-production coupling coordination degree; (G–I) Ecological-living coupling coordination.
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districts are low-value cluster areas (L-L distribution) in 2000 and

2020, suggesting that their coupling coordination degree has

improved, although their ecological and living space has not

sufficiently developed, restricting development for both

themselves and any adjacent areas. In 2010, the land and sea areas

of Cixi City and Ninghai County were high-value cluster areas (H-H

diffusion), suggesting good development for these areas, which

could keep up with and drive the development of adjacent areas.

In 2020, the land and sea areas of Yinzhou District are high-value

polarization areas (H-L), i.e., these areas have a high coupling

coordination degree and are transforming from low-value

constraint to high-value polarization areas; however, they are in a

clustered state and cannot effectively drive the development of

adjacent areas.

From 2000 to 2020, a cross-coupling relationship was observed

in the triple space of the coastal zone in Ningbo, with the functional

coupling degree manifested as four types: low coupling, antergia,

run-in, and coordination, and the coupling coordination degree as

three: moderate imbalance, basic coordination, and moderate

coordination. The functional coupling degree of the triple space

showed a significant spatiotemporal variation pattern, which is

spatially “high in the south and north, and low in the middle,”

and the local coupling coordination centers that are distributed in

Cixi City and Xiangshan County gradually diffusing towards the

middle. Temporally, the functional coupling degree shows a U-

shaped variation trend from imbalance to coordination. According
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to the development characteristics of triple, a differentiated

optimization and coordination strategy could be formulated to

promote the development of the triple space in a more ordered

and coordinated manner.

The pairwise functional coupling coordination degree of the

triple space is also significantly different, with ecological-living

relatively low among the pairwise functional coupling coordination

degree, and the ecological-production coupling coordination degree

increasing more rapidly than that by ecological-living and living-

production. The living-production coupling coordination degree has

increased most significantly and is significantly higher than that of

both the ecological-production and ecological-living coupling

coordination degrees. In the future, it is necessary to optimize

ecological living, strictly control the intrusion of living space into

ecological space, and strengthen the treatment of domestic waste and

pollution through policy measures and financial input, optimizing

the ecological environment and promoting the sustainable

development of the ecological and living spaces.

Spatially, the coupling coordination degree of triple space is

overall randomly distributed, with no obvious clustering or discrete

effects. The land and sea areas of Yinzhou District are evidently

high-value polarization areas, and despite a high coupling

coordination degree, which is abrupt and did not drive the

development of adjacent low value areas. The coupling

coordination degree of land and sea areas in Zhenhai and Beilun

districts is still low but shows an increasing trend. The land and sea
FIGURE 9

Evolution curves for pairwise functional coupling degree of triple space in the coastal zone of Ningbo: (A) Living-production coupling; (B) Ecological-
production coupling; and (C) Ecological-living coupling degrees.
FIGURE 10

Evolution curves for the pairwise coupling coordination degree of triple space in the coastal zone of Ningbo: (A) Living-production; (B) Ecological-
production; (C) Ecological-living coupling coordination degrees.
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areas in Cixi City and Ninghai County are well developed but show

no strong polarization effect. In other areas of the coastal zone in

Ningbo, the coupling coordination degree does not vary

significantly and tends to fluctuate.

Based on the above conclusions, the following policy

recommendations are proposed for the coastal planning of

Ningbo City:

Protect the wetland and mudflat in Xiangshan Port and Sanmen

Bay, prohibit reclamation of mudflat, control the scale of industrial

agglomeration along the coast, prohibit the construction of

polluting enterprises, and strictly control the ecological

environment pollution in the bay.

Ecological engineering measures allow the construction of

public waterfront infrastructure in the living areas of Yuyao and

Cixi Cities, ensuring the public openness of the living shoreline.
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Simultaneously, the region should also strengthen environmental

protection and ecological construction.

Beilun and Zhenhai Districts should intensively utilize coastal

resources, implement ecological transformation of artificial

seawalls, and vigorously develop emerging industries, such as

green ports, logistics, new energy, and ecological chemicals.

Explore the innovative mechanism of ecological compensation

in the coastal zone of Ningbo, explore to consider natural resources,

such as the natural shoreline, mudflat, and wetlands as quantitative

entities for converting ecological credits, and establish an ecological

account system based on tradable ecological credits.

The functional coupling of the triple space in a coastal zone is a

complex interaction process. This study examined the quantitative

interaction relationship between the triple space functions in the

coastal zone of Ningbo. Our findings are expected to provide a new

approach and reference for the triple space theory in sea area

planning, give direction for the functional optimization and

coordination of the triple space in coastal zones, and provide

valuable reference for policy formulation and planning. Owing to

the spatial complexity of coastal zones, further studies should pay

more attention to refining the spatiotemporal data and optimizing

the functional coupling mechanism model describing the triple

space in this type of zone.
FIGURE 11

Spatial variation of global Moran index of triple space in Ningbo’s coastal zone. The distribution of global Moran index levels in (A) 2000, (B) 2010,
and (C) 2020.
TABLE 5 Global Moran index of the coastal zone of Ningbo.

Year Moran I Z P

2000 0.07 0.96 0.34

2010 0.31 2.46 0.01

2020 0.13 1.3 0.19
TABLE 4 Description of the global Moran index.

Li Zi wijZj Description

High-high cluster area >0 >0
High-value diffusion area with high coupling coordination degree: The study area is well coordinated with
adjacent areas.

Low-low cluster area <0 <0
Low-value subsidence area with low coupling coordination degree. Areas adjacent to the study area are low-value,
and the study area is in transition from high coupling coordination to low coupling coordination.

Low-high cluster area <0 >0
High-value polarization area with high coupling coordination degree. The study area can barely drive optimal
development in adjacent areas.

High-low cluster area >0 <0
Low-value constraint area with low coupling coordination degree. The study area severely constrains the optimal
development of both itself and adjacent areas.
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