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Abstract

Oceans and their resources are experiencing immense pressure because of human exploi-

tation. The intensive use of sea areas has become an important method in solving the con-

tradiction between ocean supply and demand, thereby ensuring sustainable marine

economy development, tapping potential sea-area utilization, reasonably allocating sea-

area utilization structures, and increasing marine economic benefits. This paper explores

the definition and connotation of intensive sea-area use and constructs an evaluation index

system based on marine input intensity, marine utilization structure, marine economic bene-

fit, and marine ecological environment. Multi-objective variable fuzzy set theory and fuzzy

decision analysis methods were used to evaluate the intensive sea-area utilization in the

Liaoning Coastal Economic Zone of China during 2004–2016. The spatial differentiation

characteristics of intensive sea-area use were analysed using cluster analysis. The

research result showed that: (1) Intensive utilization level of the Liaoning coastal economic

zone has gradually increased, while it is still in a moderately weak level; (2) Sea area inten-

sive utilization varied in degrees and fluctuates in the six cities under the jurisdiction of the

Liaoning coastal economic zone; and (3) Marine input intensity, marine utilization structure,

marine economic benefit, and marine sustainability indexes have increased in the cities,

thereby exhibiting improvements in the Liaoning coastal economic zone.

1 Introduction

China’s marine space development is at a critical stage of transformation, and the material

flow and energy exchange in the coastal zone are more frequent. The Man-sea relationship as

an important part of man-land relationship [1, 2], Facing the problems of intensified marine

economic activities and insufficient development space in coastal areas, it is also facing the

pressure of marine environmental protection and marine space management. Therefore, in

the new period of China’s marine economic transformation and development, the rational

development of marine space has become an important perspective and approach to promote

the high-quality development of China’s marine economy.
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Under the current situation, high-quality development pressure in China’s coastal areas

highlights. With the increasing restriction of resources and environment, it is difficult to con-

tinue the traditional inefficient marine space development activities. In order to solve the

problems caused by previous development activities, such as disorderly expansion of reclama-

tion scale, waste of marine resources, decline of productivity of coastal biological resources,

deterioration of water quality, siltation of waterway and biological invasion and many other

problems [3–8]. In the "13th Five-Year Plan", the Chinese government clearly stated that

"adhere to land and sea coordination, strengthen the marine economy, scientifically develop

marine resources, and protect the marine ecological environment", and clearly defined the

overall goal of "build China into a maritime power ", and the activities and forms of marine

space development are being reconstructed. In this context, it is an important task to optimize

the allocation of sea area utilization structure, improve the output of unit area, save and inten-

sively use sea resources, which is an important topic to ensure the coordinated development of

human and sea, promote the high-quality development of marine economy and solve the diffi-

culties of space expansion and utilization in coastal areas.

In recent years, many domestic and foreign scholars have explored the connotation [9–12],

research focus [13], utilization type [14–19], research methods [20–27], and the mechanism of

the driving force [1, 30, 28–33] of intensive land use at different scales. These studies have pro-

vided a powerful basis and reference for the theory and method associated with investigating

the intensive use of sea areas. The concept of “intensive sea use” first proposed in 2011 [34]

and since then it has gradually gained application through relevant practical researches on the

development and utilization of sea areas since then. Furthermore, research investigations have

encompassed the impact of intensive sea use on marine ecology, marine resources, and coastal

city economy [33–39]. Some researchers have evaluated the management and sustainability of

future development of coastal habitats in Europe based on the disappearance of oyster reefs at

the European coast/gulf [40, 41]. Lee et al. explored the effects of land reclamation on tides,

water flow balance, deposition rate, and erosion rate at coastal zones in the Dongxi Island of

Korea as the research area [42]. Luo et al. analysed the impacts of intensive sea projects on the

marine ecological environment using the variation of the sea ecological environment compre-

hensive index. They developed a “habitat quality” and “ecological response” evaluation index

system based on two aspects: non-biological and biological factors of marine ecosystems [38].

In general, as only a few studies on the intensive use of sea areas are available, analyses on

the overall efficiency and potential of sea-area development and utilization are still lacking.

These include studies on the assessment of the intensive use of sea area based on connotation,

evaluation index systems, and evaluation methods. Therefore, based on the regional relation-

ships between humans and the sea, this paper discusses the concepts and connotations of

intensive sea use to construct an evaluation index system and to establish methods and techni-

cal routes to evaluate the intensive use of sea areas.

The highlight of this article is that this study will fill the gap in evaluating intensive sea use,

which is a current resource use practice in China. Six prefecture-level cities in the coastal eco-

nomic zone of Liaoning were used as the research area with the study period of 2004–2016.

The research findings will provide a reference and basis for optimizing the spatial structure of

sea-area utilization and regulating the scale of sea space development.

1.1 Concept and connotation of intensive use of sea area in a man-sea

regional system

The human-sea regional system is a geographical system composed of humans, the oceans,

and land in one geographical area. This essentially reflects the mutual interaction between
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human society, sea, and land, i.e, humans on land developing and exploiting marine resources

for their benefit by investing in various production factors such as labour, capital, and technol-

ogy. This reflects the human cognition and control on the exploitation and utilization of

marine resources and their participation, influence, and role in the development and evolution

of the man-sea regional system. Humans lead the flow of system elements in a human-sea

regional system and dominate human-sea interaction. However, the sea and land provide the

basic elements (e.g, resources, space, and environment) necessary for human survival and

development. This relationship improves the element flow and function of the human-sea

regional system. Moreover, it reflects the mutual influence and response between human soci-

ety and the natural environment. From the perspective of the regional system of human-sea

relationship (Fig 1), different elements in the system interact and with it, impose constraints

on each other. This complex relationship helps to maintain the sustainable development of the

system due to the exchange of materials, energy, and information between the sea and land

[1].

From the perspective of systematology, a system is always transitioning between disorder

and order and equilibrium and non-equilibrium due to complex internal and external connec-

tions. The “coordination” between the human-sea regional system and its components can

promote the system to change from disorder to order and further evolve towards a more com-

plex level. However, overexploitation of marine resources results in wastes and pollution of the

marine environment. These issues will further cause frequent marine disasters and depletion

of resources, thereby ultimately constraining the sustainable development of the human-sea

regional system. Therefore, to achieve sustainable development, it is necessary to address the

uniqueness and integrity of the human-sea geographical relationship through the sea-land

relationship by scientifically regulating the development of coastal activities, to promoting

more rational, intensive, and highly efficient utilization of coastal resources, and establishing a

coordinated development between humans and the sea in the coastal zones. These strategies

will help realize an ideal configuration for space utilization in coastal zones and thus, integrat-

ing development between humans and the sea to promote marine ecological progress.

This paper attempts to utilize the definition and connotation of intensive sea-area use based

on the man-sea regional system [1, 43–46] and intensive utilization [15–18, 23, 26]. It aims to

improve the resource allocation efficiency, utilization rate, social benefits by increasing the fac-

tor of investment, management of resource utilization, and utilization structure at coastal

areas. With these measures, the coastal resources can be used intensively with high efficiency

to facilitate the development of coastal industries and promote the integration of land-sea eco-

nomic and its sustainable development.

Fig 1. Analysis framework of intensive sea-area use based on the regional perspective of man-sea relationship.

https://doi.org/10.1371/journal.pone.0242977.g001
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The intensive use of the sea area should not be limited to the definition of the sea area factor

investment and economic benefit output. Instead, it should also consider the sustainability of

the utilization and the coastal ecological environment. Sustainable development of marine

ecology and growth of marine economy can only be achieved by developing and utilizing

coastal resources under the premise of ecological environment protection. The dynamic and

relative concept of intensive sea use represents marine economic development at an appropri-

ate scale in a specific period and within a specific region under current or foreseeable future

conditions and provides for processes for improving the utilization rate of coastal resources

with moderating supply to sea areas to enhance economic output and social benefits from

coastal resources. Therefore, the intensive use of sea areas can be defined as the process of

improving overall marine benefits under existing constraints of marine resources and environ-

mental conditions by (1) optimizing the utilization structure of sea areas, (2) improving the

space management of sea areas, (3) increasing the utilization rate of coastal resources with

moderate increase in supply, and (4) maintaining the health of marine ecosystem. The inten-

sive sea use reflects multiple connotations including a more rational utilization structure, an

improved economic benefit, and the sustainable utilization of sea areas.

2 Research method

2.1 Overview of research area and data sources

According to the “Guidance [47] on the overall planning of the comprehensive protection and

utilization of provincial-level coastal zones”, a coastal zone is defined as an area that “covers

the territorial administrative jurisdiction associated with the coastal county-level administra-

tive regions and the external boundaries of the territorial sea within the jurisdiction of inland

provinces (autonomous regions and municipalities). which “also consider the integrity and

completeness of the adjacent ecosystems as well as the dependence of terrestrial economies on

the oceans.” Therefore, the study explored the territorial administrative jurisdiction towards

the land side along the coastal economic belt in Liaoning as the research area. This region is

bound by the outer edge of the marine functional zones towards the seaside in the Liaoning

Province. The coastal economic belt of Liaoning is in the north-eastern part of China and it is

adjacent to the Bohai Sea and Yellow Sea. It encompasses six coastal cities (Dalian, Dandong,

Jinzhou, Yingkou, Panjin, and Huludao) with a total sea area of 41,300 km2 and a total coastal

line of 2,920 km including a 2,292.4-km coastline on the mainland side and a 627.6-km on the

island coastline. The geographical location of the study area can be referred to https://www.

tianditu.gov.cn/. During 2016, the Liaoning coastal economic belt generated a gross marine

product of 1.14103 trillion RMB, which accounts for 50.86% of the gross provincial product.

This contribution has also reached its maximum of 52.06% [48].

The data used in this study were obtained from multiple sources including statistical year-

books, yearbooks, marine environmental status bulletins, survey data of sea area usage, and

remote sensing image data of the Liaoning Province and its coastal cities. The area data of the

sea, coastline length, total sea area, length of developed and utilized coastlines, and total

amount collected from the sea-area utilization were obtained from the survey on the current

utilization condition of the sea area and remote sensing image data. Environmental data, such

as the comprehensive index of seawater quality and marine functional zoning conformity,

were calculated from relevant data listed in the Liaoning Province Marine Environment Status

Bulletin (2004–2016) [49]. The investment in fixed assets, total population, GDP, and other

data were obtained from the Liaoning Statistical Yearbook (2004–2016) [50] and statistical

yearbooks of various cities (2004–2016) [51–56] with changes of price index adjusted based on

a constant price. The area of the marine protection zone spanning across multiple prefecture-
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level cities is divided according to the boundary of the administrative sea area. The data

sources of this paper are shown in Table 1.

2.2 Evaluation of the intensive use of sea area

2.2.1 Construction of an evaluation index system. Investment conditions, utilization

structure, economic benefits, and sustainability are the main factors that determine the level of

intensive use of a sea area. The definition and connotation of the intensive use of sea area was

used as the basis and by applying the evaluation index system of intensive land use, combining

the actual sea-area utilization condition in the Liaoning coastal economic belt, and utilizing

the sea area extensively, the following aspects were measured: (1) investment intensity; (2) uti-

lization structure, (3) marine economic benefit, and (4) sustainability of sea-area utilization.

1. The investment conditions of the various production factors provide the basis for sea-area

utilization. The intensity of investment primarily measures the degree of capital, labour,

resources, and other production factors in the sea area.

2. The sea-area utilization structure index accounts for the degree of balance and diversity

index for using a specific sea area. It is used primarily to examine the utilization structure of

different types of sea areas and reflects the structural allocation of resources, distribution of

marine industries, and different types of utilization. A better understanding of the sea

implies that it is exploited and utilized by humans to greater extents including better devel-

opment of different sea areas [29, 31, 57]. The diversity of sea-area utilization provides a

comprehensive measurement of the richness and complexity level. Hence, improving diver-

sity in the utilized sea areas will help improve the level of intensive sea use.

3. The marine economic benefit index represents the transformation of marine resources into

economic benefits. A higher economic benefit index indicates better production from

marine resources and a higher level of intensive sea use. Marine economic benefit in this

Table 1. Introduction of data and data sources.

Data Data sources Data links

Total collection Amount of sea area use

fund

Bulletin on management of sea area use http://gc.mnr.gov.cn/

Remote sensing image http://www.gscloud.cn/

The area data of the sea Bulletin on management of sea area use http://gc.mnr.gov.cn/

Length of coastlines Bulletin on management of sea area use http://gc.mnr.gov.cn/

Length of developed and utilized

coastlines

Remote sensing image http://www.gscloud.cn/

Marine functional zoning data Marine functional zoning of Liaoning Province http://zrzy.ln.gov.cn/

Socioeconomic data Statistical bulletin of China’s marine economy http://gi.mnr.gov.cn/

Liaoning statistical yearbook http://www.ln.stats.gov.

cn/

Remote sensing image Landsat-8 OLI http://www.gscloud.cn/

Marine functional zoning conformity Bulletin of china marine ecological

environment status

http://sthj.ln.gov.cn/

The comprehensive index of seawater

quality

Bulletin of china marine ecological

environment status

http://sthj.ln.gov.cn/

Liaoning Province Marine Environment Status

Bulletin

http://www.ln.gov.cn/

Note. all data used in this study were from 2004 to 2016

https://doi.org/10.1371/journal.pone.0242977.t001
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paper specifically refers to the gross marine production [57] including charges for using sea

area as this is a paid utilization of marine resources.

4. Sustainable utilization of sea areas and their development inevitably affect the marine eco-

system adversely. Therefore, sustainability must be considered. The comprehensive index

of water quality is a direct measurement of marine water quality. A smaller index value

indicates a better marine ecological environment. Conformity to marine functional zoning

is evaluated with the following criteria: compliance to target function, suitability of the

approaches in utilizing the sea area, and satisfying environmental protection requirements

[58, 59]. Based on the level associated with each criterion, the following five conformity lev-

els are set: consistent, well compatible, compatible, conditionally compatible, and non-com-

pliant. By following the principles of accessibility, science, dynamics, and pertinence, the

evaluation index system of the intensive use of sea area is constructed, as shown in Table 2.

(2) The degree of sea-area utilization balance is calculated by the following equations:

G ¼ �
X
ðPilnPiÞ

Pi ¼
SiX
Si
ði ¼ 1; 2 . . . nÞ

J ¼
G

Gmax
¼

G
lnn
¼

X
ðPilnPiÞ

lnn

where G is the information entropy; S is the total utilized sea area; Si is the sea area utilized

under a different category; Pi is the fraction of sea area utilized under each category; n is the

total number of categories for sea-area utilization; J is the degree of sea-area utilization balance.

The information entropy is maximized when different categories of sea use share the same

area, i.e, Gmax = ln n.

Table 2. Evaluation index system for intensive use of sea areas in the Liaoning coastal economic belt.

Criterion level Indicator level Weight Definition and calculation of the index

Marine Input intensity Fixed assets investment per unit sea area

(RMB/km2)

0.259 Marine capital investment per unit area; Eq (1)

Sea-area utilization rate (%) 0.264 Degree and rights conformance of sea-area development and utilization

Shoreline development intensity 0.477 Extent of coastline development and utilization; artificial shoreline length/shoreline

length

Sea-area Utilization

structure

Structural balance of sea area 0.471 Structural level of sea-area development and utilization of structural level; Eq (2)

Sea-area use type diversity index 0.529 Diversity of sea-area use types; Eq (3)

Marine economic

benefits

Output value per unit sea area (RMB/

km2)

0.312 Sea area output; Gross marine economic output/total sea area

Marine economic contribution rate

index (%)

0.379 Contribution of marine industry to the economy; GOP/GDP

Collection of sea-area use fee (RMB

/km2)

0.309 Paid use of sea area; Total collected and paid amount for sea-area use/ total used sea area

Sustainability of sea use Comprehensive index of marine water

quality

0.518 Water quality of sea area; water quality index of functional sea area was replaced by

water quality index

Marine function zoning compliance (%) 0.482 It can be divided into five grades: consistent, good compatibility, compatibility,

conditional compatibility, and non-conformity

Notes: (1) Based on the research method by Wang and Han [60], fixed assets investment per unit sea area = total marine fixed assets investment / sea area. Total marine

fixed assets investment = total investment in fixed assets in coastal areas × (gross marine product / gross regional product).

https://doi.org/10.1371/journal.pone.0242977.t002
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(3) The utilization diversity of sea area is calculated by the equation:

Gm ¼ 1 � ð
Xn

i¼1

x2i=ð
Xn

i¼1

xiÞ
2
Þ, where i is the utilization category of the sea area, xi is the sea-

area used by the ith utilization category, n is the total number of categories for sea-area utiliza-

tion, and Gm is the utilization diversity of sea area. A larger Gm represents more diverse meth-

ods of sea-area utilization.

(4) Shoreline development intensity: artificial shoreline length/shoreline length.

(5) The conformity of marine function zone planning reflects the connection between

marine function zoning and sea area use. According to the degree, it is divided into five grades:

consistent, well compatible, compatible, conditionally compatible, and nonconforming.

2.2.2 Assigning levels to the evaluation index. Currently, there is no universal classifica-

tion standard for evaluating the intensive use of sea areas. By applying relevant literature [61]

to the Liaoning coastal economic zone, this paper proposes physical factors that affect the eval-

uation results of the intensive use of sea areas such as resources and environment, which is

comparable to the effects of pollution factors to environmental quality. Using the calculation

of the Weber–Fechner law (W–F) shown in Eqs (1) and (2), the range associated with the stan-

dards of each evaluation index level can be determined. This method can also obtain the classi-

fication criteria of the indices for evaluating the intensive use of sea areas.

The ith index can be classified into n levels. The value associated with level k = 1 is mi0 and

the value associated with level k = n is mid. With this, the objective ratio between any two levels

k and l of the ith index can be obtained as:

mik

mil
¼ ak� 1ðk; l ¼ 1; 2;⋯;nÞ ð1Þ

where, ai is the objective impact ratio between two adjacent levels of the ith index, calculated

as:

ai ¼ ðmid=mi0Þ
1=n

ð2Þ

2.2.3 Evaluation model and method. Variable fuzzy evaluation [62, 63] can combine cer-

tainty and uncertainty into a single system to provide a comprehensive evaluation; thus, pro-

viding a new idea and method for the multi-index and multi-level comprehensive evaluation

problems. This study introduces this method to evaluate the intensive use of sea areas. Specifi-

cally, a variable fuzzy evaluation model based on the multi-objective variable fuzzy set theory

is constructed for the assessment. The evaluation objects are identified according to m indices

and n levels. The final result is represented by a characteristic level value h (h = 1, 2, 3,.., n),

which represents different levels of the intensive use of sea areas (extensive use, low intensive

use, moderate intensive use, high intensive use, and delicate intensive use). With this, the

object sample matrix and index standard matrix associated with the evaluation are given by:

X ¼ ðxijÞ i ¼ 1; 2; 3; . . . ;m; j ¼ 1; 2; 3 . . . ; n ð3Þ

Y ¼ ðyihÞ i ¼ 1; 2; 3; . . . ;m; h ¼ 1; 2; 3 . . . ; n ð4Þ
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To unify the dimension and to standardize the index sample matrix and the index standard

characteristic value matrix, the following calculation is further performed:

rij ¼

0; xij < yicðNegative � efficacy � indicatorÞ; xij > yic; ðpositive � efficacy � indicatorÞ
xij � yic
yi1 � yic

; yi1 > xij > yic; yi1 < xij < yic

1; xij < yi1ðNegative � efficacy � indicatorÞ; xij > yi1; ðpositive � efficacy � indicatorÞ

8
>>><

>>>:

9
>>>=

>>>;

ð5Þ

Sih ¼

0; yih < yicðNegative � efficacy � indicatorÞ; yih > yicðpositive � efficacy � indicatorÞ
yih � yic

yi1� yic ; yi1 > yih > yic; or; yi1 < yih < yic

1; yih � yi1ðpositive � efficacy � indicatorÞ; yih < yi1; ðNegative � efficacy � indicatorÞ

8
>><

>>:

9
>>=

>>;

ð6Þ

where, ri is the characteristic value membership of sample j and index i in the evaluation of the

intensive sea-area use; sih is the standard normalized index of the ith evaluation index with

respect to the characteristic level h of the intensive sea-area use.

Next, Eq (7) is then used.

uhj ¼

0; 1 � h < aj; c � h > bj

Xbj

k¼aj

Xm

i¼1

½wijrij � sihj�
p

Xm

i¼1

½wijrij � s
ik
j�
p

2

6
6
6
4

3

7
7
7
5

a
p

8
>>>>>><

>>>>>>:

9
>>>>>>=

>>>>>>;

� 1

; aj < h < bj

8
>>>>>>>>><

>>>>>>>>>:

9
>>>>>>>>>=

>>>>>>>>>;

ð7Þ

Where, aj is the lower limit and bj is the upper limit of the evaluation level j for intensive

sea-area use. Values for α and p can be selected from four combinations: α = 1 or 2 and p = 1

or 2. Each combination is used under different conditions representing the linear and nonlin-

ear relationship between the level index and level characteristic value.

Therefore, the relative membership matrix of the evaluation object of intensive sea-area use

with respect to the evaluation level standard can be constructed as:

U ¼ ðuhjÞ h ¼ 1; 2; 3 . . . ; n; j ¼ 1; 2; 3 . . . ;m ð8Þ

The level characteristic value model and its evaluation sample set can be obtained based on

previous literatures [62, 63]. These values are then used as the intensive sea-area utilization

index. The level characteristic value of the evaluation sample set is given by

H ¼ ð1; 2; 3 . . . ; nÞuhj ð9Þ

2.3 Determining the evaluation method based on the weights

This study used the fuzzy decision analysis theory to determine the weight of each index [57].

In the fuzzy decision analysis theory, the matrix rows and numbers are arranged from large to

small according to the sorting consistency. This operation provides the order of importance of

the target set. The target set is then first sorted by binary comparison in the order of
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importance and then normalized. Finally, the target weight vector for each index can be

obtained as:

w ¼ fb1=
Xm

i¼1

bi; b2=
Xm

i¼1

bi; . . . . . . bm=
Xm

i¼1

big

¼ fb1=
Xm

i¼1

Xm

j¼1

bij; b2=
Xm

i¼1

Xm

j¼1

bij; . . . b
Xm

i¼1

Xm

j¼1

bijg; i 6¼ j
ð10Þ

where, βij is the fuzzy importance scale of target i with respect to j (mood operator).

3 Results and analysis

3.1 Analysis on the variations of comprehensive index of intensive sea-area

use

This study evaluated the intensive utilization level at the Liaoning coastal economic belt based

on the multi-objective variable fuzzy method. The evaluation results of different cities are

shown in Table 3. The levels were obtained through K-means clustering analysis using the

Table 3. Intensive utilization degree and grade of sea area in Liaoning coastal economic zone.

Year Dalian Dandong Yingkou Panjin

Intensive index Level Intensive index Level Intensive index Level Intensive index Level

2004 2.40 Ⅰ 2.67 Ⅰ 3.15 Ⅱ 3.25 Ⅲ
2005 2.54 Ⅰ 2.65 Ⅰ 3.34 Ⅲ 3.54 Ⅲ
2006 2.46 Ⅰ 2.95 Ⅱ 3.58 Ⅳ 3.52 Ⅲ
2007 2.90 Ⅱ 3.00 Ⅱ 3.61 Ⅳ 3.51 Ⅲ
2008 2.98 Ⅱ 2.93 Ⅱ 3.68 Ⅳ 3.72 Ⅳ
2009 3.05 Ⅱ 3.18 Ⅱ 3.89 Ⅴ 3.83 Ⅳ
2010 3.03 Ⅱ 3.27 Ⅲ 3.99 Ⅴ 3.75 Ⅳ
2011 3.15 Ⅱ 3.27 Ⅲ 4.02 Ⅴ 3.76 Ⅳ
2012 3.31 Ⅲ 3.44 Ⅲ 3.87 Ⅴ 3.83 Ⅳ
2013 3.34 Ⅲ 3.49 Ⅲ 4.04 Ⅴ 3.97 Ⅴ
2014 3.56 Ⅲ 3.39 Ⅲ 4.10 Ⅴ 3.88 Ⅴ
2015 3.67 Ⅳ 3.46 Ⅲ 4.18 Ⅴ 3.94 Ⅴ
2016 3.77 Ⅳ 3.52 Ⅲ 4.27 Ⅴ 3.99 Ⅴ
Year Jinzhou Huludao Liaoning coastal economic belt

Intensive index Level Intensive index Level Intensive index Level

2004 2.86 Ⅱ 2.51 Ⅰ 2.81 Ⅱ
2005 3.03 Ⅱ 2.60 Ⅰ 2.95 Ⅱ
2006 3.31 Ⅲ 2.61 Ⅰ 3.07 Ⅱ
2007 3.42 Ⅲ 2.76 Ⅰ 3.20 Ⅲ
2008 3.65 Ⅳ 2.91 Ⅱ 3.31 Ⅲ
2009 3.65 Ⅳ 3.13 Ⅱ 3.45 Ⅲ
2010 3.83 Ⅳ 3.35 Ⅲ 3.54 Ⅲ
2011 3.93 Ⅴ 3.51 Ⅲ 3.61 Ⅳ
2012 3.89 Ⅴ 3.45 Ⅲ 3.63 Ⅳ
2013 3.74 Ⅳ 3.50 Ⅲ 3.68 Ⅳ
2014 3.96 Ⅴ 3.26 Ⅲ 3.70 Ⅳ
2015 4.06 Ⅴ 3.33 Ⅲ 3.78 Ⅳ
2016 4.14 Ⅴ 3.40 Ⅲ 3.86 Ⅴ

https://doi.org/10.1371/journal.pone.0242977.t003
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SPSS software. The intensive sea-area utilization condition at the Liaoning coastal economic

zone is divided into five levels. Table 4 shows the type and range of each level with the number

of intensive use levels in Table 4.

As shown in Table 3, the level of intensive sea-area use at the Liaoning coastal economic

belt continuously increased during 2004–2016. However, this level is still in the moderately

intensive level. Medium and poor use of intensive sea areas accounted for 61% of the total eval-

uation samples. This shows that the intensive utilization level still needs improvement. Fig 2

shows a plot of the intensive use trend map at the Liaoning coastal economic belt during

2004–2016 showing the difference in the intensive use level in the different cities. The intensive

use level continued to rise from 2004 to 2016; however, the rate of development varied between

the six cities. The SPSS cluster analysis classified the annual average growth rate of the inten-

sive sea-area utilization index by three types: fast-growing, steady growing, and slow growing

(as shown in Table 5).

Dalian is an important city in the Liaoning coastal economic belt with its well-developed

economy and rich marine resources. Its sea area has been diversely utilized including for fish-

ing, industrial, transportation, and tourism/entertainment use. Fishery is the major type of

sea-area utilization in Dalian and it is developed primarily based on the fishing resources

around the Changshan islands. The industrial use of the sea areas can be found in almost all

the counties in Dalian except for the Changhai county. During the study period (2004–2016),

the comprehensive index of intensive sea-area use in Dalian increased from 2.40 to 3.77 with

an average annual growth rate of 3.81%. This represents the fastest growth among all the cities

of the Liaoning coastal economic belt. By analysing the different levels of indices in Table 6,

both the sea-area utilization structure and marine economic benefit indexes increased steadily

Table 4. Grading types of intensive utilization of sea area.

Range Level of intensive utilization Type Amount

0–2.79 Extensive Ⅰ 9

2.79–3.19 Low intensive Ⅱ 17

3.19–3.56 Moderate intensive Ⅲ 30

3.56–3.85 Highly intensive Ⅳ 18

3.85–5 Fine use Ⅴ 17

https://doi.org/10.1371/journal.pone.0242977.t004

Fig 2. Trends of the intensive use of sea areas.

https://doi.org/10.1371/journal.pone.0242977.g002
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Table 5. Increasing types of intensive utilization of sea area.

Growing type Cities Annual growth rate (%)

Fast growing Dalian 3.81

Jinzhou 3.01

Steady growing Huludao 2.44

Yingkou 2.42

Slow growing Dandong 2.18

Panjin 1.16

https://doi.org/10.1371/journal.pone.0242977.t005

Table 6. Evaluating the value of the standard layer of intensive sea-area use.

Year B1 Marine input intensity

Dalian Dandong Yingkou Panjin Jinzhou Huludao Liaoning coastal economic belt

2004 1.18 2.6 4.13 3.99 3.32 1.93 2.86

2005 1.61 2.68 4.31 4.04 3.46 2.06 3.03

2006 1.71 2.74 4.43 4.09 3.53 2.18 3.11

2007 1.82 2.86 4.65 4.22 3.68 2.35 3.26

2008 1.91 2.97 4.72 4.34 3.79 2.42 3.36

2009 2.00 3.09 4.75 4.50 3.89 2.63 3.48

2010 2.08 3.24 4.81 4.71 4.12 2.87 3.64

2011 2.17 3.26 4.85 4.61 4.21 2.98 3.68

2012 2.26 3.33 4.89 4.69 4.27 3.13 3.76

2013 2.29 3.42 4.92 4.80 4.28 3.18 3.97

2014 2.32 3.34 4.95 4.79 4.32 3.23 3.83

2015 2.42 3.41 4.98 4.86 4.41 3.35 3.92

2016 2.53 3.47 5.05 4.94 4.50 3.47 4.01

Year B2 Sea-area utilization structure

Dalian Dandong Yingkou Panjin Jinzhou Huludao Liaoning coastal economic belt

2004 2.63 1.93 2.85 2.22 2.13 1.75 2.25

2005 2.42 1.80 2.82 2.22 2.16 1.76 2.20

2006 2.13 2.40 3.15 2.22 2.20 1.7 2.30

2007 2.85 2.40 2.54 2.22 2.15 1.62 2.30

2008 2.95 2.19 2.68 2.22 2.13 1.8 2.33

2009 2.88 2.40 2.92 2.22 2.11 1.83 2.39

2010 2.76 2.21 2.90 2.20 2.10 1.79 2.33

2011 2.60 2.29 2.92 2.22 2.10 1.79 2.32

2012 2.91 2.30 2.71 2.22 1.95 1.73 2.30

2013 2.57 2.27 2.95 2.22 2.01 1.58 2.27

2014 2.99 2.24 2.83 2.22 2.33 1.43 2.34

2015 3.02 2.27 2.86 2.22 2.35 1.44 2.35

2016 3.06 2.30 2.88 2.22 2.37 1.48 2.36

Year B3 Marine economic benefits

Dalian Dandong Yingkou Panjin Jinzhou Huludao Liaoning coastal economic belt

2004 1.93 1.92 1.25 1.80 1.27 1.26 1.57

2005 1.91 1.21 2.06 2.08 1.32 2.01 1.76

2006 2.23 2.65 2.19 2.36 1.35 2.32 2.18

2007 2.23 2.35 2.46 2.46 1.39 2.44 2.22

2008 2.24 2.70 2.51 2.60 2.49 2.58 2.52

(Continued)
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from 2004 to 2016 in Dalian, thereby leading to the increase of its comprehensive index of

intensive sea-area use and a rapid increase in its intensive use level of sea area. The large sea

area and long coastal line of Dalian both resulted in a relatively low level of investment inten-

sity in fixed assets, shoreline development intensity, and utilization rate per unit sea area. As a

result, the intensive utilization level of sea areas in Dalian is still at a moderate level even with

its rapid rise with plenty of room for future improvements.

The sea area in Jinzhou accounts for 3% of the total utilized sea area in Liaoning. Jinzhou

has been focusing on fishing, transportation, and tourism/entertainment usage of its sea area.

Aquaculture in an open system is the leading sea use in Jinzhou. Regional land reclamation,

which is primarily used for the construction of the Jinzhou Port and Jinzhou World Expo

Park, also contributed to a significant portion of sea-area use in Jinzhou. During the study

period (2004–2016), the comprehensive index of intensive sea-area use in Jinzhou increased

from 2.86 to 4.16 with an average annual growth rate of 3.01%. By analysing the different levels

of indices in Table 6, the investment intensity, and the sustainability of sea-area utilization

increased substantially from 2004 to 2016 in Jinzhou. For example, the investment in fixed

asset per unit sea area in Jinzhou is only 5.8524 million RMB/km2 in 2004 and it has risen to

78.8567 million RMB/km2 in 2016. This represents a significant growth in the sea area invest-

ment intensity. In addition, Jinzhou has dedicated considerable efforts in rectifying and reno-

vating its coastal zones, which has resulted in the continuous improvement of the marine

environmental quality and the continuous increase of its Level 1 and Level 2 seawater. Jinzhou

reached 100% compliance with marine functional zones by 2016. In general, Jinzhou experi-

enced a continuous increase in its intensive sea-area use as reflected by the rising utilization

structure index of sea area.

Table 6. (Continued)

2009 2.28 2.41 2.72 2.73 2.53 2.62 2.55

2010 2.38 2.64 2.72 2.80 2.48 2.74 2.63

2011 2.41 1.67 2.79 2.81 2.69 2.78 2.52

2012 2.37 2.76 2.86 2.54 2.68 2.67 2.65

2013 2.53 2.91 2.91 2.68 1.76 2.93 2.62

2014 2.60 1.87 2.95 2.82 2.87 1.95 2.51

2015 2.66 1.87 3.10 2.91 3.02 2.01 2.60

2016 2.72 1.86 3.26 3.01 3.16 2.08 2.68

Year B4 Sustainability of sea use

Dalian Dandong Yingkou Panjin Jinzhou Huludao Liaoning coastal economic belt

2004 2.57 2.56 1.43 1.60 1.04 3.14 2.06

2005 2.57 2.56 1.85 1.60 1.67 3.14 2.23

2006 2.57 2.56 1.85 1.60 2.29 3.14 2.34

2007 2.57 2.56 1.85 1.60 2.29 3.14 2.34

2008 2.57 2.56 1.52 1.60 2.71 2.72 2.28

2009 2.57 2.56 1.52 1.60 2.29 3.14 2.28

2010 2.57 2.56 2.08 1.60 2.71 3.14 2.44

2011 2.57 2.56 2.08 1.60 2.71 3.14 2.44

2012 2.57 2.56 1.52 1.60 2.71 2.72 2.28

2013 2.57 2.56 1.52 1.63 2.26 2.88 2.23

2014 2.61 2.56 2.35 1.60 2.71 3.03 2.48

2015 2.61 2.56 2.43 1.60 2.86 3.02 2.52

2016 2.62 2.56 2.52 1.60 3.01 3.01 2.56

https://doi.org/10.1371/journal.pone.0242977.t006
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The sea area in Yingkou has also been utilized in different ways including fishing, indus-

trial, transportation, tourism/entertainment, and special use. Particularly, the transportation

use of sea areas in Yingkou, primarily strengthened by the construction of the Bayuquan and

Xianrendao Ports, accounted for a high fraction of the total transportation use in Liaoning. A

strong investment intensity and high utilization structure index of sea area have contributed to

the increasing marine economic benefit index in Yingkou and thereby, it maintains a high

level of the comprehensive index of intensive sea-area use among different cities of the Liao-

ning coastal economic zone. During the study period (2004–2016), the comprehensive index

of intensive sea-area use in Yingkou increased from 3.15 to 4.27 with an annual growth rate of

2.42%. However, due to the ecological and environmental issues caused by intense marine

development, the sustainability of sea-area utilization in Yingkou has remained at a relatively

low level exhibiting a 33.3% compliance rate for the marine functional zones at nearshore sea

area in Yingkou from 2011–2016. This suggests that sub-healthy and unhealthy conditions

prevail in the local marine ecosystems of the city.

From 2004 to 2016, the comprehensive index of intensive sea-area use in Huludao has

increased from 2.51 to 3.40 with an annual growth rate of 2.44%. However, the comprehensive

index of intensive sea-area use in Huludao has remained relatively low mainly due to the low

utilization structural index of the sea area in the city. The total usable sea area in Huludao is

2.1 × 109m2. These areas have undergone limited utilization such as land reclamation for

industrial and county construction, transportation from the port, and aquaculture. In addi-

tion, the resource utilization at the coastal zone in Huludao also suffers from poor utilization

efficiency and idling issues. This improper resource utilization of sea area is the primary cause

of the low utilization structure index and low marine economic benefit index in Huludao;

thus, preventing the improvement of its intensive utilization level of sea area.

The increase in the comprehensive index of intensive sea-area uses in Dandong and Panjin

is relatively slow. The intensive utilization level of sea area in Panjin is greater than that in

Dandong. In 2016, Panjin reached the delicate use category of the intensive utilization level of

the sea area. Contrarily, Dandong experienced a relatively poor intensive utilization level of

sea area with a slow growth rate. Specifically, its comprehensive index of intensive sea-area

uses only increased by 0.85 from 2004 to 2016. The economy of Dandong is relatively less

developed among all the cities at the Liaoning coastal economic belt. This is primarily due to

(1) the small utilization scale (6.3×108 m2) of its sea area and (2) the limited utilization

approach of its sea area dominated by aquaculture and fishery over a long period. For example,

the sea-area used for aquaculture and fishery accounted for 92% of the total sea area usage in

2004 and it has dropped to 70% in 2016 as port transportation and industrial use contributed

to 20% and 7% of the total sea-area use, respectively. Even with slight transformations of the

marine economic structure in Dandong, its utilization structure index of sea area still remains

relatively low, thereby hindering the rapid marine economic development in Dandong with a

low comprehensive index of intensive sea-area use.

3.2 Analysis of the intensive sea-area use based on the indices for standard

layers

In this study, the evaluation index system for intensive sea-area use is divided into four stan-

dard layers. The evaluation values for each layer shown in Table 6 can be calculated using the

aforementioned methods. Using these values, the variation trend of the indices for each stan-

dard layer in the evaluation of intensive sea-area use can be plotted (Fig 3).

The intensity index of investment in sea areas (Fig 3A) steadily increased from 2004 to 2016

in the Liaoning coastal economic belt and its cities. Different cities share a similar growth rate.
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In terms of rank (from high to low order) the cities are ordered as Yingkou, Panjin, Jinzhou,

Dandong, Huludao, and Dalian. The rapid development of the society and economy in the

Liaoning coastal economic belt has promoted faster marine development, thereby increasing

the investment in fixed assets annually, increasing the utilized sea area, and intensifying devel-

opment along the coastal line. These factors contribute to the continuous rise of the intensity

index of investment.

The utilization structure index of sea area (Fig 3B) has only increased slightly by 0.11 along

the Liaoning coastal economic belt. This is attributed to the increased sea area utilized for con-

structing coastal ports and industrial towns in Liaoning during 2004–2014. The sea-area utili-

zation balance has slightly improved, but the utilization structure index of sea area has slowly

increased. For future development of marine economy, adjustments of the marine industrial

structure should be considered for proper utilization of the space and resources in the sea area.

The utilization structure indices of the sea area for the six cities in the Liaoning coastal eco-

nomic belt followed a similar variation trend. For Dalian, Yingkou, and Jinzhou, their high

economic development level resulted in greater demand and diversity of sea use. Therefore,

their utilization structure index of sea area remained relatively high with a continuous and

rapid increase. Fluctuations were visible in the utilization structure index of sea area in Ying-

kou and Dalian, whereas that of Panjin remained relatively stable from 2004 to 2016. The utili-

zation structure index of sea area in Huludao is relatively low with the dominant sea use being

engineering construction. Due to the slow restructuring of the marine industry and limited

utilization approaches of the sea area, the sea-area use in Huludao experienced a low degree of

balance in terms of utilization structure and poor diversity in terms of utilization approaches.

This shows the need for greater diversity in utilizing the sea areas in Huludao.

The marine economic benefit of the Liaoning coastal economic belt (Fig 3C) followed a

fast-growing trend. In particular, the marine economic benefit index in Jinzhou experienced

the fastest growth along with large fluctuations. By analysing each index, the fee for sea-area

use collected by Jinzhou fluctuated significantly during the study period, thereby affecting its

marine economic benefit index. This reflects the transformation and development of the

marine economic structure of Jinzhou City during the evaluation period.

Fig 3. Standard layer index of intensive utilization of sea area: (a) Marine input intensity, (b) Sea-area utilization

structure, (c) Marine economic benefits, and (d) Sustainability of sea use.

https://doi.org/10.1371/journal.pone.0242977.g003
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The sustainable index of sea-area utilization in the Liaoning coastal economic belt (Fig 3D)

increased by 0.50 from 2004 to 2016. This demonstrates an improvement in the marine eco-

logical environment in the Liaoning coastal economic belt. Among the six cities, Panjin and

Yingkou exhibited a low sustainable index of sea-area utilization, which is mainly caused by

their locations at the estuary of the Liao river, where the pollution from the land sources is

most severe. Moreover, oil pollution caused by the exploitation of marine oil and gas resources

is prominent in these cities. Finally, the sea areas of both the cities are semi-enclosed shallow

bays, where the exchange capacity of the water body between the nearshore and sea is quite

weak. Therefore, these features hinder the improvement of the sustainable index of sea-area

use in Panjin and Yingkou.

4 Conclusions

This paper discussed the definition and connotation of intensive sea-area use. Based on the

definition and connotation, a comprehensive evaluation index system was developed to assess

the intensive sea-area use. A multi-objective fuzzy decision analysis method was used to ana-

lyse the intensive utilization condition and various index layers of the Liaoning coastal eco-

nomic belt from 2004 to 2016. The primary conclusions drawn from this study are given as

follows:

1. The intensive utilization level of sea area in the Liaoning coastal economic belt continually

increased from 2004 to 2016. However, this intensive utilization level of sea area remains at

a moderate developing level with plenty of room for future improvement.

2. The rate of development in the intensive utilization level of sea areas fluctuated and differed

for the six cities in the Liaoning coastal economic belt. In terms of intensive utilization level

of sea areas, Jinzhou and Dalian are fast-growing cities with an average annual growth rate

of more than 3%, whereas Yingkou and Huludao are steadily growing. Yingkou has a signif-

icantly higher intensive utilization level of sea area than that of Huludao. Dandong and

Panjin are slowly growing cities in terms of the intensive utilization level of sea areas with

the lowest growth displayed by Dandong.

3. The intensity index of investment in the sea area increased steadily in the Liaoning coastal

economic belt and its cities. Particularly, the sea area investment intensities in Yingkou and

Panjin are relatively high. The utilization structure index of the sea area increased at a rela-

tively slow rate. Among all the cities, Dalian and Yingkou possessed relatively high and

highly fluctuating growth rates in terms of the utilization structure index of the sea area,

while that in Huludao is relatively low. Furthermore, the marine economic benefit index

demonstrated a fast-growing trend with a particularly high growth rate from 2004 to 2010.

This index is found to increase the fastest in Jinzhou along with the largest magnitude of

fluctuation. The sustainable index of sea-area utilization is found to change over different

stages. Among all the cities, Panjin and Yingkou exhibited low sustainable index values of

sea-area utilization.

5 Discussion

The intensive use of sea area is closely related to the transformation of national marine

regional development strategy, corresponding to the transformation of marine economic

development stage. This paper attempts to analyze the connotation of the intensive use of sea

area from the perspective of intensive utilization, and construct the evaluation system of inten-

sive utilization of sea area, the results show that the development level of marine economy and
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the quality of marine ecological environment are the important factors limiting the improve-

ment of the level of intensive utilization of sea areas. The research results of this paper can pro-

vide a certain basis for the compilation and implementation of marine spatial planning and

the promotion of high-quality development of marine economy. In addition, this paper identi-

fies the temporal and spatial differentiation characteristics of the intensive use of sea areas in

the Liaoning Coastal Economic Zone, which helps to make up for the lack of current research

on the intensive use of marine space in China.

It needs to be pointed out that as an open and complex regional system, the intensive utili-

zation of sea area is a systematic proposition involving nature and society, internal and exter-

nal, process and results, mutation and adaptations. The influencing factors and mechanism

involved are complex and changeable. However, this article is limited to the availability of data

and the difficulty of quantifying maritime control policies. The evaluation indicators for inten-

sive sea areas are not yet comprehensive and complete. How to scientifically select indicators

to fully and accurately reflect the characteristics of intensive use of sea areas will be the focus of

the next step. In addition, with the continuous strengthening of marine space management

and control measures, various sea-use quotas are controlled by the government, and human

intervention is continuously increasing. It is urgent to reveal the internal connection between

sea area utilization and national control [64]. Relevant studies also show that there are obvious

inefficiencies in China’s marine economy, and the research area in this paper is just one of the

typical regions [65], Therefore, the issues discussed in this paper need to be further expanded,

expand the research perspective, deepen the understanding of the law of intensive use of sea

areas in the process of marine development activities, so as to provide more targeted reference

suggestions for marine space management and control in the context of high-quality develop-

ment of marine economy.

This study explored and analysed the spatiotemporal variation characteristics of the inten-

sive sea-area use in the Liaoning coastal economic zone from 2004 to 2016. These analyses can

serve as a basis for formulating major marine-function zonation and in implementing policies

related to sea area management. However, the proposed evaluation index system needs to be

further improved due to the constraints of limited marine economic and social-ecological

data. Currently, it is still difficult to analyse the spatiotemporal differences in the intensive sea-

area use and the mechanism of their evolution in depth. Methods for improving intensive sea-

area use were not discussed in this paper and they can be investigated in future studies.

In addition, it should be noted that the evaluation of intensive sea-area use should not fol-

low exactly the same model used for evaluating intensive land-area use. Compared with the

research studies on intensive land-area use, the use of sea areas possesses distinctive features

such as an easily adjustable structure and an open marine environment [64]. Therefore, the

evaluation index system should reflect these unique features associated with sea-area use. On

the other hand, for most regions in China, there is still a huge potential for further develop-

ment of the sea area [65], and substantial room exists for further optimization of sea use con-

figuration. Future research is of great significance in promoting the coordinated development

of coastal land resources.
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the total environment. 2017; s 622–623(may1):1553–1561. https://doi.org/10.1016/j.scitotenv.2017.10.

028 PMID: 29054630

20. Syamsidik, Fahmi M, Fatimah E, et al. Coastal land use changes around the Ulee Lheue Bay of Aceh

during the 10-year 2004 Indian Ocean tsunami recovery process. International Journal of Disaster Risk

Reduction.2018; 29:24–36.

PLOS ONE Spatiotemporal changes caused by the intensive use of sea areas

PLOS ONE | https://doi.org/10.1371/journal.pone.0242977 November 30, 2020 17 / 19

https://doi.org/10.13287/j.1001-9332.201711.019
http://www.ncbi.nlm.nih.gov/pubmed/29692113
https://doi.org/10.1007/s00244-017-0388-7
https://doi.org/10.1007/s00244-017-0388-7
http://www.ncbi.nlm.nih.gov/pubmed/28528417
https://doi.org/10.1016/j.marpolbul.2018.01.043
https://doi.org/10.1016/j.marpolbul.2018.01.043
http://www.ncbi.nlm.nih.gov/pubmed/29571382
https://doi.org/10.1016/j.marpolbul.2017.12.047
https://doi.org/10.1016/j.marpolbul.2017.12.047
http://www.ncbi.nlm.nih.gov/pubmed/29571395
https://doi.org/10.1016/j.scitotenv.2017.10.028
https://doi.org/10.1016/j.scitotenv.2017.10.028
http://www.ncbi.nlm.nih.gov/pubmed/29054630
https://doi.org/10.1371/journal.pone.0242977


21. Sengupta D, Chen R, Meadows M. E. Building beyond land: An overview of coastal land reclamation in

16 global megacities. Applied Geography. 2018; 90:229–238.

22. Qi X, Wang R. Y, Li J, et al. Ensuring food security with lower environmental costs under intensive agri-

cultural land use patterns: A case study from China. Journal of Environmental Management. 2018; 213

(MAY1):329–340. https://doi.org/10.1016/j.jenvman.2018.02.048 PMID: 29502018

23. Hao H, Xiubin L. I, Tan M, et al. Agricultural land use intensity and its determinants: A case study in Tai-

bus Banner, Inner Mongolia, China. Frontiers of Earth Science. 2015; 9(2):308–318.

24. Zhu F, Zhang F, Ke X. Rural industrial restructuring in China’s metropolitan suburbs: Evidence from the

land use transition of rural enterprises in suburban Beijing. Land Use Policy. 2018; 74:121–129.

25. Lambin E. F, Rounsevell M. D. A, Geist H. J. Are agricultural land-use models able to predict changes in

land-use intensity?. Agriculture Ecosystems & Environment. 2000; 82(1–3):321–331.

26. Deng J. S, Ke W, Yang H, et al. Spatio-temporal dynamics and evolution of land use change and land-

scape pattern in response to rapid urbanization. Landscape Urban Planning. 2009; 92(3–4):187–198.

27. Zhong T, Qian Z, Huang X, et al. Impact of the top-down quota-oriented farmland preservation planning

on the change of urban land-use intensity in China. Habitat International. 2018; 77:71–79.

28. Yang J, Xie P, Xi J, et al. LUCC simulation based on the cellular automata simulation: A case study of

Dalian Economic and Technological Development Zone. Acta Geographica Sinica. 2015; 70(3):461–

475.

29. Selvaggi R, Pappalardo G, Chinnici G, Fabbri C. I. Assessing land efficiency of biomethane industry: A

case study of Sicily. Energy policy.2018; 119:689–695.

30. Constanze B, Martin A, J, S. M, et al. Homogenizing and diversifying effects of intensive agricultural

land-use on plant species beta diversity in Central Europe—A call to adapt our conservation measures.

The Science of the total environment.2017; 576:225–233. https://doi.org/10.1016/j.scitotenv.2016.10.

106 PMID: 27788437

31. Onaindia M, Peña L, de Manuel B. F, Rodrı́guez-Loinaz G, Madariaga I, Palacios-Agúndez I, et al. Land

use efficiency through analysis of agrological capacity and ecosystem services in an industrialized

region (Biscay, Spain). Land Use Policy. 2018; 78:650–661.

32. Mehvar S, Filatova T, Sarker M. H, et al. Climate change-driven losses in ecosystem services of coastal

wetlands: A case study in the West coast of Bangladesh. Ocean and Coastal Management. 2019; 169

(MAR):273–283.

33. Hui E. C. M, Wu Y, Deng L, et al. Analysis on coupling relationship of urban scale and intensive use of

land in China. Cities. 2015; 42:63–69.

34. Gong X, Cao M, Wang D, et al. Spatial optimization simulation of land use pattern in Yellow River Delta

Nature Reserve. Transactions of the Chinese Society of Agricultural Engineering. 2017; 33(S1):355–

361.

35. Long H, Tang G, Li X, et al. Socio-economic driving forces of land-use change in Kunshan, the Yangtze

River Delta economic area of China. Journal of Environmental Management. 2017; 83(3):351–364.,

2007.

36. Wang H, Xu W,. Connotation of intensive utilization of sea area and construction of evaluation endex

system. Ocean Development and Management. 2015; 9:45–48.

37. Zhiwei L. I, Cui, L. Assessment method for determining the influence of intensive sea use on marine

resources. Acta Ecologica Sinica. 2015; 35(16):5458–5466.

38. Luo X. X, Zhu Y. G, Zhang L. J, Yang J. Q. The evaluation method in the impact of intensive sea use on

the marine ecological environment. Acta EcologicaSinica. 2014; 34(1):182–189.

39. Shamsuddoha M. M. I. M. Coastal and marine conservation strategy for Bangladesh in the context of

achieving blue growth and sustainable development goals (SDGs). Environmental Science and Policy.

2018; 87:45–54.

40. Airoldi L, Beck M. W. Loss, status and trends for coastal marine habitats of Europe. Oceanography and

marine biology. 2007; 45:345–405.

41. Epanchin-Niell R, Kousky C, Thompson A, et al. Threatened protection: Sea level rise and coastal pro-

tected lands of the eastern United States. Ocean and Coastal Management.2017; 137(MAR):118–130.

42. Lee Y.-K, Park W, Choi J.-K, et al. Halophyte die-off in response to anthropogenic impacts on tidal flats.

Estuarine, Coastal and Shelf Science. 2014; 151:347–354.

43. Han Z. L, Xia K, Guo J. K, et al. Research of the Level and Spatial Differences of Land-sea Coordinate

Development in Coastal Areas Based on Global-Malmquist-Luenberger Index. Journal of Natural

Resources. 2017; 32(8):1271–1285.

PLOS ONE Spatiotemporal changes caused by the intensive use of sea areas

PLOS ONE | https://doi.org/10.1371/journal.pone.0242977 November 30, 2020 18 / 19

https://doi.org/10.1016/j.jenvman.2018.02.048
http://www.ncbi.nlm.nih.gov/pubmed/29502018
https://doi.org/10.1016/j.scitotenv.2016.10.106
https://doi.org/10.1016/j.scitotenv.2016.10.106
http://www.ncbi.nlm.nih.gov/pubmed/27788437
https://doi.org/10.1371/journal.pone.0242977


44. Bo L. I, Fei S. U, Yang Z, et al. Vulnerability-based analysis of the spatial-temporal dynamic patterns of

the human-sea territorial system of the Bohai-rim region, China. Acta Ecologica Sinica. 2018; 38

(4):1436–1445.

45. Sun C, Zhang K, Zou W, et al. Study on regional system of man-sea relationship and its synergetic

development in the coastal regions of China. Geographical Research. 2015; 24(2):133–140.

46. Mandal U. K, Burman D, Bhardwaj A. K, et al. Waterlogging and coastal salinity management through

land shaping and cropping intensification in climatically vulnerable Indian Sundarbans. Agricultural

Water Management. 2019; 216:12–26.

47. The people’s Government of Liaoning Province, Marine Major Function Oriented Zoning of Liaoning

Province. Available from: http://www.ln.gov.cn/zfxx/zfwj/szfwj/zfwj2011_119230/201708/t20170811_

3005351.html.

48. State Oceanic Administration (SOA), 2004–2016. China Ocean Statistical Yearbook. Available from:

http://www.mnr.gov.cn/sj/sjfw/hy/gbgg/zghyjjtjgb/.

49. Department of Ecology and Environment of Liaoning Province, 2004–2016. Liaoning Province Marine

Environment Status Bulletin. Available from: http://sthj.ln.gov.cn/hjzl/hjzlbg/jahyzk/.

50. Liaoning provincial Bureau of Statistics,2004–2016. Liaoning Statistical Yearbook. Available from:

http://www.ln.stats.gov.cn/tjsj/tjgb/.

51. Dalian Mucicipal Bureau of Statistics, 2004–2016. Dalian Statistical Yearbook. Available from: http://

www.stats.dl.gov.cn/index.php?m=content&c=index&a=lists&catid=52.

52. Jinzhou Bureau of Statistics, 2004–2016. Jinzhou Statistical Yearbook. Available from: http://tjj.jz.gov.

cn/c-94.html.

53. Statistics Bureau of Panjin, 2004–2016. Panjin Statistical Yearbook. Available from: http://tjj.panjin.gov.

cn/10061/.

54. Statistics Bureau of Yinkou, 2004–2016. Yinkou Statistical Yearbook. Available from: http://www.

yingkou.gov.cn/006/datapub.html.

55. Statistics Bureau of Dandong, 2004–2016. Dandong Statistical Yearbook. Available from: http://www.

dandong.gov.cn/info/govinfo/.

56. Statistics Bureau of Huludao, 2004–2016. Huludao Statistical Yearbook. Available from: http://tjj.hld.

gov.cn/zwgk_775/tjxx/tjgb/.

57. Lina K. E, Han X, Han Z, et al. Evaluation on the intensive utilization of sea area based on ecosystem

management theory: a case study on coastal cities of Hebei Province. Acta Ecologica Sinica. 2017; 37

(22):7453–7462.

58. Qi Y, Meng Z, Wei X. A Study on Connotation, Features and Judgment of Compatibility of Marine Func-

tion Zoning. Journal of Ocean University of China. 2016; 3:32–36.

59. Ding Y. P, Meng X, Xu W. Research on the conformance analysis method and judgement matrix for

marine functional zoning. Marine Environmental Science. 2019; 38(2):310–316.

60. Wang Z. Lu Han, Sun Caizhi. The relationship between marine resources development and marine eco-

nomic growth in china. Economic Geography. 2017; 37(11):117–126.

61. Zhang B, Liu J. L, Chen Q. Y, Li Y. L, Cao Y. B. Research of water environment forewarning for reser-

voirs in Haihe River Basin. Acta Scientiae Circumstantiae. 2010; 30(2):268–274.

62. Chen S. Y. Variable Sets—The Development of Variable Fuzzy Sets and the Applications in Assess-

ment of Water Resource. Mathematics in Practice and Theory. 2012; 42(1):92–101.

63. Chen S. Y, Wang Z. R. Water resource systems’ variable fuzzy sets evaluation new method based on

the opposites unity and quantity-quality exchange theorem. Journal of Hydraulic Engineering. 2011; 42

(3):253–261+270.

64. Elfes CT, Longo C, Halpern BS, Hardy D, Scarborough C, et al. A Regional-Scale Ocean Health Index

for Brazil. PLOS ONE. 2014; 9(4): e92589. https://doi.org/10.1371/journal.pone.0092589 PMID:

24695103

65. Cao Q, Sun C, Zhao L, Cao W, Yan X. Marine resource congestion in China: Identifying, measuring,

and assessing its impact on sustainable development of the marine economy. PLOS ONE. 2020; 15(1):

e0227211. https://doi.org/10.1371/journal.pone.0227211 PMID: 31978061

PLOS ONE Spatiotemporal changes caused by the intensive use of sea areas

PLOS ONE | https://doi.org/10.1371/journal.pone.0242977 November 30, 2020 19 / 19

http://www.ln.gov.cn/zfxx/zfwj/szfwj/zfwj2011_119230/201708/t20170811_3005351.html
http://www.ln.gov.cn/zfxx/zfwj/szfwj/zfwj2011_119230/201708/t20170811_3005351.html
http://www.mnr.gov.cn/sj/sjfw/hy/gbgg/zghyjjtjgb/
http://sthj.ln.gov.cn/hjzl/hjzlbg/jahyzk/
http://www.ln.stats.gov.cn/tjsj/tjgb/
http://www.stats.dl.gov.cn/index.php?m=content&c=index&a=lists&catid=52
http://www.stats.dl.gov.cn/index.php?m=content&c=index&a=lists&catid=52
http://tjj.jz.gov.cn/c-94.html
http://tjj.jz.gov.cn/c-94.html
http://tjj.panjin.gov.cn/10061/
http://tjj.panjin.gov.cn/10061/
http://www.yingkou.gov.cn/006/datapub.html
http://www.yingkou.gov.cn/006/datapub.html
http://www.dandong.gov.cn/info/govinfo/
http://www.dandong.gov.cn/info/govinfo/
http://tjj.hld.gov.cn/zwgk_775/tjxx/tjgb/
http://tjj.hld.gov.cn/zwgk_775/tjxx/tjgb/
https://doi.org/10.1371/journal.pone.0092589
http://www.ncbi.nlm.nih.gov/pubmed/24695103
https://doi.org/10.1371/journal.pone.0227211
http://www.ncbi.nlm.nih.gov/pubmed/31978061
https://doi.org/10.1371/journal.pone.0242977

