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and Degradation-Promotion
(PS-DR-DP) model
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1School of Civil & Environmental Engineering and Geography Science, Ningbo University, Ningbo,
China, 2Donghai Academy, Ningbo University, Ningbo, China
Introduction: Large-scale and high-intensity marine resource exploitation

activities have brought irreversible influences on the marine resource

environment and ecosystem. As an important index to evaluate the state of

marine development, the marine resource environmental carrying capacity

(MRECC) is vital to the sustainable development of the sea areas.

Methods: In this study, an evaluation index systemwas established based on the

PS-DR-DP (Pressure and Support-Destructiveness and Resilience- Degradation

andPromotion) theoreticalmodel. TheMRECC inZhejiangProvince from2004 to

2018wasevaluated throughthecategorical arrangementpolygon representation.

Moreover, the coordination degree of the MRECC systemwas analyzed by using

the coupling harmonious degree model.

Results and Discussion: Results demonstrated the following from2004 to2018:

1) TheMRECC level in Zhejiang Province increased firstly, then decreased slightly,

and finally presented a slow increasing trend. 2) The mean contributions of the

acting forces in the MRECC system in Zhejiang Province fluctuate between 0.64

and 0.68. It was in the high-speed unsteady growth and tended to be the ideal

carrying state. The positive force tends to increase, while the negative force is

generally stable or only slightly increased except for the degradation force. 3) The

coupling degree and degree of coupling coordination of the acting force

subsystems in the marine resource environmental system in Zhejiang Province

presented a rising trend. The coupling degree ranged between 0.50 and 0.80

except for those in 2004, 2006, and 2007. The acting force subsystems in the

marine resource environmental system in Zhejiang Province were generally

running-in during the study period. The coupling degree type changed from

mild imbalance to moderate coordination.

KEYWORDS

PS-DR-DP theoretical model, coupling coordination degree model, marine resources
and environmental carrying capacity, sustainable development, Zhejiang Province
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Introduction

The marine resource environmental carrying capacity

(MRECC) refers to the ability or limit of resources and

environmental capacity within certain sea areas to afford

human economic activities and social development (Stojanovic

and Farmer, 2013). It is an important index to measure whether

the sea area is in the sustainable development state. The global

marine economy has been developing quickly since the 21st

century, and it has become a new growth point of national

economy in coastal regions. Meanwhile, the increasing marine

development degree brings greater and greater pressures over

marine resources and marine ecological environment, resulting

in a series of problems, such as exhaustion of marine resources,

degradation of sea water quality, and reduction of marine

biodiversity. It is urgent to determine the man–marine

relationship again. Man–marine sustainable development has

become a key concern of the whole world and the focus of

sustainable development (Batty, 2000; Liu et al., 2018).

Therefore, evaluating the MRECC is conducive to reasonable

development of marine resources and achievement of man–

marine sustainable development.

The term carrying capacity originated from mechanics, and

it is derived from the theory of “population boom” (Malthus,

1872). In 1921, Park applied carrying capacity to the ecological

field for the first time (Park and Burgess, 1970). Subsequently,

the concept of carrying capacity began to propagate

continuously, and it was applied to various fields, such as

economics, sociology, and environmental science. At the end

of the 1980s, the theoretical connotations of carrying capacity

increased gradually after the concept of sustainable development

was proposed on World commission on Environment and

Development (WECD). The research scope has been

expanding continuously from the single solid concept

(Hadwen and Palmer, 1922; Cohen, 1995; Young, 1998) (e.g.,

population carrying capacity, community carrying capacity,

resource carrying capacity, environmental carrying capacity,

and ecological carrying capacity) to the more general

comprehensive concept (Liu et al., 2020; Shi et al., 2020) (e.g.,

regional carrying capacity, resource environmental carrying

capacity, and social ecological carrying capacity). The early

resource environmental carrying capacity was proposed under

the background of global resource environmental crisis in the

1960s~1970s. It mainly discusses economic and social

development problems of human beings under resource

environmental restrictions. Specifically, The Limits to Growth

published by the Club of Rome in 1972 had the most significant

influences. It evaluated global resource environments (including

lands, water, food, and minerals) and human activities by using

the system dynamics model. A “World Model” was constructed,

and it predicted that global economic growth would reach the

upper limit in the middle of the 21st century (Meadows and

Randers, 2012). As studies deepened continuously, Arrow et al.
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(1995) published Economic growth, carrying capacity, and the

environment in Ecological Economics in 1995. This not only

expanded the concept and theory of resource environmental

carrying capacity but also promoted the development of

quantitative methods from single indexes to multi-indexes

(Arrow et al., 1995) and raised the research tide on resource

environmental carrying capacity.

The MRECC evaluation can be viewed as the application and

practice of resource environmental carrying capacity evaluation

at the marine areas. The concept of the MRECC was firstly

proposed in the field of seafood aquaculture, which refers to the

aquaculture intensity and scale that can be carried under the

specific marine biophysical environment (Dame and Prins, 1997;

Luo et al., 2001). It was originally concentrated in studies on

carrying capacity and sustainable development threshold of

fishes, shellfishes, and other resources (Dame and Prins, 1997;

Vasconcellos and Gasalla, 2001). With the continuous

exploitation and utilization of marine resources and

environment, the concept of the MRECC gradually extended

to the study of other single marine elements, such as carrying

capacity of beach resources (Silva and Ferreira, 2013; Zhang and

Niu, 2021), carrying capacity of marine tourism resources

(Coccossis and Mexa, 2017), and carrying capacity of marine

fishing resources (Agmour et al., 2018). Later, as resource

constraints become tighter, environmental pollution intensifies,

ecosystem degradation and other issues continue to emerge,

people gradually pay attention to the marine resources and

environment of coastal economic and social development with

great support. Therefore, the MRECC began to turn to the

concept of comprehensive carrying capacity including

resources, environment, and social economy, that is, in a

certain period and regional scope, under the condition that

maintaining the structure of marine resources meets the needs of

sustainable development, and the marine ecological

environment function still has the ability to maintain its

steady effect, the regional marine resources and environment

system can carry all kinds of human social and economic

activities. Most of the existing studies mainly focus on the

introduction to the concept of the MRECC, operation

mechanism, and single-element carrying capacity evaluation

(Ariani et al., 2020; Bui and Tran, 2022; Wu et al., 2022).

However, single-element carrying capacity often cannot reflect

the marine resource environmental conditions accurately, and it

cannot meet requirements on scientific protection and marine

management. Compared to the development history of the

resource carrying capacity development like water, land, and

forest, the MRECC has a short development history and it is still

not mature enough, which is why it is rare to use systematic and

comprehensive methods to evaluate the MRECC. Although the

relationship and role of the marine resources and environment

system with the external environment in the complex system of

“resources environment socio-economic” have been highlighted

(Du and Wang, 2021; Yang et al., 2022), the quantitative criteria
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for the carrier (marine resources and environment system) and

the carrier (socioeconomic activities involving the sea) need to

be verified. Hence, it is still necessary to strengthen studies on

the MRECC continuously to improve the quantitative

evaluation, analysis, and dynamic study methods of the MRECC.

At present, state-space method (Di et al., 2007; Wu et al.,

2022), supply-demand analytical method (Wang, 2008; Di et al.,

2015), system dynamics method (Ying et al., 2022), and

comprehensive evaluation method (Song and Ning, 2020;

Wang et al., 2021b) are major methods to evaluate the

MRECC. State-space method can express logic relations

among variables relatively comprehensively, and it is

applicable to regions with a relatively complicated resource

environmental system. However, quantitative calculation of the

state-space method is relatively complicated, and there is no

uniform quantitation standard to determine some ideal values. It

is easy to be influenced by subjective cognition, thus resulting in

poor accuracy of the evaluation results. Since resource

environmental carrying state often can be judged according to

supply-demand conditions of the resource environment, supply-

demand analytical method can evaluate the resource

environmental carrying capacity by using energy as the

medium to measure the supply-demand conditions. It mainly

includes the common ecological footprint model (Du andWang,

2021), Aggregate demand-Aggregate supply (AD-AS) model (Su

et al., 2014), and difference method (Wang et al., 2021c).

Although these models and methods are easy and feasible in

calculation, they easily ignore mutual influences of the elements.

As a result, the evaluation results of supply-demand analytical

method cannot reflect the carrying state accurately. The system

dynamics method simulates the resource environmental

carrying capacity through operation and outputs to represent

the driving relationship between the social and resource

environment and development. It is a system suitable to

process multivariables and multifeedbacks. However, it is easy

to have problems in model design due to difficulties in reference

variable setting and geographic restrictions. A comprehensive

evaluation method is used mostly extensively to evaluate the

resource environmental carrying capacity at present. It generally

selects indexes comprehensively and provides clear evaluation

results with strong logics. Nevertheless, it still has some

problems, such as big necessary data size and easily ignoring

two-way dynamic relations among indexes. All of the above four

evaluation methods ignore openness and dynamics of the

marine system and lack discussions on ultimate carrying

capacity based on the stable man–marine system, thus getting

smaller results than practical carrying capacity. Hence, based on

the existing evaluation methods and considering the principles

of “growth limit” and “structural stability,” this paper divides the

MRECC into six interrelated and interpenetrating forces to

better reflect the bidirectional dynamic relationship among

indicators and realize the construction of the PS-DR-DP

(Pressure-support; Destructiveness-resilience; Degradation-
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promotion) model. The full array polygon graphic method and

multidimensional multiplier method are used to evaluate the

MRECC, which not only retain the advantages of clear and

logical evaluation results of the comprehensive evaluation method

but also dynamically represent the changes in theMRECCbyfilling

the regular hexagon model. In addition, the method just needs to

determine the upper and lower limits to carry out the evaluation,

reduces the impact of human subjective will in the evaluation

process, and improves the accuracy of the evaluation.

Marine sustainable development has become an important

principle for development in coastal regions. In the Second

Global Marine Assessment published in 2021, it clearly pointed

out that people shall pay more attention to marine ecological

environmental protection and sustainable development.

Moreover, coastal countries and regions have to strengthen the

assessment of the carrying capacity continuously to determine

the marine state. As a marine economic demonstration zone in

China, Zhejiang Province is located at the intersection of the

Yangtze River Development Axis and China’s coastal

development axis. It plays an important strategic role in the

development of the national marine economy, and it is an

important regional unit to promote marine economic

development and participate in global competition. In 2020,

Zhejiang’s marine Gross Domestic Produc(GDP) will reach 920

billion yuan, accounting for about 14% of the province’s GDP,

4%–5% higher than the national average, making significant

contributions to the regional economy. At the same time, the

rapid development of the marine economy has also led to serious

degradation of the marine resources and environment, making it

one of the most polluted and damaged sea areas in China (Hu

et al., 2019). There is an urgent need for resource and

environmental protection and restoration. In 2017, Zhejiang

Province issued the Building and Implementation Scheme of a

Marine Ecological Construction Demonstration Base, which

determined resource environmental protection as an

important goal of the ecological construction demonstration

base. Therefore, studying the MRECC in Zhejiang Province not

only is conducive to promote Zhejiang Province to develop as a

“strong marine province” but also has long-term strategic

significance and regional representativeness.

In this study, a theoretical model of the MRECC that

combines social economy, ecological environment, and energy

resources was proposed according to the principle of growth

limit and based on comprehensive considerations to the man–

marine system stability. This model was used to divide, evaluate,

and analyze levels and states of the MRECC in Zhejiang

Province from 2004 to 2018. The coupling degree of the

MRECC system was measured by combining the coupling

harmonious degree model. This study is expected to provide

theoretical references for Zhejiang Province to develop as a

strong marine province and form the economic development

mode corresponding to the resource environment. Moreover, it

is a beneficial exploration to evaluate the MRECC.
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Materials and methods

Study area

Zhejiang Province is located in the southeast coastal regions

of China. There is a small land area (only 105,500 km2) but an

extensive sea area (including the exclusive economic zone and

continental shelf, reaching 260,000 km2). It contains six bays,

including Hangzhou Bay, Xiangshan Bay, Sanmen Bay, Taizhou

Bay, Leqing Bay, and Wenzhou Bay. There are abundant marine

resources, and the coastal line is about 6,486 km long (including

2,254 km continental coastal line and 4,232 km island coastal

line), which accounts for about 20.31% of the total coastal line in

China, ranking top in China. Meanwhile, Zhejiang Province has

over 3,000 islands, and it is the province with the most islands in

China. As one of the important provinces in China’s strategic

development of “a maritime power,” Zhejiang Province

undertakes the important mission of maintaining sustainable

and high-efficiency development of the man–marine resource

environment, and it is the core zone of the economic belt and

urban agglomeration in the Yangtze River Delta. Now, the

marine economic development in Zhejiang Province is in the

optimization and updating stage. Key attention is paid to

strengthen the marine ecological civilization construction and

try to facilitate the transition from the extensive production

mode of marine resources to the intensive production mode. The

total marine output of Zhejiang Province in 2020 reached 920

billion yuan, which accounted for about 14% of the GDP of the

province. It had considerable contributions to regional economy.

However, it has to be noted that with the marine economic

development, marine resources and environmental problems

become increasingly prominent, and it is urgent to evaluate

the MRECC.

The MRECC is proposed based on the stable man–marine

relationship. The research object is the complicated marine-

man-land system. Human activities in the coastal regions that

are closely related to the sea areas also may influence the marine-

man-land system significantly. Hence, the research scope of the

MRECC should include not only the resources, environment,

and human activities in marine areas but also the land areas

connected with them. Based on the availability of data and

complexity of the MRECC, the sea areas within the jurisdiction

of Zhejiang Province and the relevant provincial administrative

district were chosen as the study area.
Pressure-support and destructiveness-
resilience and degradation-promotion
theoretical model

The PSR (Pressure-State-Response) and DPSIR (Driving

Force-Pressure-State-Influence-Response) models are often

used to simulate the MRECC at present. The PSR model is

composed of pressure, state, and response. Specifically, pressure
Frontiers in Marine Science 04
is caused by social economic activities of human beings. State

describes the ecological environmental condition and natural

resource conditions. Response refers to measures that people

adopt to relieve the resource environmental pressure caused by

changes in the state. The PSR model can well express the causal

relationship between pressure and degradation. It is usually used

to study ecological environmental resources (Cheng et al., 2012),

evaluate ecological safety (Li et al., 2021), and evaluate urban

ecological health (Xie et al., 2021). However, it emphasizes more

on ecological environment and lacks corresponding economic

indexes. Moreover, it relies too much on subjective experiences

of research during data acquisition. Hence, the PSR model is

unsuitable for complicated systems (Wang and Li, 2020). The

DPSIR model is built based on the PSR model. It is composed of

five components, including driving force, pressure, state,

influence, and response. Specifically, driving force is the

potential cause of environmental changes. Pressure is a direct

pressure factor of environment, and it induces environmental

changes through long-term direct acting on the environmental

system through the driving force. State refers to various

environmental changes under the action of pressure, and it

shows the status of the environmental system. Influence refers

to effects of the natural system status on social and economic

development structure. Response is the countermeasure that

people adopt to cope with the influences of the environmental

changes (Kelble et al., 2013; Wang, 2016). The DPSIR model can

well express the causal relationship between the environment

and the economy by emphasizing the equal importance of the

economy and the environment. However, it emphasizes on state

indexes too much, ignoring the relationship between state

changes and the environment. Moreover, both the PSR model

and the DPSIR model are simple linear causal relationships.

They only reflect the philosophy of resource environmental

protection under the traditional “response” mode but lack an

oriented evaluation process of resource environmental alarming

(Cao, 2005). After deep comparison and model analysis, a PS-

DR-DP theoretical model for the MRECC evaluation was built in

this study based on the PSR model and the DPSIR model

according to the marine resource environmental characteristics

in Zhejiang Province.

The PS-DR-DP theoretical model decomposes the MRECC

into several resultant forces that form two-layer embedding of

triangles and hexagons. The PS-DR-DP theoretical model

simulates changes in the MRECC by embedding triangles into

regular hexagons (Figure 1), thus forming the evaluation model.

This model decomposes the MRECC into three parts: resource

utilization conditions, environmental capacity and disaster

resistance, and resource environmental degradation and

development from three perspectives of marine resources,

natural environment and disasters, and society and

technology. These three parts are further decomposed into the

three pairs of correlated and mutually restricted resultant forces:

pressure and supporting force, destructive force and resilience
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force, and degradation force and promotion force. The resultant

force of pressure and supporting force expresses the resource

utilization condition. The resultant force of destructive force and

resilience force expresses environmental capacity and disaster

resistance. The resultant force of degradation force and

promotion force expresses the positive promotion of social

technological development to the resource development. The

dynamic development process of the resource environmental

carrying capacity level was simulated by filling in the regular

hexagon model. In this way, a monitoring and alarming model

of the resource environmental carrying state was constructed,

which accomplished the alarming-oriented evaluation of the

resource environment.

In the built PS-DR-DP model, Pressure (P) represents the

total resource consumption of people for social and economic

activities. Supporting force (S) represents the potential resources

available under the current scientific technological conditions.

Destructive force (D) represents the environmental pollution

and damages caused by human social and economic activities as

well as damages to human development caused by large

disasters. Resilience force (R) refers to the ability in

environmental governance, ecological restoration, and disaster

risk control to maintain the marine environment. Degradation

force (D) represents the state after the resource and natural

environmental degradation. Promotion force (P) means that

human beings relieve or inhibit the degradation speed by
Frontiers in Marine Science 05
improving the scientific technological level and implementing

social policy protection, thus realizing the sustainable

development of the sea areas.
Establishment of the evaluation index
system

Building an index system is the core in the MRECC

evaluation, and it has crucial influences on the reliability of the

evaluation results. The MRECC is the comprehensive

performance of the resource carrying capacity and

environmental carrying capacity. Due to the large number of

relevant indicators and their respective regional characteristics,

it is impossible to establish a unified evaluation indicator system.

Therefore, this paper is based on the Technical Guidelines for

Evaluation of Resources Environmental Carrying Capacity and

Territory Space Development Suitability (Trial) issued by the

Ministry of Natural Resources and the four levels of pressure,

development and utilization, pollutants, and health status

included in the basic evaluation in the Several Opinions on the

Establishment of a Long-Term Monitoring and Early Warning

Mechanism for Resources and Environment Carrying Capacity

issued by the Central Committee of the Communist Party of

China. With references to existing associated studies (Gou et al.,

2018; Wang and Liu, 2019; Du et al., 2020; Huang et al., 2021)
FIGURE 1

The Pressure-Support and Destructiveness-Resilience and Degradation-Promotion theoretical model of marine resource and environmental
carrying capacity.
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and combining with practical social, economic, and marine

resource environmental conditions in Zhejiang Province, an

evaluation index system for the MRECC in Zhejiang Province

was built in this study based on the PS theoretical model by

observing the basic principles of science, comprehensiveness,

representativeness, dynamics, openness, and operability. Finally,

the evaluation index system (Table 1) is composed of 47 specific

indexes, 14 level-2 indexes, six level-1 indexes, and three

criteria layers.
Data collection

Data were collected according to the evaluation index system

in Table 1. Specifically, the economic social data came from the

Statistical Yearbook of Zhejiang Province and Statistical Bulletin

of National Economic and Social Development of Zhejiang

Province from 2004 to 2018. Energy consumption data were

from the China Energy Statistical Yearbook from 2004 to 2018.

Marine environmental data and environmental governance data

came from the China Ocean Yearbook, China Marine Economic

Statistical Yearbook, China Environmental Statistics Yearbook,

Environmental State Bulletin of Zhejiang Province, and Marine

Environment Bulletin of Zhejiang Province from 2004 to 2018.

Some data were collected from the Zhejiang Natural Resources

and Environment Statistics Yearbook from 2008 to 2018 and

Zhejiang Provincial Marine Disaster Bulletin from 2011 to 2018.
Research methods

The research ideas of this paper are mainly shown

in Figure 2.

Reliability analysis of indexes
Reliability is the manifestation of credibility and consistency

of test results. The higher reliability coefficient indicates that the

test results are more reliable. In this study, the common

reliability coefficient Cronbach’s a was applied to evaluate the

consistency of the index system, and its equation is as follows

(Mangi et al., 2007):

a = (
n

n − 1
) 1 −o

 s2

s2

� �
(1)

o s2 =o(kmi − km)Ç (2)

In the equation, a is the reliability coefficient, n is the

number of variables in the index system, ∑ s2 is the variance

sum within each variable group, s2 is the total variance of the

index variable, kmi is the variable value of index i in the m-

th index system, and km is the mean of the variables in the m-th

index system.
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Original data were normalized by the min-max method, and

reliability was analyzed by SPSS 15.0 software. The reliability

coefficient Cronbach’s a of indexes was higher than 0.90

according to the control table of Cronbach’s a; this index

system can evaluate the marine resource environmental

carrying state well, so it can carry out subsequent research.

Calculation of the contributions to the marine
resource environmental carrying capacity

Based on the full permutation polygonal graphical index

evaluation method used in ecological assessment (Wu et al.,

2005), a polygon was plotted by using the origin O as the center

and the standardized upper limit (1) as the radius according to

number of standardized indexes. A standard polygon was

formed. Values of different indexes were between O and

vertexes of the polygon. Irregular N-polygons were formed by

connecting the values of the indexes. According to the principle

of categorical permutation multiplication, the N indexes could

form (N-1)!/2 irregular N-polygons. The ratio between the mean

area of each irregular N-polygon and the standardized polygon

area was defined as the contributions of different components to

the MRECC, and its equation is as follows (Wang and Liu, 2019):

C = o
i,j
I<J (ki + 1)(kj + 1)

N(N − 1)
(3)

S = o
i
i=1C

p
i

oj
j=1C

n
j

(4)

In the equation, C is the contribution value of each sub-item

carrying capacity; N is the number of specific indicators; ki、kj is

the index i and j in the specific index layer; S is the carrying state

of marine resources and environment; Cp
i is the contribution

value of the i-th positive carrying capacity in the first-level index

layer; and Cn
j is the contribution value of the j-th negative

carrying capacity in the first-level index layer.

Influencing factors of the MRECC interact mutually and

have complicated relationships. Evaluation results based on the

“short board principle” alone are not scientific and accurate

enough. Hence, the marine resource environmental carrying

state (S) was expressed by the ratio between the sum of the

positive carrying capacities and the sum of the negative carrying

capacities. When S ≥ 1, the marine resource environmental

carrying state is good and the higher value indicates the better

carrying state. When S < 1, the marine resource environment is

in the overloading state and alarms shall be given.

Determination of the evaluation index
grading standards

For better analysis of the interannual variations of the

carrying capacity and variations and correlations of indexes

under different carrying states, this study divided the MRECC

into four grades with references to Technological Guidelines for
frontiersin.org

https://doi.org/10.3389/fmars.2022.1023769
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ying et al. 10.3389/fmars.2022.1023769
TABLE 1 Evaluation index system of the marine resources and environmental carrying capacity.

Criteria layer Level-1
index

Level-2 index Specific index Unit (Annual)

Resource utilization conditions Pressure Population Total population 104 persons

Natural population growth rate ‰

Population density persons/km2

Fishery resources Marine fishing yield 104 tons

Total marine product 104 tons

Energy consumption Energy consumption per unit of regional gross marine
product

ton standard coal/104

yuan

Electricity consumption per unit of gross marine product kW·h/104 yuan

Coal consumption per unit of regional gross marine product ton/104 yuan

Marine breeding area Mariculture area km2

Support force Resource support Sea area per capita km2/person

Coastline per capita m/person

Seabed mineral production 104 tons

Marine salt production 104 tons

Social and economic support Engel coefficient of urban residents %

Gross marine product 108 yuan

Proportion of gross marine product to regional gross
domestic product

%

Gross marine product growth rate %

Proportion of marine tertiary industry in gross marine
product

%

Environmental capacity
and
disaster resistance

Destructive
force

Environment disruption Marine industry exhaust emissions 104 m3

Sulfur dioxide emissions from marine industries 104 tons

Marine industry wastewater discharge 104 tons

Chemical oxygen demand of marine industrial wastewater 104 tons

Marine industry solid waste volume ton

Major disaster Number of storm surge marine disasters frequency

Direct storm surge damage 108 yuan

Number of red tides frequency

Resilience force Pollution control capacity Reuse of marine industry wastewater 104 tons

Solid waste disposal of marine industry 104 tons

Waste gas treatment capability 108 m3/h

Investment in environmental population control per capita yuan

Disaster prevention capacity Number of seaside observatories pcs

Number of coastal meteorological observation station pcs

Number of marine environmental station pcs

Investment in disaster prevention and control 108 yuan

Resource environmental
degradation
and
development

Degradation
force

Water quality degradation Area ratio of the first and second class seawater %

Red tide occurrence area km2

Mass proportion of the first type of sediments in the surface
layer

%

Biological abundance
degradation

Average number of phytoplankton species in typical
ecosystems

pcs

Average number of zooplankton species in typical ecosystems pcs

Average number of benthic species in typical ecosystems pcs

Promotion
force

Project governance Number of marine protected areas pcs

Area of marine protected areas km2

Number of wastewater treatment projects pcs

Number of solid waste treatment projects pcs

(Continued)
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Evaluation of Resource Environmental Carrying Capacity and

Territory Space Development Suitability (Trial), Monitoring and

Alarming Technical Methods for Resource Environmental

Carrying Capacity (Trial), Technical Norms for Ecological

Environmental Evaluation(HJ192-2015), and other relevant

technological studies. 1) When 0 < C ≤ 0.30, the MRECC is at

the low-level balance and approximately stable. 2) When 0.30 <

C ≤ 0.70, the MRECC shows high-speed growth and it is

unstable. 3) When 0.70 < C ≤ 0.85, the MRECC is in the ideal

state and it is approximately stable. 4) When C > 0.85, the

MRECC is under the full carrying state and it tends to

be unsteady.

The mode to judge marine resource environmental carrying

potentials was further proposed by combining with mean

contributions of different components (C) and different

carrying states. When mean C ≤ 0.30 and S < 1, the current

marine resource environment is relatively poor and has small

potentials. It is in the low-level overloading state, and a low-level
Frontiers in Marine Science 08
irreversible carrying alarm shall be sent. When mean C ≤ 0.30

and S ≥ 1, the marine resource environment is in the low-level

balance and people shall take the initiative to promote the

development of positive acting forces. When mean C is 0.30–

0.70 and S < 1, the contradiction between human economic

activities and resource environment is intensifying gradually and

there is a small space available in resource environmental

potentials. The marine resource environment is in the

moderate overloading state. When mean C is 0.30–0.70 and S

≥ 1, the marine resource environment is in the moderate balance

and attention shall be paid to prevent increasing negative acting

forces to the high-level irreversible carrying state (>0.85). When

mean C is 0.70–0.85 and S < 1, the marine resource environment

is in the high-level overloading state. Although the development

level is relatively high, there is a deficit in resource

environmental potentials. Causes of deficit shall be found out

and solved positively. When the mean C is 0.70–0.85 and S ≥ 1,

the marine resource environment is in the high-level balance
TABLE 1 Continued

Criteria layer Level-1
index

Level-2 index Specific index Unit (Annual)

Technology upgrading Number of marine science and technology topics pcs

Number of marine scientific and technological achievements pcs

Number of marine science and technology institutions pcs

Marine technicians person
FIGURE 2

General idea of the marine resource environmental carrying capacity evaluation.
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state and it is the ideal development state that shall be kept

continuously. When mean C > 0.85 and S < 1, the marine

resource environment is in the high-level irreversible state,

which is going to cause economic recession, resource

exhaustion, and environmental degradation. When mean C >

0.85 and S ≥ 1, the marine resource environment is in the

extremely high development level and it still has some potentials.

However, the influences of the negative acting force must be

decreased as soon as possible to prevent a high-level

irreversible state.

Coupling degree model
The coupling degree is an index that describes interaction

and mutual influences among systems. The MRECC is just the

manifestation of the coupling relationship between natural

factor background of the “sea area” and the carrier of “human

activities” in the man–marine system. In the PS-DR-DP

theoretical model, the MRECC is divided into six forces that

interact and influence mutually, including pressure, supporting

force, destructive force, resilience force, degradation force, and

promotion force. These six acting forces were viewed as the six

subsystems of the MRECC, and the coupling degree model was

applied among them.

Since the traditional coupling degree model is not a mean

distribution function in the interval of [0,1], it often may

influence the using validity of the model. The coupling degree

model was corrected based on the original formula. In this study,

it tried to make C within [0,1] to increase discrimination, and its

equation is as follows (Wang et al., 2021):

C =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1 −o

n
i>j,j=1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Ui − Uj)

2
q

on−1
m=1m

� � (
Yn

i=1

Ui

maxUi
)

1
n−1

vuut
(5)

In the equation, C is the coupling degree, Cϵ[0,1]; Ui and Uj

are the values of the i-th and j-th subsystems, Ui and Ujϵ[0,1]; n
is the number of subsystems; m is the number of pairwise

coupled systems; when each subsystem is more discrete, the C

value is lower, and vice versa, the C value is higher.
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Coupling harmonious degree model
Calculating the coupling degree alone cannot describe the

harmonious development level between two systems. Hence,

the coupling harmonious degree model was introduced to reflect

the overall development conditions among systems, and its

equation is as follows (Wang et al., 2021a):

T =on
i=1ai � Ui,on

i=1a = 1 (6)

D =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
C � T

p
(7)

In the equation, T is the comprehensive coordination index,

ai is the undetermined coefficient of the i-th subsystem, n is the

number of subsystems, and D is the coupling coordination

degree. In this study, pressure, support force, degradation

force, lifting force, destructive force, and recovery force are all

equally important, so ai =1/6.

For better judgment of the coupling degree types and

coupling harmonious states of the subsystems, the marine

resource environmental carrying states were divided with

references to previous research results (Wang et al., 2020; Xiao

and Guo, 2021; Deng et al., 2022) (Table 2).
Results and analysis

Evaluation results of the resource
environmental carrying capacity

After normalization of specific data, the evaluation values

and states of the MRECC in Zhejiang Province from 2004 to

2018 were gained based on Equations 3 and 4. Specific results are

shown in Table 3. A broken line graph was plotted according to

the results (Figure 3). In the interval of 0.64–0.68, the mean C of

the acting forces presented a slow fluctuating growth trend in 15

years. In other words, the MRECC in Zhejiang Province was

generally in an unsteady state of high-speed growth, but it

tended to develop toward the ideal carrying mode. The value
TABLE 2 Classification of the coupling degree and coupling coordination degree.

The coupling The development of type Coupling coordination State the type

C=0 Independent state 0≤D<0.10 Extreme imbalance

0<C ≤ 0.30 Low level coupling 0.10≤D<0.20 Severe imbalance

0.30<C ≤ 0.50 Antagonism phase 0.20≤D<0.30 Moderate imbalance

0.50<C ≤ 0.80 Running-in stage 0.30≤D<0.40 Mild imbalance

0.80<C<1 High level coupling 0.40≤D<0.50 Approximate imbalance

C=1 Benign resonant coupling 0.50≤D<0.60 Managed coordination

0.60≤D<0.70 Preliminary coordination

0.70≤D<0.80 Moderate coordination

0.80≤D<0.90 Benign coordination

0.90≤D ≤ 1 High-quality coordination
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of the marine resource environmental carrying state (S) in

Zhejiang Province generally presented a rising trend. It

changed from the overloading state after 2006 to a benign

state, accompanied by continuous growth. Combined with the

mean C and S, the contradiction between human economic
Frontiers in Marine Science 10
activities and resource environment in the sea areas in Zhejiang

province was intensified gradually from 2004 to 2005. Moreover,

there is a small space for the available resource environmental

potentials. The MRECC in Zhejiang Province was in the

moderate overloading state. With increasing attention of the
A B

DC

FIGURE 3

Changes of various forces and load state value in marine resource environmental carrying capacity in Zhejiang Province. (A) Pressure and
supporting force changes, (B) Destructive force and resilience force changes, (C) Degradation force and promotion force changes, and (D)
Mean contribution value of all component forces and load state value of marine resource environmental carrying capacity changes.
TABLE 3 The carrying status of the marine resources and environment in Zhejiang Province.

Year Pressure Supporting
force

Destructive
force

Resilience
force

Degradation
force

Promotion
force

Load state
value

Mean contribution
value

2004 0.690 0.586 0.638 0.552 0.688 0.712 0.918 0.644

2005 0.687 0.583 0.637 0.554 0.655 0.780 0.969 0.649

2006 0.686 0.583 0.638 0.566 0.570 0.837 1.048 0.647

2007 0.687 0.587 0.641 0.585 0.640 0.853 1.029 0.666

2008 0.696 0.603 0.641 0.584 0.667 0.848 1.015 0.673

2009 0.714 0.611 0.641 0.581 0.608 0.825 1.027 0.663

2010 0.716 0.635 0.648 0.579 0.573 0.861 1.071 0.669

2011 0.724 0.641 0.648 0.587 0.537 0.782 1.053 0.653

2012 0.732 0.657 0.649 0.592 0.535 0.775 1.056 0.657

2013 0.732 0.649 0.651 0.591 0.531 0.771 1.051 0.654

2014 0.735 0.657 0.656 0.608 0.533 0.767 1.056 0.659

2015 0.743 0.688 0.656 0.620 0.523 0.758 1.075 0.665

2016 0.719 0.675 0.655 0.629 0.524 0.782 1.099 0.664

2017 0.707 0.681 0.668 0.640 0.524 0.831 1.133 0.675

2018 0.695 0.663 0.666 0.651 0.515 0.836 1.147 0.671
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state and local government to resource environmental

governance, restoration, and protection, the marine resource

environmental carrying state in Zhejiang Province changed after

2006 and it was kept in the moderate balance since then.

Moreover, it was developing toward the high-level balance.

Additionally, the variation of the S values in Zhejiang

Province presented some stages. From 2004 to 2006, the

MRECC was increasing continuously and presented good

development status. This was closely related to the decreasing

degradation force and increasing carrying capacity. At the same

time, the red tide area in Zhejiang Province decreased from

16,000 to 3,000 km2. The average number of categories of typical

ecosystem phytoplankton, zooplankter, and benthos increased

from 49, 35, and 21 to 62, 73, and 45, respectively. The marine

environmental state and biodiversity were improved, thus

decreasing the degradation force continuously. In addition, the

number of wastewater and solid waste management projects

increased from 163 and 1 to 533 and 10, respectively. The

number of marine technological topics and achievements

increased from 245 and 44 to 315 and 56, respectively. The

improved government governance and scientific technological

developments facilitated continuous growth of the promotion

force and improvement of the marine resource environmental

carrying level.

From 2007 to 2009, the MRECC in Zhejiang Province

generally decreased continuously. In particular, the marine

economic development suffered great impacts after the global

financial crisis in 2008. The marine industrial structure changed

accordingly. The proportion of the marine tertiary industry

decreased from 49.50% to 47.00%. The marine first and

secondary industrial development relied more on marine

resources. For example, the marine fishing output increased

from 2,344,200 tons to 2,666,400 tons and the total seafood

output increased from 3,174,000 tons to 3,431,000 tons. The

emissions of “waste gas, waste water and industrial residue” in

the marine industry also increased, thus increasing the pressure

in the MRECC continuously. The marine environmental

governance level declined during the economic recession. For

example, the per capita investment to environmental pollution

control decreased from 72.50 yuan to 56.00 yuan, and the

expenditure for disaster control decreased from 197 million

yuan to 185 million yuan. Consequently, the resilience force

and promotion force decreased to different degrees.

From 2010 to 2015, the influences of the global financial

crisis weakened gradually and the marine economy in Zhejiang

Province began to be restored gradually. However, dependence

on the marine resources and environmental destructive force

increased. The marine fishing output increased from 2.99

million tons to 3.98 million tons, and the waste gas emissions

of marine industries increased from 28.22 million m3 to 33.69

million m3, thus increasing the pressure and destructive force

continuously. At the same time, the state and local government

paid more attention to strategic positions of the ocean and issued
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a series of policies related to the marine resource environment.

For example, the State Council officially approved the Plan for

Marine Economic Development Demonstration Base in Zhejiang

Province in 2011, which symbolized that the marine economic

development in Zhejiang Province was uplifted to a national

development strategy. Since then, the marine economic strength

of Zhejiang Province increased continuously. In 2012, the total

marine outputs of Zhejiang Province reached 494.81 billion

yuan, which was about 33.00% higher compared to that in

2010 and nearly 10.00% higher than that in 2011. It accounted

for 10.00% of the national marine outputs. This policy

strengthened the driving effect of marine economy to land

economy. In the same year, the State Council officially

approved to build a New Zhoushan Island Region in Zhejiang

Province. Zhoushan became the first new national region

themed at marine economy. It tried to become the

transferring, processing, and trade center of bulk commodity

in China and an important open sea gateway in Eastern China to

drive the rapid development of the marine economy in Zhejiang

Province. In 2013, the 12th Five-Year Plan of National Marine

Industrial Development was issued, which emphasized to

strengthen marine environmental monitoring and evaluation

as well as improve marine ecological protection and restoration,

thus facilitating the benign development of the marine resource

environment. Based on the above policy backgrounds, the

supporting force to the marine economy in Zhejiang Province

increased continuously, accompanied by continuous

improvement of the environmental governance level. The fast

scientific technological development facilitated the increase of

the promotion force in the MRECC, finally increasing the

supporting force, resilience force, and carrying capacity to

different states. These offset the negative influences of the

pressure and destructive force on the MRECC. Therefore, the

MRECC in Zhejiang Province was basically stable in this period.

From 2015 to 2018, the MRECC in Zhejiang Province

increased gradually. The central government pointed out

clearly in the “13th Five-Year Plan” in 2015 to “expand the

blue economic space.” The Zhejiang Provincial government

made positive responses to the policy and achieved great

fruits. The total marine outputs of Zhejiang Province reached

752.41 billion yuan in 2018, which was about 25.13% higher than

that in 2015. The marine industrial development of Zhejiang

Province facilitated the development of the economic supporting

force. In the same year, the State Oceanic Administration

officially issued the Marine Ecological Civilization Construction

and Implementation Scheme of the State Oceanic Administration

and Opinions for Comprehensive Construction and

Implementation of Marine Ecological Red Line System, which

facilitated the marine ecological civilization construction and

realized basic division and control in the marine resource

consumption and development. Moreover, these two policies

strengthened marine environmental protection and restoration,

increased the resilience force and promotion force, and inhibited
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the negative effects of the destructive force and degradation

force, thus facilitating the development of the MRECC.

The contributions of the positive acting forces in the

MRECC general ly increased in 15 years. Although

the contributions of the negative forces fluctuated greatly in

the study period except for a sharp reduction of the degradation

force, they were generally stable or increased slightly.

Specifically, pressure increased firstly and then decreased

continuously, indicating that the marine resource consumption

by human activities changed from the rising trend to the

decreasing trend. The energy consumption per 10,000 yuan of

total marine outputs decreased from 7.31 tons of standard coals

in 2004 to 2.90 tons in 2018, while electricity consumption per

10,000 yuan of total marine outputs decreased from 9,537 kW·h

in 2004 to 6,025 kW·h in 2018. Increasing energy utilization

decreased the pressure over resources. Although the supporting

force kept increasing, the reduction of per capita sea area, seabed

mineral output, and marine salt output weakened the driving

effect of the supporting force. This sounded an alarm for marine

resource exploitation efficiency in Zhejiang Province. Trends of

pressure and supporting force reflected that marine resource

utilization in Zhejiang Province generally developed toward

good directions. However, attention has to be paid to

efficiency and sustainability of resource utilization.

The destructive force generally increased to a small extent.

This was closely related to changes in emissions of waste gas,

SO2, wastewater, and solid wastes in marine industries. From

2004 to 2018, waste gas and solid waste emissions in marine

industries increased from 11,119,800 m3 and 2.21 million tons to

31,037,800 m3 and 5.62 million tons, respectively. Such

significant growth of waste gas and solid waste emissions

intensified environmental damages. On the contrary, the SO2

and wastewater emissions from marine industries decreased

from 75,000 tons and 1,507.11 million tons to 14,000 tons and

130.60 million tons, respectively. Such reduction of SO2 and

wastewater emissions weakened the environmental destructive

forces of waste gas and solid wastes. Consequently, the

destructive force only presented a small increasing state. The

reduction of some waste emissions from marine industries

proved indirectly that people have increased control over

environmental pollution, but there is still great space for

improvement. The resilience force increased year by year,

which was closely related to reuse efficiency of wastewater,

solid waste disposal rate, and waste gas governance level. At

the same time, people strengthened the resistance to natural

disasters by increasing monitoring and alarming continuously,

thus intensifying the rising trend of the resilience force. The

slight growth of the destructive force and sharp growth of the

resilience force proved that people’s resistance to environmental

pollution and risk disasters generally increased. However, it is

still necessary to further strengthen environmental protection

and restoration based on a guarantee to resource development,

such as formulating pollutant discharge standards for different
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industries and regions, strictly controlling the discharge of land

source pollutants, and reducing the pollution of coastal

industrial and domestic sewage to the marine environment. At

the same time, accelerating the marine ecological construction

through the construction of marine protected areas and

reasonable division of marine functional areas improved the

environmental resilience.

Degradation force generally presents a decreasing trend,

indicating that occurrences of resource and ecological

environmental degradation were decreasing continuously. This

was attributed to the improvement of water quality and

increasing biodiversity. The proportions of Class-1 and Class-2

seawater areas in Zhejiang Province increased significantly (by

50.00%) in 15 years, while the red tide area decreased

dramatically by 1,396.73% from 16,000 km2 in 2004 to 1,069

km2 in 2018. With the continuous improvement of water

quality, the abundance of phytoplankton, zooplankter, and

benthos in the marine ecosystem all increased continuously,

thus decelerating the sea area degradation gradually. The

promotion force generally presented a fluctuating rising trend.

With the increasing attention to ocean and deepening studies on

ocean in the past 15 years, the annual number of marine science

and technological topics increased from 245 to 711, and the

annual number of marine science and technological

achievements increased from 44 to 103. The annual number of

marine science and technological staffs increased from 721 to

2,926. The continuous marine science and technological

development facilitates the improvement in the resource

protection and restoration ability, thus increasing the

promotion force. The reduction of the degradation force and

the increase of the promotion force reflect that Zhejiang

Province had proper control in the marine resource

environmental governance and ecological protection. However,

marine scientific and technological innovation still needs to be

strengthened. Through market mechanism and policy guidance,

we should establish a strategic alliance for marine scientific and

technological innovation that combines industry, school,

academy, government, and enterprise, tackle major marine

scientific and technological problems, speed up marine

ecological restoration, and timely translate scientific and

technological achievements into practice to enhance the

improvement of the resources and environment.
Coupling harmonious degree analysis of
the marine resource environmental
carrying capacity system in Zhejiang
Province

According to contribution values (C) of the six acting forces

in the MRECC in Zhejiang Province from 2004 to 2018, the

coupling degrees and coupling harmonious degrees of the six

acting forces in 15 years were calculated according to Equations
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5–7 and Table 4. A broken line graph was plotted to further

show the variation trend of the coupling harmonious degree

(Figure 4). In the past 15 years, the coupling degree generally

presented a rising trend. The coupling degree generally ranged

between 0.50 and 0.80 except for those in 2004, 2006, and 2007

(0.40–0.50). It was in the running-in stage, and it tended to

develop to the high-level coupling stage. Additionally, the

development of the coupling degree could be divided into

several stages. From 2006 to 2010, the coupling degree

presented a continuous rising trend. From 2010 to 2013, the

coupling degree presented a fluctuating rising trend. From 2013

to 2016, the coupling degree increased year by year. The

coupling degree tended to be stable from 2016 to 2018. Such

variation trend proved that Zhejiang Province has achieved

some frui t s pre l iminar i ly in the marine resource

environmental protection and development.
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The numerical value of the coupling harmonious degree

generally presented a rising trend in 15 years. It increased from

0.31 in 2004 to 0.72 in 2018. The coupling harmonious degree

changed from mild imbalance to moderate coordination. Such

variation of the coupling harmonious degree can be divided into

five stages in time: 1) 2004–2007: mild imbalance; 2) 2008–2011:

approximate imbalance; 3) 2012–2015: managed coordination;

4) 2016: preliminary coordination; 5) 2017–2018: moderate

coordination. The variation trend of the coupling harmonious

degree was basically the same as that of the coupling degree. It

generally increased in the fluctuating manner and then tended to

be stable. However, the variation amplitude of the coupling

harmonious degree is greater than that of the coupling degree.

This indicates that the interaction among the six acting forces in

the MRECC system intensified gradually and the internal

coordination of the system also improved continuously.
FIGURE 4

The coupling and coordination paths of various forces in the marine resources and environmental carrying capacity.
TABLE 4 Classification of the coupling degree and coordination degree of the marine resources and environmental carrying capacity systems in
Zhejiang Province from 2004 to 2018.

Year The coupling The development of type Coupling coordination State the type

2004 0.431 Antagonism phase 0.307 Mild imbalance

2005 0.527 Running-in stage 0.386 Mild imbalance

2006 0.443 Antagonism phase 0.368 Mild imbalance

2007 0.467 Antagonism phase 0.385 Mild imbalance

2008 0.522 Running-in stage
Running-in stage
Running-in stage
Running-in stage
Running-in stage
Running-in stage
Running-in stage
Running-in stage
Running-in stage
Running-in stage
Running-in stage

0.414 Approximate imbalance

2009 0.592 0.427 Approximate imbalance

2010 0.612 0.477 Approximate imbalance

2011 0.588 0.474 Approximate imbalance

2012 0.665 0.508 Managed coordination

2013 0.635 0.507 Managed coordination

2014 0.657 0.565 Managed coordination

2015 0.673 0.585 Managed coordination

2016 0.740 0.696 Preliminary coordination

2017 0.723 0.701 Moderate coordination

2018 0.749 0.721 Moderate coordination
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However, the increasing rate of the coupling harmonious degree

varied in different years. This might be closely related to great

fluctuations in the development levels of the internal six acting

force subsystems. Therefore, attention shall be paid to stable

development and realize the high-level coupling of the six acting

forces when decreasing the pressure, destructive force, and

degradation force as well as increasing the supporting force,

resilience force, and promotion force continuously.
Discussion

Suitability of the pressure and support-
destructiveness and resilience-
degradation and promotion theoretical
model to the marine resource
environmental carrying capacity
evaluation

Different sea areas have unique natural environment and

special resource endowment. Hence, the accurate assessment of

the MRECC has become a challenge. Although previous studies

have provided different methods to evaluate the MRECC (Li,

2014; Di et al., 2015; Song and Ning, 2020), their reasonability

and universality to the sea areas still have to be further explored

and improved. The PSR model and the DPSIR model provide a

framework to build the evaluation index system. However, both

the PSR model and the DPSIR model are simple linear causal

relations and lack an oriented evaluation process of resource

environmental alarm. Compared with these two models, the PS-

DR-DP theoretical model decomposes the MRECC into several

resultant forces in two-layer embedding of triangles and

hexagons from the original concept: pressure, supporting

force, destructive force, resilience force, degradation force, and

promotion force. These six resultant forces corresponded to

resource utilization condition, environmental capacity and

disaster resistance, and resource environmental degradation

and development. They can well express the marine resource

environmental elements (resource carrying capacity, ecological

environmental resilience force, and human activity) and have

corresponding relations with pressure, state, and response in the

PSR model (Li, 2014). According to changes in the hexagonal

shape and areas caused by variations in the acting forces, the

contribution values and states of the MRECC were expressed by

the area index and area proportion. In this way, dynamic

evaluation of resource environmental carrying capacity was

realized. The marine resource environmental alarm was

further provided according to the contribution values and

carrying state. It provides a new way to understand the

interaction between the social economy subsystem and the

resource environment subsystem.

Most of the associated studies calculated the weights of the

built indexes by using the entropy evaluation method (Tian
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et al., 2020; Wu et al., 2022), analytic hierarchy process (AHP)

(Li, 2014; Zhang, 2017), and principal component analysis

(PCA) (Du et al., 2020; Sun et al., 2022) when evaluating the

MRECC by using the comprehensive evaluation method.

However, it is inevitable to have errors in the final calculated

results due to the subjectivity of humans or the fuzziness of

principal components. According to other associated studies

(Zhang et al., 2014; Wang and Liu, 2019), the MRECC could be

evaluated only by determining appropriate upper and lower

limits by using the polygonal graphic method and

multidimensional multiplication method. This decreased errors

in the calculation process of weights and increased the accuracy

of the evaluation. Therefore, a complete set of evaluation method

was formed by choosing the PS-DR-DP theoretical model,

po lygonal graphic method, and mult id imens iona l

multiplication method. It provides new insights to further

improve the evaluation method for the MRECC (Chen

et al., 2020).

In addition, there are similarities and differences between the

MRECC results of Zhejiang case and the MRECC results

calculated by Huang et al. (2021) using the DPSIR model,

which is mainly reflected in the rapid rising trend of the

MRECC obtained by Huang from 2010 to 2015, while the

MRECC in this paper shows a relatively stable or slow rising

trend. The reason may be that the DPSIR model overemphasizes

the causal relationship between the economy and the

environment and ignores the changes in the state of the sea

environment. In general, the similar development trend still

indicates that this evaluation method is feasible for the

comprehensive evaluation of the MRECC. As a strong marine

province in China, Zhejiang Province actively responds to or

even surpasses the relevant national marine policies and plays a

strong leading role in the development of the MRECC in coastal

cities across the country. Therefore, the MRECC change trend of

Zhejiang Province can reflect the development trend of China’s

MRECC to a certain extent, and the results calculated in this

paper are similar to the national MRECC change trend obtained

by Yu et al. (2015) and Yu and Hu (2020). Moreover, this

research method can be extended to different scales, such as

prefecture-level cities and counties, so as to better reveal the

spatial and temporal heterogeneity of the MRECC at different

spatial scales.
Variation stages of the marine resource
environmental carrying capacity and its
correlation with marine policies

In this study, the variations of the MRECC in Zhejiang

Province were measured comprehensively. It found that the

MRECC generally presented a rising trend in the study period.

Specifically, from 2004 to 2006, the marine pressure and

degradation force decreased continuously, while the
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supporting force, resilience force, and promotion force increased

to different extents. As a result, the MRECC in Zhejiang

Province increased continuously and presented a good

development trend. This was relatively consistent with the

research results of Huang et al. (2021). The marine economy

of Zhejiang Province was affected after 2007, especially after the

global financial crisis in 2008. The resource utilization mode

became more and more extensive, thus decreasing the MRECC

in Zhejiang Province significantly. It began to be restored in

2010. This variation trend was relatively consistent with the

previously observed reduction trend in other regions in China

(Ma et al., 2017; Han et al., 2018). From 2010 to 2015, the

pressure and destructive force both increased to some extent,

indicating that human activities were intensifying damages to

the marine resource environment continuously. Meanwhile, the

resilience force and supporting force got rid of influences of the

financial crisis under the support of national policies. They

began to increase, thus offsetting the negative effects of the

pressure and destructive force on the marine resource

environment. Hence, the MRECC in Zhejiang Province was

basically stable. The MRECC in Zhejiang Province presented a

rising trend after 2015. This was mainly because the negative

effects of the pressure, destructive force, and degradation force

began to decrease gradually, while the supporting force,

resilience force, and promotion force kept increasing

continuously. Under the collaborative effect of the above six

forces, the MRECC increased. This was consistent with previous

research results (Li, 2020).

Additionally, we can find that national policies have great

influences on variations of the MRECC. After the outburst of the

global financial crisis, China’s marine economy was influenced to

some extent. To recover and accelerate the marine economic

development, the State Council issued the Guideline for National

Marine Industrial Development Plan in 2008, which regulated to

“develop marine economy vigorously” and provided policy

guarantee to building a new development pattern of the marine

economy. However, the marine industrial formation and

development mainly depended on marine resources at that

time, accelerating the marine economic development implied

increasing the utilization of the marine resource environment.

Consequently, the negative effects of the pressure and destructive

force on marine resources were strengthening continuously, thus

decreasing the MRECC. In 2010, the Central Committee of the

Communist Party of China emphasized the strategic deployment

of “developing marine economy” again on the Fifth Plenary

Session of the 17th CPC Central Committee. This implied that

China’s goal of developing the marine economy was more explicit.

However, the problem of low marine industrial level has not been

solved completely. China still achieved rapid marine economic

development at the consumption of abundant marine resources.
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The pressure and destructive force of the marine resource

environment were still increasing. However, the Central

Committee of the Communist Party of China also pointed out

“to improve marine development ability and strengthen marine

control and comprehensive management ability.” This promotes

the local government to strengthen the marine environmental

governance and marine resource control, promote improvements

of the resilience force and supporting force, and decelerate the

reduction of the MRECC significantly. In 2012, it pointed out in

the report of the 18th Party Congress to “improve marine

resource exploitation ability, develop marine economy, protect

marine ecological environment and build a marine power.” In

other words, the government has realized the negative influences

of human activities on the marine ecological environment, began

to pay attention to the resource environmental conditions of the

sea areas, and strengthened the marine resource environmental

protection and governance. Hence, the pressure and destructive

force were increasing slowly from 2010 to 2015, while the

resilience force and supporting force increased continuously. In

2015, the State Oceanic Administration issued the Marine

Ecological Civilization Construction and Implementation Scheme

of the State Oceanic Administration and Opinions for

Comprehensive Construction and Implementation of Marine

Ecological Red Line System, which realized the basic division

and control in marine resource consumption and development

and facilitated the marine resource environmental protection and

restoration. In the same year, Zhejiang Province revised the

Regulations on Marine Environmental Protection in Zhejiang

Province , which strengthened the marine resource

environmental protection. Supported by these policies, the

negative acting forces decreased, but the positive acting forces

were improving continuously. Consequently, the MRECC was

improved. In addition to the national and provincial policies, the

relevant marine policies of prefecture-level cities have also played

an important role in the development of the MRECC in Zhejiang

Province. For example, Ningbo, a strong marine city in Zhejiang

Province, issued the Ningbo Marine Economic Development Plan

in 2011, pointing out that Ningbo should accelerate the

transformation of its marine economic development mode and

build a leading area for marine ecological civilization

construction, providing impetus for the development of

resilience and support in the MRECC of Zhejiang Province

after 2011. In 2016, Ningbo Oceanographic Bureau formulated

and issued the Several Provisions on the Governance and

Restoration of Ningbo Marine Ecological Environment, which

standardized the governance and restoration of the marine

ecological environment. In the same year, Ningbo completed

the Implementation Plan of Ningbo Blue Bay Renovation Action,

accelerating the marine ecological environment governance and

island ecological protection and contributing to the rapid
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improvement of the Zhejiang MRECC after 2016. In general, the

variations of the MRECC in Zhejiang Province were relatively

consistent with the target of national policies. This was consistent

with the conclusion of Sun et al. (2022) and Li and Wang (2022)

that policy support was crucial to the sustainable marine resource

environmental development.
Coupling harmonious mechanism of
acting forces in the marine resource
environmental carrying capacity

The MRECC not only is a quantitative evaluation index that

can judge whether the man–marine relationship is in the

sustainable development state but also reflects the coupling

relationship between the natural background of the “sea area”

and the carrier of “human activities” in the man–marine system.

In the PS-DR-DP model, the interaction between human activities

and marine resource environment can be extracted as mutual

influences and causal path among pressure, supporting force,

destructive force, resilience force, degradation force, and

promotion force (Figure 4). The pressure caused by human social

economic activities to the marine resource environment is the

general coordination mechanism, thus resulting in changes in the

marine resource supply states. On the one hand, the pressure

inhibits the growth of the MRECC. On the other hand, resource

exhaustion can facilitate the marine ecosystem damages and

environmental degradation, thus increasing the destructive force

and degradation force. Moreover, human social economic activities

may cause strong destructive forces to the marine ecological

environment and thereby exert negative influences on the

MRECC. Influenced by the pressure and destructive force

together, the marine resource environment degraded to some

extent, thus producing the degradation force. Increasing the

degradation force often may decrease the MRECC. Resource

environmental damages and degradation also may not only cause

damages to human economic activities and life health but also often

attract attention. Therefore, people increased the resilience force of

the sea area and facilitated the development of theMRECC through

direct environmental pollution governance. Moreover, increasing

the resilience force is conducive to restore potential resources, thus

facilitating the increase of the supporting force. Additionally, with

the continuous social economic development, people also may

increase the resource utilization, decrease the potential resource

consumption, and facilitate the development of the supporting force

by improving the production technology. Moreover, pollution

control and restoration and risk resistance are strengthened, and

the resource environmental degradation is decelerated by using

advanced technologies. This increases not only the promotion force

but also the resilience force of the marine resource environment

indirectly, thus facilitating the development of the MRECC.

Influenced by the promotion force and the resilience force

together, the available resource utilization and consumption value
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both decreased to some extent, thus causing positive effects on

the MRECC.
Conclusions

In order to make the MRECC evaluation more scientific and

accurate, this paper constructed the PS-DR-DP theoretical model

based on the review of the concept and evaluation methods of the

MRECC, which decomposed theMRECC into six forces: pressure,

support force, destructive force, resilience force, degradation force,

and promotion force. The contributions and states of the MRECC

were expressed by the area index and the area ratio using the

categorical arrangement polygonal graphic method. Finally,

coordination of the six acting forces in the MRECC was

evaluated by the coupling degree and coupling harmonious

degree. Results demonstrated the following:

1) The MRECC of Zhejiang Province showed an overall

upward trend in 15 years, which was increased firstly, then

decreased slightly, and finally presented a slow increasing trend.

Moreover, variations of the MRECC were relatively consistent

with targets of national policies. This reflected indirectly that

policy supports had positive effects on the sustainable

development of the marine resource environment.

2) In the past 15 years, the carrying state of the MRECC in

Zhejiang Province showed an overall upward trend. It was kept

at a good state and increasing after changing the overloading

state in 2006. The mean contributions of the different acting

forces in the MRECC of Zhejiang Province have been in the

medium-level equilibrium stage since 2006 and gradually tends

to develop toward the high-level equilibrium stage, except in the

medium-level overload state from 2004 to 2005.

3) The mean contributions of the different acting forces

fluctuated between 0.64 and 0.68, which is in the high-speed

unsteady increasing state and tended to develop toward the ideal

carrying mode. Moreover, contributions of the positive acting

forces generally increased. Although the contributions of all

negative acting forces fluctuated greatly except the sharp

reduction of degradation force, they were basically stable or

increased slightly. In other words, there is moderate control over

the marine resource utilization, environmental governance, and

ecological protection in Zhejiang Province.

4) The coupling degrees among the six acting forces in the

MRECC in Zhejiang Province generally presented a rising trend in

15 years. The coupling degree was between 0.50 and 0.80 throughout

the study period except in 2004, 2006, and 2007 (0.40–0.50), which

was in the running-in stage. The numerical value of the coupling

harmonious also presented a rising trend. The type of the coupling

harmonious degree changed from mild imbalance to moderate

coordination. Moreover, the variation trends of the coupling

harmonious degree, coupling degree, and resource environmental

carrying capacity were basically the same. They increased in the

fluctuating manner firstly and then tended to be stable.
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