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Abstract: In order to quantitatively analyze the comprehensive impact of population growth, eco-
nomic development, and environmental pollution on marine ecology, a system dynamics (SD) model
was constructed to evaluate and predict the marine ecological carrying capacity (MECC) of Ningbo
city, China. Population, gross domestic product, chemical oxygen demand, and marine economic
development were selected as the influencing factors of Ningbo MECC. Using the established SD
model, the current situation and development forecast of Ningbo MECC from 2012 to 2023 were sim-
ulated and analyzed. A consistency test showed that the difference between the simulated value and
historical data was within 5%, and the data were consistent in reflecting the evolution of the actual
system with high credibility and effective simulation. The results indicated that the model could
objectively reflect the relationship between marine ecology, economic development, and population
growth. According to the prediction by the SD model, the MECC index would slightly rise year by
year under the current development mode, while it would be still below 1.0 by 2023. By reducing
the economic growth rate and increasing the pollutant treatment rate, the goal of improving MECC
could be effectively achieved.
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1. Introduction

Since the reform and opening up, the economy of Zhejiang’s coastal and bay areas has
ushered in a golden period of rapid development. However, increasingly exhausted marine
resources, degraded marine ecology, and a decline in marine environmental quality are ex-
pected to emerge with this rapid development and to become a bottleneck that restricts the
economic and social development of coastal regions [1,2]. Until now, several methodologi-
cal approaches have been carried out to better manage and recover the complex coastal and
bay areas. For example, Garcia-Ayllon developed the socio-ecological system (SES) based
on GIS tools to diagnose and achieve a sustainable cohabitation between human anthropiza-
tion and natural values [3]. Lin [4] proposed a coupling coordination degree model with
an index system weight using the information entropy method and successfully analyzed
the relationship between the marine economy and ecology of Shanghai from 2005 to 2014.
Among these studies, the carrying capacity, originally a concept from ecology, has become a
basic principle for sustainable development and a valuable tool for environmental planning
and management [5-9]. The marine ecological carrying capacity (MECC) here refers to
the capacity of coastal zone ecosystem that can support population, social, and economic
development by self-regulation and self-sustaining, without significant adverse impacts on
sustainable use of marine environmental resources in a certain period of time [10,11]. The
level of MECC is an important basis for formulating reasonable development plans and
goals to control marine development activities within an acceptable range. Carrying out
research on MECC can provide early warnings for specific development strategies from the
perspective of sustainable development and guide human development activities.
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Quantitative assessment of ecological carrying capacity can provide an in-depth
understanding of the relationship between the environment and human activities [12].
Existing quantitative analysis of ecological carrying capacity has been carried out mainly
by establishing relevant mathematical models such as fuzzy comprehensive evaluation
model [6,13], ecological footprint model [14,15], state-pace method model [2], and vector-
surplus ratio of carrying capacity model based on stress and carrying capacity [16]. The
MECC ought to be able to reflect the status of marine environment and socio-economic
environment interactions, which is a complex large-scale system involving numerous
factors. System dynamics (SD) is an effective tool for the analysis of complex systems, which
can reflect the various feedback relationships of the system through the use of computer
simulation technology [17]. It has been widely used to assess the water environment
carrying capacity in China, namely in Suzhou by Cheng [18], in Baita River Basin by
Zeng et al. [19], and in Siping area of Jinlin Province by Zhang et al. [20]. By simulating
developmental changes of variables under different development plans through the SD
model, the development plan that is suitable for the sustainable ecological development of
the region and the corresponding carrying capacity can be identified.

In this study, Ningbo, a developed city in the southern China coastal area, was selected
for the evaluation of MECC in an overpopulated environment and the SD method was
used to build a model for simulating the socio-economic-environmental system. Data from
2012~2018 were collected to assess the current situation of Ningbo MECC and validate the
SD model. The future variation tendency of Ningbo MECC in 2019~2023 was simulated
under two different development scenarios which provide scientific references for its
sustainable coastal planning and management.

2. Construction of the Ningbo MECC
2.1. Study Site

Ningbo city is located in the middle of the eastern seaboard of mainland China, at the
southern wing of the Yangtze River Delta (Figure 1). It is a typical Jiangnan water town
and seaport city. It is rich in marine resources and has a total sea area of 8355.8 km? with
a coastline of 1594.4 km and a population of six million. It is the economic center of the
southern wing of the Yangtze River Delta and the port of origin of the “Maritime Silk Road”
of the East. Ningbo’s marine industry developed early from fishery and the shipping,
harbor, and tourism industries, with a balanced and comprehensive industrial distribution.
It is the core area of Zhejiang province’s model marine economic development zone and
has an important strategic position in promoting the development of Zhejiang’s marine
economy. At present, Ningbo’s marine economic development is in the optimization and
upgrading stage. It is focusing on strengthening the construction of the marine ecological
civilization and striving to achieve a strategic transformation from a city with an extensive
marine economy to a city with a strong marine economy. Therefore, it is expected to become
a core model area for China’s marine economic development. In 2012, its marine gross
domestic product (GDP) accounted for 16% of the total GDP (about $98.2 billion), with an
annual increase rate of 6.5% during the last decade. This tremendous marine economic
achievement has placed a heavy burden on the environment of Ningbo (e.g., marine
pollution and coastal reclamation).
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Figure 1. Map of the study area location in China.

2.2. Spatial and Temporal Model Boundary

The ocean is not only affected by its own natural resources and ecosystems but also
human activities in coastal areas. Moreover, it is a giant, open, and complex system. The
model divides the factors that have a direct and important impact on water resources
within the boundary which include population, economy, environment, and resources.
These factors interact, influence, restrict, and promote each other and jointly affect the
marine ecological systems [21,22]. Taking into account the integrity of the administrative
boundary and the implementability of the policy, this study identified the spatial boundary
of the SD model for Ningbo MECC as the whole land area and coastal waters within the
administrative jurisdiction of Ningbo.

The period revised was from 2012 to 2018. The period selected was based on a quite
high growth rate of the marine economy in China, and rapid development might cause
a spillover on the MECC [1,10,23]. The simulated period was from 2019 to 2023 and the
base year was 2012. The simulation time interval was one year as the interval of data
collection. The validity of the SD model was tested by using the 2012 index values to
simulate the 2012-2018 index values from the initial data. On this basis, the SD model
was adjusted so that the errors of each simulation index were within a certain range. To
maintain and protect the normal basic functions of the Ningbo marine network ecosystem,
the future variation tendency of the Ningbo MECC from 2019 to 2023 under two different
configuration plans was calculated and simulated by the SD model.

2.3. Index System and Data Collection

The selection of indicators in the index system had to meet principles of comprehensive
objectiveness including a combination of quantitative and qualitative factors, operability,
independent representation, and predictability [24,25]. Based on the above-mentioned
principles, indicators that tended to have a great impact on the Ningbo MECC were selected.
The indicators were selected from the authoritative data published by local government or
administration, and the inter-index multicollinearity was eliminated by using the multiple
linear regression method using SPSS software. In multiple linear regression analysis in
SPSS, as long as there are two or more linear correlations, multicollinearity can occur.
The variables enter the regression analysis by the multiple linear regression method of
SPSS software in the order of correlation degree between independent variable data and
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dependent variable data from high to low, and the independent variables with small
relationships with the dependent variables are eliminated. Based on this principle, the
selected indicators are shown in Table 1. The seventeen indicators constituted an evaluation
index system that could comprehensively reflect the status of the marine ecosystem.

Table 1. The index of Ningbo MECC from 2012 to 2018.

Indicator 2012 2013 2014 2015 2016 2017 2018 Effect
(P1) Total annual wastewater .
discharge (1 08 1) 5.63 5.62 6.17 6.52 7.31 7.53 7.84 Negative

(P2) Annual industrial .

wastewater discharge (108 1) 2.01 1.97 1.65 1.61 1.58 1.44 1.51 Negative
(P3) Annual COD .
discharge (10% t) 6.84 6.38 6.13 5.60 3.49 3.26 3.15 Negative
(P4) Industrial solid waste 125 134 120 115 116 121 125  Negative
volume (107 t)
(P5) Total population 5.78 5.80 5.84 5.87 591 5.97 6.03 Negative
(10° person)

(P6) Inorganic nitrogen .
pollutant concentration (mg,/L) 1.81 241 0.84 0.91 1.34 1.92 2.34 Negative
(P7) Active phosphate pollutant o5y (0585 00285 00397  0.049 0.061 0083  Negative

concentration (mg/L)
(P8) Petroleum pollutant 0.078 0.037 0.017 0.019 0.029 0.04 0051  Negative
concentration (mg/L)
(P9) Total marine output value .
(1010 US dollars) 1.64 1.81 191 2.05 2.10 2.25 2.40 Negative
(P10) Total imports and exports .
(1010 US dollars) 9.66 10.03 10.47 10.04 9.49 11.22 13.01 Negative
(P11) GDP per capita .
(104 US dollars) 1.36 1.47 1.55 1.61 1.74 1.95 2.08 Negative
(P12) Total tourism income s
(1010 US dollars) 1.28 1.42 1.60 1.94 2.27 2.69 3.15 Positive
(P13) Environmental protection .
investment (10° US dollars) 0.38 0.20 0.58 0.69 0.67 0.29 0.68 Positive
(P14) Total aquatic 100.4 101.3 102.6 103.3 106.1 106.6 107.4 Positive
products (10* t)
(P15) Marine freight 141 1.54 1.61 1.68 1.82 211 2.63 Positive
volume (10° t)
(P16) Proportion of the marine
areas in categories one 18.14 16.92 16.12 15.2 14.3 13.8 13.6 Positive
and two (%)
(P17) Urbanization level (%) 68.2 69.9 70.6 71.1 719 724 729 Negative

The index data during the evaluation period from 2012 to 2018 were collected from the
Ningbo Municipal Statistic Bureau (http:/ /tj.ningbo.gov.cn/col/col1229042824 /index.html,
accessed on 1 July 2020), Ningbo Marine Quality Bulletin, Ningbo Marine Fisheries Bureau,
Ningbo Environmental Quality Bulletin (http:/ /sthjj.ningbo.gov.cn/col/col1229051263 /index.
html, accessed on 1 July 2020), monitoring data and project reports from local government
and published literatures. According to their effect on MECC, these indicators were divided
into two categories: positive effect and negative effect. The positive indicators represented
the increase in their values and would increase MECC, while the negative indicators
represented the increase in their values and would decrease MECC (Table 1).

2.4. Overall Model Structure

The marine system was divided into four components: marine resources, society,
economy, and eco-environment. The total population, GDP per capita, total marine output
value, annual industrial wastewater discharge, and annual chemical oxygen demand (COD)
discharge were chosen as the main indicators that reflect social and economic development,
population growth, and wastewater discharge, which all have a greater impact on the
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marine ecological environment. Based on relevant literature and the indicators selected in
Table 1, the annual population growth rate, the annual GDP growth rate, the percentage of
total marine output value in GDP, the annual industrial water demand, and the total annual
wastewater discharge were selected as decision variables [21,26,27]. The total population
was determined by the annual population growth rate. Further, the annual GDP growth rate
was used to determine the annual GDP growth, and the GDP per capita was determined
by the total population and GDP. The percentage of total marine output value in GDP
was related to the total marine output value and GDP. Moreover, the annual industrial
wastewater discharge was set to equal the product of the industrial water demand and the
industrial wastewater discharge coefficient [28]. Referring to the Gray-Markov model (GM)
modified by Li et al. [29], the annual COD discharge was set to equal the product of the total
amount of wastewater and the COD discharge concentration. According to the analysis of
the relationships between the various subsystems and the feedback relationship between
the variables in the system, the SD model flow chart of Ningbo MECC was established by a
special SD model software, Vensim PLE (Figure 2).
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Figure 2. Overall SD flow chart of Ningbo MECC.

3. The Weight of the Index System

Indicator weights reflect the degree to which indicators contribute to the overall
system and how they differ from one another and need to be assigned quantitatively. The
variation coefficient method was adopted in this study to determine the weight of the
index system [30]. The basic principle of this method was to give a higher weight to the
indicators that had obvious differences in the degree of change in the observed values and
could distinguish the levels of the evaluation objects in the multi-index comprehensive
evaluation. The weight was calculation by the following equations:

0;
V= L 1
T3 @
Vi
W= — )
LV
i=1

where 0 is the standard deviation of the i-th index, Xj is the mean values of the i-th index,
Vj is the variation coefficient of the i-th index, and Wj is the weight of the i-th index.
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Figure 3 illustrates the calculated results of the weights of the indicators. It can be seen
that there were big differences in the degree of the impact of various indicators on MECC.
GDP per capita (P11) was the most influential indicator with a weight of 0.112. It was
followed successively by annual COD discharge (P3, 0.094), total population (P5, 0.093),
annual industrial wastewater discharge (P2, 0.092), total marine output value (P9, 0.089)
and other less influential indicators. The indicators with higher weights in the index
system were generally consistent with the main environmental problems and the ecological
characteristics of the coastal environment.

p17_0.

P15

P14

P13

Figure 3. The weight of each indicator.

4. Current Status of the Ningbo MECC

Since the historical data of the indicators in the evaluation index system were different
in dimensions and distribution intervals, they could not be directly compared and calcu-
lated. To evaluate each index data more accurately and objectively, all variables were stan-
dardized into the range of 0-1 with the vector norm method [20], among which the positive
indicators and negative indicators were standardized by Equations (3) and (4), respectively.

Xij _ El] — mln(El]) (3)
max (Ejj) — min (Ej)
Y~ _ max(Eij) — El] (4)

g max(E;j) — min(Ej)

where Ej; is the original value of the i-th indicator in the j-th year, max (Ej) is the maximal
value of the i-th indicator within the study period, min (Ej) is the minimum value of the
i-th indicator within the study, and Xj; is standardized value of the i-th indicator in the
j-th year.

The relative index of the support strength of various indicators in the index system
was calculated by Equation (5). The weighted summation method was adopted to calculate
the comprehensive evaluation index Syrcc for MECC (Equation (6)) [31], so as to obtain
the evaluation model of the relative MECC size.

Sij = Xjj - Ejj ®)
m
SMECcc = Z Sij - Wi (6)
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where Syecc is the size of the MECC, §j; is the relative index of the support strength of the
i-th index to the MECC in the j-th year, and Ej; is the relative weight of i-th indicator in the

R m
j-th year, which was calculated as follows: Ej; = Ejj/ }_ Ej;.
i=1

Figure 4 shows the evaluation status of Ningbo MECC from 2012 to 2018. Syipcc value
was positively correlated with the MECC. The larger Syigcc value was, the greater the
MECC was. The Ningbo MECC from 2012 to 2018 fluctuated and reached the highest value
of 0.865 in 2016. From 2016 to 2018, the overall carrying capacity showed a downward
trend, which sounded an alarm for coastal management.

1.0

0.8 A

SI\IECC

0.0 T T T T T
2012 2013 2014 2015 2016 2017 2018

Year

Figure 4. Current status evaluation of Ningbo MECC.

5. Model Validation

Prior to using the SD model, it was necessary to conduct effective tests to verify
whether the model structure was consistent with the actual system. Historical tests were
carried out to validate the SD model of Ningbo MECC. The historical parameters were
input to the model and the simulated results were compared with historical data from
2012 to 2018 to verify their degree of correspondence. Because of the complex structure
of the model and many parameters, historical verification was only conducted on the
annual discharge of industrial wastewater, GDP per capita, and total population over the
time period of 2012 to 2018. As shown in Table 2, the simulated values were basically
consistent with the actual values, with the errors of simulated values being less than 5%. It
indicated that the SD model of Ningbo MECC had high credibility and could truly reflect
the evolution of the actual system.

Table 2. Historical test results of the SD model of Ningbo MECC.

Total Marine Output Value Total Population Annual Industrial Wastewater
Y (10'° US Dollars) (10° People) Discharge (108 t)
ear

Actual Simulated o Actual Simulated o Actual Simulated o

Value Value Error (%) Value Value Error (%) Value Value Error (%)
2012 1.64 1.71 42 5.78 5.84 1.1 2.01 1.94 -35
2013 1.81 1.86 3.2 5.80 5.85 0.8 1.97 1.88 —4.4
2014 1.91 2.00 5.1 5.84 5.86 04 1.65 1.61 -3.0
2015 2.05 2.12 3.8 5.87 5.89 0.3 1.61 1.54 —42
2016 2.10 2.16 2.8 5.91 5.89 -0.2 1.60 1.53 —41
2017 2.25 2.31 23 5.97 591 -0.9 1.44 1.50 43
2018 2.41 2.50 41 6.03 5.93 -1.6 151 1.56 3.6
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6. Simulated Plan Design and Result Analysis
6.1. Simulated Plan Design

In this study, two plans were designed to simulate Ningbo MECC:

1.  State-of-affairs-continued scenario (Plan I): The selected main indicators from 2019 to
2023 were predicted and simulated by using grey prediction model-GM (1, 1) [32,33].
The data obtained were thus brought into the SD model for calculation to obtain the
main indicator prediction diagram under the state-of-affairs-continued scenario.

2. Coordinated-development scenario (Plan II): As the Ningbo MECC exhibited a down-
ward trend from 2016 to 2018, the contradiction between marine ecology, economic
development, and population growth needed to be reconciled for the sustainable
development of marine ecology. Therefore, the relevant main indicators were adjusted
to effectively improve MECC. Based on Figure 3, indicators that had great influence
on MECC included GDP per capita, annual COD discharge, total population, annual
industrial wastewater discharge, and total marine output value. These indicators were
controlled by the following variables in the SD model: annual GDP growth rate, total
annual wastewater discharge, annual industrial water demand, annual population
growth rate, and percentage of total marine output value in GDP. The adjustment
plan was as follows: the annual population growth rate was adjusted to 1.97%, the
annual GDP growth rate was adjusted to 5.3%, the total marine output value was
adjusted to 12.7% of the total GDP, the annual industrial water demand was adjusted
to 5.88 x 10% t, and the total annual wastewater discharge was adjusted to 8.23 x 103 .
The parameter comparison of the two plans is shown in Table 3.

Table 3. Prediction plan parameter adjustment.

2020 2023
Indicator
Plan1 Plan II Plan1 Plan II
Annual population growth rate (%) 2.87 2.27 2.76 1.97
Annual GDP growth rate (%) 6.9 6.1 6.5 5.3
Percentage of total marine output value in GDP (%) 15.8 13.7 15.6 12.7
Annual industrial water demand (10% t) 6.11 5.85 6.27 5.88
Total annual wastewater discharge (108 t) 8.55 7.00 10.43 8.23

6.2. Model Simulated Result Analysis

According to the parameter adjustment in Table 3, the SD model of Ningbo MECC
was run, and the simulated results are shown in Figure 5. It could be concluded that the
change of the indictor values in the two programs were similar during the time period of
2012 to 2018. The annual industrial wastewater discharge in the two programs showed a
trend of decrease over time (Figure 5a). The decrease rate of Plan II was larger than that of
Plan I from 2019 to 2023, and the annual industrial wastewater discharge was only 81.4%
that of Plan I by 2023. This is because of a low annual industrial water demand in Plan II. A
decrease in the annual industrial waste water discharge resulted in a decrease in the annual
COD discharge (Figure 5b), except that the annual COD discharge rebounded from 2018
to 2019. It reflected that the COD discharge was also expected to grow even the annual
industrial waste water discharge was controlled. The GDP per capita, total population,
and total marine output values in the two programs grew over time (Figure 5c—e). The
growth rates in Plan II from 2019 to 2023 were lower than those in Plan I. By 2019, the GDP
per capita in Plan I was only 1.06 times that of Plan II. However, it was 1.19 times that of
Plan II by 2023. The growth trend of the total population was close in the two programs,
and the difference in the total population between Plan I and Plan II remained within
250,000 people. The adjustment in the population growth rate of Plan II slowed population
expansion to some extent.
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Figure 5. Changes in various indicators and MECC under the two development models. (a) Annual
industrial wastewater discharge; (b) COD discharge; (c) GDP per capita; (d) total population; (e) total
marine output value; and (f) Specc.

Based on the simulated results of the indicators by the SD model, the Ningbo MECC
values in the two programs were calculated by Equations (1)—(6). As shown in Figure 5f,
the MECC value decreased after 2016 and it grew slowly if the state-of-affairs continued
(Plan I). By 2023, the MECC value still did not exceeded that of 2016. However, due
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to increased efforts in coordinated development in Plan II such as the decrease in the
annual industrial water demand, the population, and GDP growth rates, the MECC value
significantly improved from 2019 to 2023. It was 1.23 times that of Plan I. It indicated that
Plan II would be more effective to alleviate the contradictions between marine ecology and
social and economic development. By comparing the trend of MECC in the two programs,
the economic development goals of Ningbo should be appropriately lowered in the next
five years so as to obtain a more sustainable and marine development.

7. Discussion and Suggestions

Recently, the safety of environmental resources has drawn more attention because
it directly influences the social and economic development of an area and thus human
survival. Marine ecosystem is an important part of environmental resources. The rapid
development of a marine economy puts significant stress on marine ecology and is a
frontier problem in the research field of environmental resource safety. Gao et al. [34]
applied the Lotka-Volterra symbiosis model to calculate the symbiosis degree between
coastal socio-economic system and marine ecosystem. They found that socio-economic
development and marine damage coexisted, and the damaged marine ecology had begun
to restrain the further expansion of economy and society. In order to realize sustainable
marine development, researchers proposed many evaluation approaches for the study of
the relationship between marine economy and marine ecology. Most of the studies focused
on the coastal zone or the ecological-economic system [3,4], while few researches covered
the whole coastal region or the ecological-socio-economic system. Yu et al. [35] carried out
research on the comprehensive carrying capacity prediction of coastal zones based on the
ecological-socio-economic system. The research objective was the coastal zone rather than
the entire coastal region, which only reflected the comprehensive carrying capacity of the
coastal environmental resource ecosystem to human activities. MECC is an effective tool to
evaluate the ability that the coastal region can support population and social and economic
development and has been proved to be suitable for the current situation in China [10,36].
Lin et al. [37] selected indictors from resource, ecology, culture, governance, economy, and
society to development an evaluation system for marine eco-civilization construction in
Zhejiang Province, China. They found that the performance level of coastal districts and
counties in Zhejiang was increased steadily and the coordination degree however was
relatively low spatially. Ningbo city is located nearby Hangzhou Bay and has an important
strategic position in promoting the development of Zhejiang’s marine economy. This study
developed the method to evaluate Ningbo MECC based on SD, which could systematically
analyze the causal feedback relationship among population increment, economic growth,
pollutant discharge, and environmental improvement. The SD software of Vensim was
applied to develop an SD model of Ningbo MECC, which could successfully simulate
the variation of Ningbo MECC after validation. Some parameters in the SD model were
estimated, which could bring some uncertainties to the simulation results. However, SD
focused on the system structure rather than the parameter estimation, reducing the impact
of these uncertainties. Jin et al. [21] built an evaluation index system of MECC based on
SD and carried out simulation and prediction, which realized the analysis, simulation, and
prediction of the marine resources, ecology, and MECC of Huizhou city, China. It could be
seen that it is feasible to apply the SD model to assess MECC.

Therefore, the study simulated the variation of MECC by adjusting the development
goal and resetting the model parameters. The suggestions that could be drawn from the
outcome of the model simulation for the sustainable coastal planning and management in
the future are as follows:

1. Build a new pattern to protect the marine ecological system and improve the manage-
ment and control system of marine space. Optimization of the marine use limit for the
industries with high consumption and pollution in coastal areas is essential to reduce
water demand and wastewater discharge at the source. The environmental quality of
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offshore marine areas should be improved by implementing accurate governance and
strengthening the treatment of contaminants entering the ocean.

2. Reduce water consumption by applying water-saving technologies and improve the
reuse utilization rate of water. Therefore, the discharge of wastewater and pollutant
from industry can be eliminated.

3. Increase the environmental protection investment and strengthen the publicity of
marine ecological environment. The government should call on the people to protect
the marine ecological environment and raise awareness of marine environmental
protection in the whole society.

8. Conclusions

Marine environmental resources are particularly important in Ningbo, and MECC
is an important assessment tool for promoting the sustainable development of marine
ecosystems. In this paper, the current situation of Ningbo MECC in 2012-2018 and the
tendency of Ningbo MECC in 2019~2023 under two different development scenarios were
studied comprehensively based on system dynamics. The conclusions that could be drawn
from the above theoretical analysis and simulation results are as follows:

1.  An assessment system incorporating 17 individual indicators was established to
quantitatively assess the state of Ningbo MECC in 2012-2018. Using the variation
coefficient method and the vector norm method, the support strength of Ningbo
MECC was obtained by calculating the spatial state vector of each indicator. GDP per
capita was the most influential indicator of MECC. The Ningbo MECC reached the
highest value in 2016 and showed a downward trend from 2016 to 2018.

2. An SD model of Ningbo MECC was constructed to reflect the relationship between
marine ecology, and economic development, and population growth objectively. By
conducting the consistency test, it was found that the relative error between the
simulated value and the historical data was within 5%, indicating that the model
accurately reflected the evolution of the system and could be used for simulation.

3. By adjusting the relationship between marine ecology, economic development, and
population growth as well as the decision-making parameters, the future trend of
Ningbo MECC under two different situations (the state-of-affairs-continued scenario
and the coordinated-development scenario) was predicted by the SD model. The
results indicated that the current development pattern in Ningbo cannot meet the
requirements necessary for the sustainable development and the SMECC value would
be still below 1.0 by 2023. The coordinated development pattern in Ningbo can greatly
improve the MECC, which may be a suitable solution for Ningbo coastal management.
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