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Introduction: Major bays worldwide have been disturbed by human pressures to
varying degrees in recent years, resulting in many ecological and environmental
issues. Maintaining the health of the bay ecosystem has national and international
significances, as it enhances the environmental regulation function and resource
development value of the region. This study aims to examine the evolution trend and
regulatory mechanism of ecosystem health in Laizhou Bay (LZB), China.

Methods: A comprehensive DPSIR-based indicator framework is established,
comprising 40 representative indicators of the natural environment status,
ecological service function, and social values of the LZB ecosystem. The
subjective and objective integrated weighting method is applied to determine the
indicator weight. The Ecosystem Health Index is then calculated to assess the LZB
ecosystem health from 1980 to 2019 and key influencing factors are identified
through the scenario analysis.

Results: The results show that the health status of the LZB ecosystem has fluctuated
and then increased overall over the past 40 years, with a fairly healthy state in the
1980s, an unhealthy state in 2005, and then a rebound to a subhealthy state. The key
factors affecting the LZB ecosystem health are mostly pressure items, with land-
based pollution, particularly agricultural non-point source pollution, having a more
significant impact than reclamations.

Discussion: Reasonable recommendations are finally put forward on improving the
ecosystem health in the study area, including refining the legislation and integrated
mechanism related to regional management, building a coordinated land-sea
governance system and exploring new technologies for integrated marine
management. This study fills the knowledge gap of ecosystem health assessment
for the entire LZB in such a long-time scale, and the research outcomes are
expected to provide scientific references and guidance for decision-making and
social-economic sustainable development in LZB and other bays.
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1 Introduction

Bays are a vital resource for human survival and a crucial support
for the sustainable development of marine economy and society. In
recent years, with the increased utilization of resources and the rapid
growth of marine economy, the major bays in the world have been
subject to various human pressures (Lyu et al., 2022; Yu et al., 2022).
This leads to the saturation of environmental carrying capacity and a
serious decline in the health of the bay ecosystem. Now it has been
widely recognized that maintaining the health of the bay ecosystem is
conducive to enhancing the environmental regulation function and
resource development value of the region (Borja et al., 2016; Padua
et al., 2023).

Marine ecosystems are composed of abundant biological
communities in seawater and marine environment, with functions of
energy flow, material circulation and information transmission. As the
largest ecosystem in the biosphere, they play an important role in
regulating the global climate and maintaining the water cycle and
carbon cycle in the biosphere (Editorial Committee of Biological
Volume in General Editorial Committee of China Agricultural
Encyclopedia, 1991). The term “marine ecosystem health” was
initiated in 1990s by Leppard and Munawar (1992). A healthy
marine ecosystem is considered to be “a living organism” with
sustainable productivity and metabolic vitality, internal structure
maintenance ability, self-control and maintenance, threat-response
and resilience capability, etc. (Epstein, 1999; First Institute of
Oceanography, State Oceanic Administration, 2007; Shi et al., 2010).
In addition to these characteristics, the marine ecosystem’s function of
providing sustainable services for human society is also emphasized
(Wiegand et al., 2010; Costanza, 2012; Halpern et al., 2012; Borja et al.,
2016). Human activities have a profound impact on the health of the
marine ecosystem, which can produce direct or cumulative effects and
lead to the deterioration of the marine ecosystem (Epstein et al., 1994;
Rombouts et al., 2013; Lyu et al,, 2022; Yu et al,, 2022).

Various methods have been applied to assess the marine ecosystem
health, such as the Ocean Health Index (OHI), the bio-evaluation
method, the indicator framework method and others. For example,
based on 10 representative indicators and the utilization of assessment
area, OHI has been used to effectively quantify the degree of variation
in marine ecosystem health (Halpern et al., 2012). It provides a new
idea and method for China’s research and management practice in this
field (e.g., Xu, 2012; Zheng and You, 2013; Wu and Chen, 2019). The
core aspect of bio-evaluation method is to select specific species that
can reflect the ecosystem health within a certain range. The health of
the ecosystem in the study area can be determined through the
physiological state of the selected species directly or by calculating
relevant biological indices or mapping based on it indirectly (Quan and
Zhu, 2011). The bio-evaluation methods mainly include the indicator
species method (e.g., Kennedy and Jacoby, 1999; Wells et al.,, 2004;
Mallory et al., 2006; Vassallo et al., 2006; Whitfield and Harrison, 2008;
Zhao et al, 2015; Aguirre-Rubi et al, 2018), the biological index
method (e.g. Borja et al, 2003; Cai, 2003; Sun, 2013; Baek et al,
2014; Zhao et al., 2015; Zhang and Zhao, 2018), the graphic analysis
method (e.g., Gray, 1981; Warwick, 1986; Zhang, 2005; Tang et al.,
2006), etc.
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The indicator framework method is based on the selection of
appropriate evaluation indicators, the clarification of indicator weights,
and the determination of appropriate evaluation criteria (Quan and
Zhu, 2011). The indicator framework can systematically illustrate the
evolution process of the ecosystem as well as fully reflect its complexity
of structure and function, which is helpful for assessing the health
status of the regional ecosystem in a comprehensive matter. The
Pressure-State-Response (PSR) model, jointly developed by the
Organization for Economic Co-operation and Development (OECD)
and the United Nations Environment Programme (UNEP), is one of
the most widely used conceptual framework and report tools (OECD,
1993; Hammond, 1995; UNEP, 2006). The PSR model answers the
following three questions: what happened, why it happened and how
humans should respond. Pressure indicators (P) describe human
activities that can affect the marine ecosystem, representing the
pressures caused by human activities on the environment. State
indicators (S) reflect the ecosystem’s response on human activities,
representing the status of environmental qualities and natural
resources. Response indicators (R) refer to social actions to
environmental and ecological problems (OECD, 1993; OECD, 2003;
UNEP, 2006).

The PSR model has been modified to form the Driver-Pressure-
State-Impact-Response (DPSIR) model (see Section 3.2) by the
UNEP and the European Environment Agency (EEA) (EEA, 2005;
Ramos et al.,, 2007), which has been applied to the studies of
evaluating the sustainable development of marine economy, marine
ecological security, sustainable utilization of resources and marine
ecosystem health, etc. (e.g., Xu and Ma, 2017; Chen and Chen, 2021;
Ma and Sun, 2021). The PSR/DPSIR models provide the basis for
many other frameworks and pathways for the indicator development
and are used worldwide (Wu et al., 2017). Furthermore, the PSR
model considers both ecological and social connotations of marine
ecosystems; while the DPSIR model formulates the coupling
relationship between human activities and ecosystems in a more
intuitive and effective way. Thus, in this study, the DPSIR model is
accepted as the fundamental direction for the indicator establishment
and ecosystem health assessment.

Laizhou Bay (LZB) is one of the three major bays in the Bohai Sea
and the largest bay in Shandong Province, China (Wang et al,, 2021).
Since the 1980s, the rapid development of marine economy in LZB has
been driven by its geographical location advantages, resources and
environment endowment (Li et al., 2014). Now LZB has become a
high-quality development strategic location for Shandong Province to
promote the construction of a strong marine province. However, due to
its dense population distribution and diverse human activities, there are
many environmental and ecological problems, and the ecosystem
health of this region is not optimistic. Therefore, it is of great
importance to identify the evolution trend of its ecological
environment and the key factors that affect the health of the
LZB ecosystem.

So far, a few studies have been conducted on the ecosystem health
assessment of LZB and its internal waters and adjacent sea areas, as
summarized in Table 1. It can be seen that the study periods of existing
studies are relatively short, which could not sufficiently illustrate the
dynamic changes of LZB ecosystem health. In addition, the majority of
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current studies have adopted the Analytic Hierarchy Process (AHP) as
the weighting method which is relatively subjective and have ignored
the use of objective methods such as the Entropy method. Few studies
have considered the impact of human activities on the ecosystem and
the social values of marine ecosystem. Currently, there is a lack of long-
time-scale research on the assessment of ecosystem health covering
both the watershed and sea area of LZB. Therefore, this paper aims to
fill this knowledge gap by investigating the ecosystem health
assessment and environmental management strategies of LZB.

This paper is arranged as follows: in Section 2, the study area will be
briefly introduced and main anthropogenic pressures and their impacts
on LZB will be analyzed; a comprehensive and supportive indicator
framework incorporating natural environment, ecological service
function and social values will be presented in Section 3; a weighting
procedure combining subjective and objective methods will be
conducted to determine the index weight, and data and assessment
method will also be described in this section; Section 4 will provide
results and discussion on the LZB ecosystem health assessment
through the calculation of Ecosystem Health Index (EHI); key factors
of anthropogenic influence will be identified and the impacts of single
and composite factors on the LZB ecosystem health be explored
through the scenario analysis subsequently; countermeasures and
suggestions on how to improve the LZB ecosystem health will be
given in Section 5; and Section 6 offers conclusions of this study.

2 Study area

The study area consists of both sea and land areas, as shown in
Figure 1. The sea study area covers the entire LZB (36°25'~37°45'N,

10.3389/fmars.2023.1115896

118°17'~120°45'E), including the Yellow River estuary in the west of
the bay, which is a typical semi-enclosed bay with a coast length of
319.06 km and bay area of 6966.93 km” (Li et al, 2007; Zhao et al,,
2016). The basin of rivers discharged into LZB covers a total of 51
counties (districts and county-level cities) belonging to 14 prefecture-
level cities in Shandong Province, which are taken as the land
study area.

The water-depth in LZB is less than 10 m on average, with a
maximum of about 18 m. The bay is dominated by semidiurnal tides,
with an average tidal range is 0.92~1.43 m. There are over 10 rivers
discharged into the bay such as the Yellow River, the Xiaoqing River,
the Weihe River and so on. The Xiaoqing River, with a length of
240 km, is the second longest river (secondary to the Yellow River)
draining into LZB. Since the 1970s, the industrialization progress along
the Xiaoqing River has altered the river functions from flood, irrigation
and shipping to sewage discharge. The annual runoff of Xiaoqing River
is much smaller than that of the Yellow River; however, it carries a large
amount of pollutants (e.g., nutrients, organic pollutants, and heavy
metals) into the sea. That is one of the main reasons for the substantial
degeneration of water quality in LZB (Ma et al, 2004; Shandong
Academy for Environmental Planning, 2018).

According to the statistics, in 2019, the population and gross
domestic product (GDP) in the study area accounted for 35.9% and
34.4% of Shandong Province respectively. The population growth and
economic development already generated severe ecological and
environmental issues in LZB, including pollution, eutrophication,
habitat destruction, decline of marine ecological services and
potential marine hazard risk, which lead to increased pressures on
the health of the bay ecosystem. This would in turn impose rigid
constraints on the sustainable development of economy, society,
resources and environment in coastal zones surrounding LZB.

TABLE 1 Summary of existing studies on ecosystem health assessment in Laizhou Bay.

Assessment method

Consideration of social

Study area and period dicator selection method Weighting ~ Assessment val‘uesfandt_eco;){/stim ) Reference
method results service runction (Yes/INo
Analytic
Hi h C hensi Y t al.
West of Laizhou Bay, May 2002 Structure-Function Index l;::ecssy Izg;?;/[:x;? No a(r;g(g)oz)a
(AHP)
Laizhou Bay, May and August 2004 In accordance with the Guidance for the Assessment of Coastal Marine N Xie (2009)
o ie
and 2006 Ecosystem Health
Laizhou Bay and its adjacent sea
areas, August 2009, May and . Zhang
Biol 1 ind thod — — N
Semptember 2010, May and August tological index metho © (2013)
2011
Bio-evaluati thod (indicat
Laizhou Bay, May, August, Octorber, 1© év uation me‘ o -(m ,lca or . Zhang et al.
species method, biological index — Cluster analysis No
December 2011 i i (2013)
method, graphic analysis method)
Comprehensive Li et al.
Laizhou Bay, 2009 — AHP Y
alzhou bay Index Method e (2015)
Yellow River Estuary, October 1991 PSR model AHP Comprehensive Yes Niu et al.
and 2013 Index Method (2017)
i g et al.
Laizhou Bay, 2014-2016 Structure-Function Index AHP Comprehensive No Song et a
Index Method (2017)
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FIGURE 1
The map of the study area.

3 Data and methods
3.1 Data sources

Due to the instability of Shandong Province’s administrative
divisions and the difficulty of collecting statistical material prior to
China’s Opening Policy in the late 1970s, as well as the human
pressures on LZB since 1990, this paper chooses 1980~2019 as the
research scale. Nine years (ie., 1980, 1985, 1990, 1995, 2000, 2005,
2010, 2015 and 2019) are selected for analysis with a time interval of
five years, except for the last interval which is four years due to the
impact of COVID-19 on statistical work.

Relevant data and information are all obtained from secondary
data sources, including bulletins (e.g., China River Sediment Bulletin,
Bulletin of China Marine Ecological Environment Status, Bulletin of
China Offshore Environmental Quality, Bulletin of China Marine
Disaster, Bulletin of Ecological Environment Status of Shandong
Province, Bulletin of Marine Environmental Quality of Shandong
Province, Bulletin of Marine Environment Status of North China Sea
Region, Bulletin of Marine Disaster of North China Sea Region),
yearbooks (e.g., China Statistical Yearbook On Environment, China
Country Statistical Yearbook, Shandong Statistical Yearbook, statistical
yearbooks of related cities), monitoring stations, literatures (e.g., Gao
and Zhang, 1996; Wang, 2000; Zhao and Kong, 2000; Ma et al., 2002;
Hao et al,, 2005; Jiang et al., 2005; Li et al., 2006; Zhang et al., 2006;
Zhao et al,, 2010; Lin et al., 2013; Ma et al., 2015; Zhou et al,, 2015; Jiang
et al., 2018; Song et al., 2018; Wei et al,, 2018; Xin et al., 2019; Huang
et al, 2021), monographs (e.g., Shandong Association for Science and
Technology, 1991; Tian et al., 1996; Zhang et al., 2003; He et al., 2009;
Liu et al, 2010; Xu et al, 2013; Project Team of “Research on
Monitoring and Controlling Technology of Economic Activities
Around Bohai Sea Based on Environmental Carrying Capacity”,
2016; Yu et al, 2016; Zhang and Hu, 2019; Ye et al, 2021),
dissertations (e.g., Zhang, 2013; Yang, 2018), reports (e.g., Technical
Report on the Study of Spatial and Temporal Distribution
Characteristics and Variation Trend of Pollution in Shandong
Coastal Sea Areas), official websites (e.g., Ministry of Natural
Resources of the People’s Republic of China, Ministry of Ecology
and Environment of the People’s Republic of China, Tidal Table on the
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China Maritime Service webpage; Department of Ecology and
Environment of Shandong Province) and other kinds of statistical
data (e.g., Shandong Cencus Data 1990). The analogy and interpolation
methods are used to supplement the data missing at the initial and
middle time periods for each indicator, respectively.

3.2 Establishment of the
indicator framework

In order to explore the internal logic of land-sea coupling in LZB, a
DPSIR conceptual model is adopted for the establishment of the
indicator framework, taking into account previous research outcomes
related to the assessment of marine ecosystem health and specific
features of the study area. Figure 2 illustrates the closed feedback loop
structure of the DPSIR model, which provides a clear logic and
comprehensive explanations of the internal causal relationship
between socio-economic development and ecosystem evolution.

To assess the health of the LZB marine ecosystem, an indicator
framework is developed based on economic and social value
related factors of the land area, and environmental characteristics
and ecosystem service function related factors of the sea area.
Principles such as policy consistency, representativeness, simplicity,
understandability, data accessibility, information precision, data-
computing readiness and communication convenience, have been
considered while selecting indicators (Wu et al., 2017).

The indicator framework is divided into target layer, criterion layer
and indicator layer (Table 2). The target layer is Laizhou Bay Ecosystem
Health Index. According to the classification criteria of DPSIR model,
the criterion layer contains five dimensions: driving force (D); pressure
(P); state (S); impact (I); and response (R). The indicator layer covers 40
indicators affecting the ecosystem health of LZB.

Driving force
Population, economic
and social development,
{ndustrial structure, etc,

Response
Policies and regulations,

Pressure

ease

terrestrial pollution,

gnvironmental load, etc protection, management

efficiency, etc.

oy
), éﬁe

)
C)
%

State
Ecological environment

quality,
structure and function,
ete.

promote o
environment

deterioration, frequent
marine disasters, etc.

FIGURE 2
The DPSIR conceptual model for the ecosystem health assessment
indicator framework in Laizhou Bay.
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TABLE 2 The indicator framework for the ecosystem health assessment in Laizhou Bay.

10.3389/fmars.2023.1115896

Criterion - e .
Target layer layer Description of criterion layer Indicator layer
Total population (D1) 10 capita
RMB100:
GDP per capita (D2) " Tnn/
10" capita
Value-added of primary industry (D3) RMB100mn
Potential cause of changes in the bay ecosystem health
Driving (Fundamentally induced ecological and environmental Value-added of secondary industry (D4) RMB100mn
force (D) pressures via driving the population growth, socio-
economic development and industrial structure layout) Value-added of tertiary industry (D5) RMB100mn
Proportion of primary industry (D6) %
Proportion of secondary industry (D7) %
Proportion of tertiary industry (D8) %
Marine catch (P1) t
Discharge of total nitrogen (TN) from ¢
mariculture (P2)
Discharge of TN from livestock and poultry ¢
breeding (P3)
Amount of agricultural chemical fertilizer ¢
entering the sea (P4)
Amount of pesticides entering the sea (P5) t
Disturbance and stress of human activities and natural
processes on the bay ecosystem (Influenced by the driving
Pressure (P) force dimension; revealing the direct causes of damage to .\
the bay ecosystem; reflecting the intensity of human Industrial wastewater discharge (P6) 10"t
Laizhou Bay Ecosystem demaljnds for resourc‘es fro'm the bay ecosystem; further Domestic sewage discharge (P7) 10t
Health Index changing the state dimension)
Annual runoft of the Yellow River (P8) 10% m*/a
Annual sediment discharge of the Yellow s
. 10° t/a
River (P9)
Dissolved inorganic nitrogen (DIN) flux of 10" t/a
the Yellow River (P10)
Annual runoff of the Xiaoqing River (P11) 10® m%/a
Chemical Oxygen Demand (COD) flux of ta
the Xiaoqing River (P12)
Reclamation area (P13) km?
Natural wetland area (S1) km?
Maximum tidal range (S2) cm
Phytoplankton biodiversity (S3)* —
Salinity (S4) %o
Reflecting the actual situation of habitat quality and Water temperature (S5) o
ecosystem structure and function in the bay (The changes
State (S) of hydrodynamics, water quality and biological Dissolved oxygen (DO) (S6) mg/L
community caused by the pressure dimension which
promote the occurrence of influence) COD (87) mg/L
pH (S8) —
Chlorophyll a (S9) ug/L
DIN (S10) mg/L
Active phosphate (PO,4-P) (S11) mg/L
(Continued)
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TABLE 2 Continued

10.3389/fmars.2023.1115896

Criterion - e :
Target layer layer Description of criterion layer Indicator layer
Occurrence area of red tide in coastal waters Km?
an
Maximum offshore distance of sea ice outer 1
The feedback effect of the state of the bay on human line (12) nmie
Impact (I) health, social economy and ecosystem (Inducing the
occurrence of the response dimension) Proportion of sea area below Class I sea "
water quality standard (I3)
Ratio of nitrogen and phosphorus (N/P)
14)
Centralized treatment rate of sewage %
treatment plant (R1) ?
Response Protection and management measures to deal with the Perfection of relev.ant P OIiCi: 5, laws and —
(R)p destruction of ecological balance (Conversely relieving the regulations (R2)
pressure, acting on the state and improving the impact) Retention rate of natural coastline (R3) %
Proportion of marine nature/special reserves %
(marine parks) (R4) ?

*Phytoplankton biodiversity (S3) is expressed by the Shannon Wener Diversity Index (H’ Index) (Zhao et al., 2015); "The score of R2 within each time interval is calculated based on the given
values in light of the ranks of legal effect of relevant policies and regulations (i.e., the value for laws is given as 7; administrative regulations as 6; local administrative regulations as 5; departmental

rules and regulations as 4; local government and department rules and regulations as 3; departmental normative documents as 2; and local normative and work documents as 1).

3.3 Indicator standardization and weighting

After building the indicator framework, the positive processing and
standardization should be conducted for the indicators. According to
Ye (2003), there are four types of indicators classified during the
positive processing based on the indicator attribute: (1) maximum-style
indicator, also called benefit-style indicator, denoting that the larger the
value the better; (2) minimum-style indicator, also called cost-style
indicator, denoting that the smaller the value the better; (3)
intermediate-style indicator, denoting that the closer the value is to a
specific value the better; and (4) interval-style indicator, denoting that it
is better if the value falls within an optimal range. The deviation
standardization is achieved through the dimensionless processing for
the indicators.

The comprehensive weighting method, combining with the
subjective AHP (Saaty, 1977) and objective Entropy Weight Method
(EWM) (Dong, 2019), is used to determine the indicator weight, in
order to understand the contribution rate of different indicators to the
health evolution of LZB ecosystem. This method effectively eliminates
subjectivity and uncertainty of assessment and improves the rationality
of indicator weighting. An expert indicator ranking procedure was
conducted following the AHP method, expecting to highlight indicator
priorities. A total of 21 experts, selected based on their knowledge and
experience of marine management, ecosystem health assessment and
the study area, were invited to conduct the indicator ranking process.

Through reasonably integrating subjective and objective weights,
the comprehensive weight W; of each indicator is calculated according
to Liu et al., (2015):

Wi=W/(1-¢)+We (=1, 2, ..., m) 1)

where e; is the information entropy of the jth indicator; and m denotes
the indicator ( m=40 ).

Frontiers in Marine Science

3.4 Assessment method and criteria

The Ecosystem Health Index (EHI) is calculated by the weighted
summation of standardized indicator data, with a higher value
indicating a higher health degree (Lu et al., 2013):

m n
EHI = 33 (ZW)(i=1,2,..,mj = 1,2,...,m) ©)
j=1i=1

where 2,-]» is standardized indicator data; W; is the comprehensive
weight the jth indicator; # and m denotes the number of time interval
and indicator, respectively ( n=9 ; and m=40 ).

As given in Table 3, the assessment criteria are divided into five
levels, namely, morbid, unhealthy, subhealthy, fairly healthy and

healthy (e.g., Lu et al., 2013; Wu and Chen, 2019).

4 Results and discussion
4.1 Assessment of LZB ecosystem health

According to Section 3.3, the results of positive processing and
deviation standardization of indicators are presented in Tables A1, A2,
respectively; the results of indicator weighting are presented in
Table A3 (Supplementary Material). Figure 3 illustrates the
proportion of integrated indicator weight value of criterion layer and
comparison of integrated weight values of each indicator. It can be seen
that the pressure dimension has the highest proportion of weight,
followed by the state, driving force, response and impact dimensions.
Of the top 10 indicators, six belong to the pressure dimension,
indicating that multiple pressure sources from land and bay
environment are the primary factors affecting the LZB
ecosystem health.
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According to Section 3.4, the EHI value are calculated and the
health degree of each year can be obtained accordingly, so as to
determine the evolution trend of LZB ecosystem health in the past
40 years. Table 4 shows that the highest EHI value (0.6359) was
observed in 1985, indicating a fairly healthy state; the lowest value
(0.3813) was observed in 2005, indicating an unhealthy state, which is
consistent with the results of Xie (2009). Additionally, the EHI value in
1980 was the second highest, and the rest of the years were in a
subhealthy status, which is also in agreement with previous studies
(Song et al,, 2017).

The evolution trend of EHI value from 1980 to 2019 is shown in
Figure 4A. It can be seen that the overall health status of LZB ecosystem
has demonstrated a phased feature with a trend of first fluctuating and
then continuously rising. China initiated the Openings Policy since the
1980s, when economic development just started. The LZB ecological
environment can be treated as a baseline without pollution, thus its
ecosystem health was good in the 1980s. However, in the 1990s, the
environmental status of the bay was not optimistic due to multivariate
and composite pressures along the coast (e.g. reclamation, land-based
pollution, marine aquaculture, and overfishing), resulting in the
continuous deterioration of LZB ecosystem health. After reaching the
lowest value in 2005, the EHI recovered to a certain extent, indicating
that the comprehensive environmental improvement of LZB was well
implemented at this stage (Li et al., 2020).

4.2 DPSIR analysis

As the health status of LZB ecosystem is jointly determined by the
variation trend of indicators at each criterion layer, this section will
discuss the evolution trends of sub-index in criterion layers and their
motivations (Figure 5).

(1) Driving force

With the rapid and high-quality development of marine economy
in LZB in recent 40 years (Li et al,, 2014), the driving force index
presents a fluctuating and rising trend as a whole. According to
Figure 3, indicators such as total population (D1) and GDP per
capita (D2) play a leading role in the driving force layer. This
indicates the population growth and socio-economic development in
the land areas surrounding LZB are likely to cause ecological and
environmental pressures and impact the ecosystem health, as described
in Section 2.

(2) Pressure

Following the positive processing of indicators, a higher pressure
index represents a lower pressure. The pressure index has been

TABLE 3 Classification of EHI levels in Laizhou Bay.

10.3389/fmars.2023.1115896

dominant from 1980 to 2005. During this period, it had a slight
downward trend between 1980 and 1990, followed by a sharp decrease
until reaching the minimum value in 2005 and a subsequent slow
rebound. Indicators such as discharge of TN from livestock and poultry
breeding (P3), marine catch (P1), DIN flux of the Yellow River (P10),
COD flux of the Xiaoging River (P12) and annual runoff of the
Xiaoqing River (P11) all reached relatively low or lowest values in
2005 (Table A2). This suggests that non-point source pollution from
agricultural, animal husbandry and fishery production activities in the
land areas surrounding LZB were likely major contributors to the bay’s
ecosystem health, particularly in 2005.

On one hand, the implementation of a summer fishing
moratorium in the Bohai Sea since 1995 has increased the
amount of fishery resources in the Bohai Sea, resulting in a peak
marine catch in LZB in 2005. However, the strong fishing volume
has not been able to prevent the decline of fishery resources, leading
to a decrease in marine catch in LZB after 2005 (FHu et al., 2020). On
the other hand, the Yellow River and Xiaoqing River basins, which
are densely populated and contain numerous chemical industry
zones, are two of the main pollution sources in LZB (Zhang et al.,
2022). Industrial wastewater and domestic sewage, carrying large
amounts of nutrients into the sea (Section 2; Shandong Academy
for Environmental Planning, 2018; Li et al., 2020), have great impact
on the distribution and structure of nutrients in the seawater
(Strokal et al., 2017). For example, as reported by the Bulletin of
Marine Environmental Quality of Shandong Province, 87% of the
23 sections in the Xiaoging River basin, had a Class IV water quality
(Sea Water Quality Standard of China) or worse in 2019. Excessive
use of nitrogen fertilizer in agricultural production has also
contributed to the pollutant flux into the sea. For example, the
fertilizer consumption in Shandong Province increased by over
three times between the 1980s and the 1990s (Xiong and Weng,
2015). These factors have caused water eutrophication, altered the
nutrient structure and biodiversity of the sea area, and ultimately
led to the deterioration of ecosystem health in LZB (Wang et al,
2021; Zhang et al., 2022).

(3) State

The state index of LZB ecosystem has exhibited a fluctuating
evolution trend, with higher values in the 1980s and 2010s and the
lowest value in 2005. The DIN concentration (S10) reached the highest
value in 2005 (Figure 4B), which is in agreement with the findings of
Zhang et al. (2022). This can be attributed to the increased nutrient flux
from rivers and the reduction of sea area due to reclamations before
2005 (Ding et al.,, 2018; Xu et al,, 2021). Zhang et al. (2022) also found
the riverine inputs are the primary contributor to the increase of DIN

Health level EHI range Health degree
5 [0.0, 0.2) Morbid
4 [0.2, 0.4) Unhealthy
3 [0.4, 0.6) Subhealthy
2 [0.6, 0.8) Fairly healthy
1 [0.8, 1.0] Healthy
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FIGURE 3

The indicator framework of ecosystem health assessment in Laizhou Bay: (A) the proportion of integrated indicator weight value of criterion layer;

and (B) comparison of integrated weight values of each indicator.

concentration. Subsequently, the implementation of pollution control
and environmental protection surrounding LZB have led to a decrease
in nutrient concentration (Feng et al., 1999; Zhang et al., 2022).

(4) Impact

The impact index of LZB ecosystem has a certain degree of
uncertainty and contingency, yet its overall downward trend with
fluctuation has resulted in an increasing negative impact on the
ecosystem health. After 2010, the impact index rebounded mainly
due to the cold current weather. As reported by the Bulletin of China
Marine Disaster, in 2010, the most severe sea ice disaster occurred in
LZB in the past 40 years.

(5) Response

Overall, the response index of LZB ecosystem has presented an
upward trend with fluctuation and the growth rate during 2005~2010
has been particularly rapid. This is mainly due to the indicator
“proportion of marine nature/special reserves (marine parks)” (R4),

which has the highest weight in the indicator framework and is the
key factor affecting the ecosystem health (Section 4.3). The
establishment of the first national marine reserve in LZB, the
Dongying Yellow River Estuary Ecological National Marine Special
Reserve, in November 2008 has contributed to the rise of the response
index. This indicates an increased awareness of marine protection
and improved abilities to prevent and respond to marine pollution,
marine disasters and other events, ultimately demonstrating the
stable and sound development of LZB ecosystem.

4.3 ldentification of key factors on EHI

For the past 40 years, the key factors affecting the health of LZB
ecosystem can be distinguished according to the weight value of each
indicator (Section 4.1.2). As shown in Figure 3, the integrated indicator

TABLE 4 Ecosystem Health Index (EHI) and health degree of the ecosystem health in Laizhou Bay.

Year Driving force (D) Pressure (P) State (S) Impact (I) Response (R) EHI Health degree
1980 0.0893 0.2921 0.1291 0.0830 0.0199 0.6134 Fairly healthy
1985 0.0911 0.2905 0.1298 0.0935 0.0310 0.6359 Fairly healthy
1990 0.0771 0.2888 0.0954 0.0620 0.0258 0.5491 Subhealthy
1995 0.0837 0.2186 0.1090 0.0832 0.0283 0.5228 Subhealthy
2000 0.0930 0.1713 0.0851 0.0647 0.0235 0.4376 Subhealthy
2005 0.0803 0.1227 0.0792 0.0632 0.0360 0.3813 Unhealthy
2010 0.0895 0.1244 0.1234 0.0325 0.0886 0.4585 Subhealthy
2015 0.1157 0.1260 0.1216 0.0537 0.0881 0.5053 Subhealthy
2019 0.1391 0.1410 0.1362 0.0557 0.0880 0.5599 Subhealthy
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(A) The evolution trend of EHI value and (B) the DIN concentration in Laizhou Bay from 1980 to 2019.

weight of both pressure and state layers has exceeded 50%, with the
weight of pressure layer exceeding one-third of the total weight. This
indicates that the key influencing factors are mostly indicators in the
two criterion layers. Among all 40 indicators, R4 in the response layer
has the highest weight, which may be attributed to the small
information entropy of indicator data.

In the pressure layer, indicators with high weight include amount
of agricultural chemical fertilizer entering the sea (P4), reclamation area
(P13), domestic sewage discharge (P7) and industrial wastewater
discharge (P6), etc. This suggests that the ecological and socio-
economic damage caused by land-based sewage discharge and
reclamation has severely restricted the healthy development of LZB
ecosystem. For example, land-based sewage discharge is the main
source of pollution in the Bohai Sea, accounting for approximately 90%
of the total pollution (Zhang et al., 2007). Therefore, this section adopts
the limit thought method to conduct a scenario analysis. It is assumed
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FIGURE 5
The evolution trends of sub-index in criterion layers for the

ecosystem health assessment in Laizhou Bay.
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to remove one single key factors such as reclamation and different types
of land-based sewage discharge (e.g., agricultural and productions,
residents’ daily life) as well as the combined effect of these two kinds of
anthropogenic pressures. Thus, the variation degree and trend of EHI
value can be observed, in order to explore the direction of efforts to
improve the LZB ecosystem health in the future.

The scenario simulation results (Figure 6) illustrate that the EHI
value of removing the combined effect of reclamation and land-based
sewage discharge is the highest. Different from the trend of original
index, its highest value appeared in 2019 which was fairly healthy, and
the removal of combined key factors has a more significant impact over
time. The lowest values of seven broken lines in Figure 6 all appeared in
2005, while all simulated scenarios were in a subhealthy status in that
year except for the original index. As illustrated in Table 5, the health
status of LZB ecosystem after removing the composite effect was
improved in 2015 and 2019 which was fairly healthy, indicating that
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FIGURE 6
Scenario analysis of ecosystem health in Laizhou Bay.
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reducing the intensity of human pressures can effectively alleviate the
LZB ecosystem health. In terms of the effects of removing single key
factor, the highest EHI values appeared while removing “amount of
agricultural chemical fertilizer entering the sea” (P4) from 1985 to 2015
and “reclamation area” (P13) in 2019, respectively.

Reclamation in the Bohai Sea has been halted since 2017, yet the
impacts of reclaimed areas on the hydrodynamic, water environment
and ecosystem factors of the bay are irreversible, such as changes in
landforms, reduced environmental and tidal capacities, occupation of
biological habitats and accelerated coastal erosion (Choi et al., 2010;
Park et al,, 2014). For example, from 1968 to 2015, the natural wetland
and intertidal area of LZB was reduced by 17.2% and 56.1%,
respectively; from 2003 to 2013, the LZB water area was reduced by
7.38% and the average tidal volume by 5.75% due to the reclamation
(Xu et al, 2021). Thus, the sea area should be restored by returning
farmland and dikes to the sea and dismantling abandoned aquaculture
ponds, etc; the hydrodynamic environment of LZB should be
improved by dredging key waterways and bay crest, etc.

Meanwhile, the main agricultural production areas in northern
Shandong are distributed along the LZB coast (Project Team of
“Research on Monitoring and Controlling Technology of Economic
Activities Around Bohai Sea Based on Environmental Carrying
Capacity”, 2016). As stated above, agricultural chemical fertilizers
infiltrate into the surface or underground through surface runoff and
leaching and eventually enter the bay, affecting its ecological
environment. Since 2015, the Ministry of Agriculture (now as the
Ministry of Agriculture and Rural Areas) of the People’s Republic of
China has made great efforts to promote rational and scientific
fertilization and achieved optimistic results to some extent.
Additionally, the LZB region has a solid industrial foundation (see
Section 5.2 in detail). However, industrial production is accompanied
by pollutant discharge, particularly the compact industrial layout and
concentrated wastewater discharge around the Xiaoqing River basin,
which pollutes the LZB ecological environment (Section 2; Wang et al,,
2021). With the continuous improvement of urbanization level in the
LZB area, the domestic sewage discharge has been gradually increasing
in recent years (Zhang et al., 2022). Therefore, measures should be
taken to explore scientific methods to reduce discharges of land-based
pollutants. A long-term mechanism for economic and ecological
assessment of environmental damage caused by land-based pollution
should be established. These measures are beneficial in reducing the
amount of land-based pollutants entering the sea and improving the
LZB ecosystem health.

5 Recommendations for improving
LZB ecosystem health

Although the healthy status of LZB ecosystem has become
increasingly obvious in recent years, the disturbance and stress
suffered by the bay still exist and the health level (EHI) is still
lower than the historical situation. Therefore, based on the above
assessment results and the situation of study area, this section will put
forward specific countermeasures and suggestions for improving the
LZB ecosystem health. The following recommendations are expected
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to achieve the sustainable development of regional economy and
ecological environment in a coordinated way.

5.1 Refining regional management of LZB
ecosystem health

(1) Perfecting the legislation related to regional management

It is evident from the evolution trend of R2 (Section 4.1) that the
legal system construction based on the LZB ecosystem health presents
certain phased characteristics, which is closely related to its health
status. The introduction of policies and regulations has been
beneficial in improving the efficiency of ecological pollution
control, while the intensification of environmental pollution has
also, to some extent, driven the construction of a legal system. In
China, relevant laws concerning land and sea ecological protection
and governance have been established. However, there is still a lack of
a basic law that comprehensively guides integrated marine
management from the perspective of land and sea coordination.
Furthermore, the majority of existing relevant provisions are
scattered in policies and regulations with lower legal effect (e.g.,
administrative regulations, and departmental rules) (Section 3.2)
which can hinder departmental collaboration and resource
allocation, thus affecting the effectiveness of marine management.
Taking into account the strong regional characteristics of the
generation of environmental pressure, the features of aquatic
ecology and the rigid demand for resource utilization, relying solely
on laws and regulations within the national management scope for
ecological governance is insufficient. The Law on Special Measures for
Seto Naikai Environmental Protection of Japan is a good example of
how to address this issue. Therefore, China can draw lessons from the
experience of other countries to refine relevant law making of
regional management. For example, special laws for specific regions
(e.g., the Bohai Sea, Laizhou Bay or the Xiaoging River) can be
formulated, establishing strategic objectives, responsibility subjects,
and regulatory requirements for governance of regional ecosystem.
The strictest mechanism and most rigorous rule of law should be
adhered to in order to maintain the LZB ecosystem health.

(2) Improving the integrated mechanism of regional management

The management of sea and land areas in LZB is generally based
on the division of administrative ownership (Section 2). This can lead
to fragmentation and unclear rights and responsibilities among
multiple local administrative departments, making it difficult to
achieve the high-level coordinated decision-making management.
Thus, this paper suggests the establishment of an integrated and
coordinated organization to guide the management, strengthen the
overall planning, coordination and communication among
administrative departments, and improve the regional management
integration mechanism of LZB.

Extreme weather events, such as heavy rainfall, can have significant
cumulative impacts on the ecological environment of coastal waters, as
evidenced by the influx of large amounts of fresh water and nutrients
(Walker et al., 2021). Human activities can further exacerbate the risks
posed by these extreme weather events, necessitating the exploration of
an integrated mechanism for managing the cumulative impacts of
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TABLE 5 Summary of ecosystem health level corresponding to EHI obtained by removing the key factors of pressure layer in Laizhou Bay.

Year Qriginal Excluding Excluding Excluding Excluding Excluding P6, P7, Excluding P13, P6, P7,
index P13 P6 P7 P4
1980 F F F F F F F
1985 F F F F F F F
1990 S S S S S S S
1995 S S S S S S S
2000 S S S S S S S
2005 U s s S S S S
2010 S S S S S S S
2015 S S S S S F F
2019 S S S S S F F

“F” denotes “Fairly healthy”, “S” denotes “Subhealthy” and “U” denotes “Unhealthy”, respectively.

human activities and extreme weather processes on the environment  directly affect its ecosystem health. However, influenced by factors

and ecosystem in the LZB area, supported by long-term observation. such as natural environment, social background, industrial

foundation and national policy guidance, the adjustment of

industrial structure and layout will regulate the resource allocation,

52 Bwldmg a coordinated land-sea thus indirectly promoting the evolution trend of the LZB ecosystem

governance system health. As shown in Figure 7, in the past 40 years, the industrial

structure of the LZB area has gradually changed from “secondary-

To strengthen the linkage between land and sea areas in LZB, itis ~ primary-tertiary” to “secondary-tertiary-primary” and finally
essential to consider the socio-economic and ecological functions of  presented a preliminary “tertiary-secondary-primary” pattern.

these two spatial domains as an organic entirety. The specific layout As the predominant industry for a long period in the LZB area, the
ways can be summarized as follows. cumulative effect of environmental pollution caused by the industrial
(1) Source-based Pollution Control production cannot be ignored (Section 4.1). Consequently, the LZB

Based on the results of assessment (Section 4.1) and key factor  area should optimize the structure of secondary industry and accelerate
identification (Section 4.3), the regulation and control of pollution  the process of new industrialization according to the principles of
sources should be prioritized. For example, a comprehensive  market demand guidance, scientific and technological conditions,
consideration of LZB resources and environmental carrying regional coordinated development, pillar industry orientation,
capacity should be taken into account when establishing an  comprehensive benefits and sustainable development, etc. The
environmental permit constraint mechanism; rewards and  tertiary industry should be the strategic focus of deepening the
punishments should be provided accordingly. The utilization  adjustment of industrial structure and modern competitive service
efficiency and management (e.g., utilization type, proportion, industries should be vigorously developed (e.g., biotechnology,
method and intensity) of fertilizer and pesticide should be  environmental monitoring, transportation, port logistics and eco-
strengthened and improved. Cleaner production technology  tourism). The transformation and upgrading of traditional marine
should be promoted; production evaluation standards and  industries should be promoted (e.g., marine chemical industry, marine
audit should be improved. Additionally, the pollutant diffusion  mineral resources exploitation and marine fishery); new growth aspects
pathway should be changed. All sewage outlets into the sea should  for the development of marine innovative and service-oriented high-
be investigated, recorded and renovated (Wang et al, 2021);  tech industries should be created (e.g., marine engineering equipment,
wastewater treatment plants and pipe networks should be built, marine biomedicine, seawater desalination and comprehensive
modified or expanded; and the sewage treatment process should be utilization, and marine new energy).
improved if necessary. The quality of cultivated land and farming (3) Promoting protection and restoration of the bay habitat
methods should be improved; intensive and large-scale livestock The highest weight of the R4 indicator (Section 4) implies that the
and poultry breeding models should be established. Ponds and  protection and restoration of habitats is essential for the recovery of the
wetlands should be rehabilitated and the aquaculture scale be  LZB ecosystem health. To this end, a range of countermeasures can be
controlled. These measures should assist in controlling the total  implemented to protect and restore fragile and sensitive bay habitats,
amount of pollutants and enhancing the management efficiency of ~ such as establishing marine reserves, strictly adhering to ecological
joint prevention and control of land and sea pollution. protection red lines, strengthening the supervision of important

(2) Industrial structure adjustment and layout optimization ecological functional areas, implementing the siltation promotion

From the indicator weight results (Section 4.1), it can be seen that ~ and shoal reinforcement projects, and enhancing the coastal
the structures of three types of industries in the LZB area do not  environment renovation. These measures would be beneficial for the
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FIGURE 7
Industrial structure variations in the Laizhou Bay Area from 1980 to 2019.

sustainable development of marine resources and the construction of
marine ecological civilization.

(4) Strengthening the capacity of marine spatial governance

According to the analysis in Section 4.3, reclamation is one of the
key factors affecting the LZB ecosystem health. Therefore, the dynamic
management of coastline use should be strengthened, the exploitation
and utilization of coastal and island spatial resources should be strictly
controlled, and the retention rate of natural coastline should be
improved. The sea area functions should be clarified to meet the
requirements for marine spatial planning under the new round of
territorial spatial planning system in China (Xinhua News Agency,
2019). Additionally, the three fundamental systems regulated by the
Law of the People’s Republic of China on the Administration of the Use
of Sea Areas (i.e, management of sea area ownership, sea area use
demonstration, paid use of sea area system) should be further refined to
achieve the synchronous improvement of social function values and
ecological benefits in LZB.

5.3 Exploring new technologies for
integrated marine management

In view of the assessment results and analysis in Section 4, the
comprehensive governance of LZB necessitates scientific and
technological innovation to address numerous issues at hand.

(1) Strengthening environmental monitoring and supervision
mechanism

The environmental monitoring and emergency response capacity-
building systems and a dynamic monitoring mechanism for coastal
ecological environment based on the land and sea coordination should
be established in the LZB region. Additionally, the risk prevention and
control system for major marine environmental risk sources and
environmental sensitive factors should be improved; the capability of
marine observation and ecological early warning should be
strengthened. Moreover, the integrated law-enforcement system for
LZB should be refined with clearer responsibilities at all administrative
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levels and all kinds of illegal marine development activities must be
punished resolutely.

(2) Promoting marine science and technology innovation capability

Shandong Province is a leader in marine science and technology in
China, with advantages in promoting marine scientific and
technological innovation. For example, it has nearly 50% of China’s
marine science and technology talents, more than 50 marine scientific
research and teaching institutions, and over 230 marine science and
technology platforms above provincial level (China Shandong
Network, 2020). However, the transformation mechanism of
scientific and technological achievements specific for the entire sea
area of LZB is relatively weak; the allocation of scientific research
resources is inadequate; the strategic support for marine science and
technology is still insufficient. These issues impede the construction of a
scientific and technological innovation system, which is not conducive
to the healthy development of the bay ecosystem. Thus, for the LZB
area, an integrated innovation platform of “Industry-University-
Research” for marine science and technology should be gradually
built and the transformation of scientific and technological
achievements be steadily promoted. Additionally, an information
resources sharing mechanism should be established to avoid the data
fragmentation and strengthen the data management. Furthermore, the
construction of “Smart Ocean” should be carried out in depth, using
advanced technical means such as artificial intelligence, big data and
cloud computing to achieve the marine informatization.

6 Conclusions

The effective maintenance and management of ecosystem health
and its balanced operation are essential for the sustainable development
of human society and economy. This study established a DPSIR-based
assessment indicator framework and quantitatively assessed the status
and evolution trend of LZB ecosystem health from 1980 to 2019. The
key factors affecting the health of LZB ecosystem were identified, and
the influential effects of single and composite factors were simulated.
Based on this, specific regulation strategies and management
recommendations were put forward.

Over the past 40 years, the LZB ecosystem has been in a subhealthy
status for a long period of time, with a healthy state demonstrated in
the 1980s. Subsequently, due to the compound effect of multiple
human pressures and imperfect management policies, the health
status of the LZB ecosystem deteriorated and reached an unhealthy
state in 2005. With the improvement of public awareness of
environmental protection and the implementation of ecological
renovation, its health status has rebounded, showing a subhealthy state.

The key factors affecting the health of the LZB ecosystem are
mostly pressure indicators, including the amount of agricultural
chemical fertilizer entering the sea, reclamation area, the discharge of
domestic sewage and industrial wastewater, etc. The scenario analysis
indicates that land-based pollutant discharge, particularly agricultural
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non-point source pollution, has a more significant impact than the
construction of reclamation projects. Consequently, eliminating the
impacts of the above indicators will help to improve and restore the
LZB ecosystem health.

This study is an initial attempt to develop a comprehensive
indicator framework incorporating “physical-chemical-biological-
social” coupling factors for the assessment of ecosystem health in
LZB. The research outcomes provide theoretical basis and practical
guidance for the reasonable management of LZB ecosystem, and may
also serve as references for the ecosystem health assessment of other
bays if necessary.

It should be noted that some indicators are difficult to quantify due
to data availability and temporal continuity limitations. Thus, they are
not included in the indicator framework (e.g., seawater intrusion area,
marine oil spill area, fish biomass, sediment quality, the proportion of
capital investment for marine environmental protection in GDP, public
participation, etc.). Additionally, the LZB area is divided by many
administrative regions, making it difficult to carry out unified statistics.
The average values of selected 51 counties (districts and county-level
cities) in 14 cities of Shandong Province (Section 2) are used as the data
of land area indicators; however, the responsibility sharing of each
region for the health evolution of LZB ecosystem has not been
considered yet. These issues are expected to be addressed in
future research.
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