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Simple Summary

This study, based on data collected from the northern Liaodong Bay in August 2024, mainly
explores the relationship between marine communities and environmental factors. The
results indicate that the region supports relatively high marine species diversity and a fairly
even distribution. However, it is under significant pressure from various environmental
changes, including elevated levels of chemical oxygen demand (COD) and heavy metal
contamination. This study proposes targeted biodiversity conservation and ecosystem
management strategies to improve the resilience of the bay and mitigate the impacts of
these environmental stressors.

Abstract

In response to growing global concerns about the impacts of environmental changes on
marine ecosystems, scientists have increasingly turned their attention to the role of aquatic
environments in shaping biodiversity. This study aimed to assess the biodiversity of
northern Liaodong Bay in the context of environmental changes and to elucidate the
mechanisms by which aquatic environmental factors influenced different biological groups.
Based on the 2024 survey data of phytoplankton, zooplankton, macrobenthos and nekton,
the average Marine Biodiversity Index (MBI, a comprehensive index) was calculated as
53.08, corresponding to a moderate evaluation level. This suggests a relatively rich diversity
of marine species and a fairly even distribution. A correlation analysis between water
quality factors and biological community structure reveals that biodiversity in the bay is
under pressure from multiple environmental stressors, including elevated COD and heavy
metal contamination (e.g., Pb). The study recommends targeted biodiversity conservation
strategies and ecosystem management measures to enhance the resilience of the bay’s
ecosystem and mitigate the effects of these environmental stressors.
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1. Introduction
In the context of global environmental changes, biodiversity is facing unprecedented

challenges. Rising temperatures, shifts in precipitation patterns, and sea level rise in-
duced by climate change, alongside pollution, habitat destruction, and overfishing driven
by anthropogenic activities, have profoundly impacted the structure and functioning of
ecosystems [1]. As a critical component of ecosystems, biodiversity is not only the foun-
dation for their stable operation but also a vital resource for human survival [2]. High
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biodiversity can enhance an ecosystem’s resilience—its ability to withstand and recover
from environmental changes—ensuring that ecosystems continue to provide essential
services such as food production, climate regulation, and water conservation [3].

The Liaodong Bay ecosystem, a transitional zone between land and sea, is particularly
unique in its ecological characteristics and exceptional biodiversity, including diverse
habitats, abundant marine flora and fauna, and migration pathways for birds and marine
organisms. However, the region is highly vulnerable to environmental changes and is
among the most severely affected marine areas due to anthropogenic activities [4]. As urban
areas expand rapidly and agricultural practices intensify, rivers flowing into Liaodong Bay
transport a wide array of pollutants from both anthropogenic and natural sources. The
Liao River, Daliao River, Xiaoling River, and Daling River are the primary contributors [5],
with pollutants including nutrients (N and P), COD, heavy metals, trace organic pollutants,
and petroleum hydrocarbons. Additionally, atmospheric deposition has further increased
nutrient input, exacerbating nutrient concentrations in the bay [6]. Despite a reduction in the
concentrations of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus
(DIP) in Bohai Bay between 2006 and 2020, eutrophication remains a persistent issue [7].
The total volume of terrestrial nutrients entering the bay continues to rise, dramatically
altering nutrient dynamics and distribution patterns. Simultaneously, the benthic dissolved
oxygen (DO) concentration has decreased steadily in summer [8], posing a serious threat to
the stability and biodiversity of the marine ecosystem [9].

Environmental changes have multi-dimensional effects on the bay ecosystem. Warm-
ing seawater due to climate change may disrupt the structure of plankton communities,
leading to the decline of species adapted to cooler environments and increases in heat-
tolerant species [10]. Rising sea levels will inundate critical habitats, such as coastal
wetlands and mangroves, adversely affecting benthic organisms and nekton dependent on
these ecosystems [11]. Furthermore, anthropogenic pollution—such as nutrient-induced
red tides and the toxic effects of heavy metals on organisms—significantly threatens the
bay ecosystem’s biodiversity and ecological functions [12]. Despite this, research on the
combined effects of multiple environmental changes on biodiversity remains relatively
limited. In particular, in-depth studies in specific regions remain insufficient. Therefore,
given that Liaodong Bay is under environmental pressure, comprehensive research on the
bay’s biodiversity under environmental stressors—along with the development of effective
protection and management strategies—is crucial for maintaining the health and stability
of the bay ecosystem.

2. Materials and Methods
2.1. Overview of the Research Area

Liaodong Bay is a semi-closed bay surrounded by diverse ecosystems, including
land, estuaries, and shallow seas. The annual average temperature ranges from 7 ◦C to
9.5 ◦C, with relatively higher temperatures in coastal areas, plains, and hills, and cooler
temperatures in the eastern mountains [5]. Annual precipitation is between 670 and 800 mm,
which is moderate. The bay is surrounded by industrial parks and residential areas, where
frequent activities such as industrial wastewater discharge, domestic sewage disposal,
port shipping, and fishing have affected the local ecology [9]. Additionally, global climate
change is causing rising temperatures, sea levels, and shifts in precipitation patterns in
the region.
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2.2. Sampling Methods
2.2.1. Phytoplankton Sampling

The average water depth in the research area is about 7 m. In August 2024, twelve
sampling sites were set up in the bay (Figure 1), and a shallow water Type III plankton
net (GuangZhou HaiKangOcean Technology Co., Ltd., Guangzhou, China. Equipment
in Sections 2.2.2–2.2.4 are from the same manufacturer.) was used for vertical trawling to
collect phytoplankton samples. The samples were immediately fixed with Lugol’s solution.
In the laboratory, they underwent treatments such as precipitation and concentration.
Species identification and cell counting were performed under a microscope, with species
determined based on the relevant taxonomic literature [13]. (The Type III plankton net,
with a net mouth area of 0.1 m2, is suitable for the vertical or segmented collection of small
plankton in shallow waters within 30 m).

 

Figure 1. Map of the research area.

For relevant information on Sections 2.2.1–2.2.4, refer to GB/T 12763.6-2007 [14].

2.2.2. Zooplankton Sampling

In August 2024, zooplankton samples were also collected at the same 12 sampling sites
using shallow water Type I and Type II plankton nets for vertical trawling. The sampling
time was the same as for phytoplankton. The samples were immediately fixed with Lugol’s
solution, sorted, identified, and counted in the laboratory. Species were identified based
on their morphological characteristics and taxonomic data [15]. The Type I plankton net,
with a net mouth area of 0.2 m2, is suitable for the vertical or segmented collection of large
and medium-sized zooplankton, as well as fish larvae. The Type II plankton net, with a
net mouth area of 0.08 m2, is suitable for the vertical or segmented collection of small and
medium-sized zooplankton, as well as dinoflagellates (in waters ≤ 30 m).

2.2.3. Macrobenthos Sampling

In August 2024, macrobenthos were collected from the same 12 sampling sites using
a grab sediment sampler with a sampling area of 0.125 m2 and a sediment sampling
depth of 10 cm. The sediment samples were then sieved through a 0.5 mm mesh, and
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the benthic organisms were picked out. To facilitate species identification and biomass
measurement, the samples were preserved in 75% ethanol, with species identification based
on macrobenthos classification atlases and relevant literature [16].

2.2.4. Nekton Sampling

In August 2024, nekton sampling was conducted using an Agassiz trawl (GuangZhou
HaiKangOcean Technology Co., Ltd., Guangzhou, China). Each trawl lasted 1 h, with a net
speed of approximately 3 knots. One trawl was conducted at each of the 12 sampling sites.
The specifications of the trawl used for nekton sampling are as follows: mouth width 3.0 m,
height 0.8 m, body mesh size 5 mm and cod-end mesh size 1 mm. The deployment depth
range for the trawl was between 0 and 5 m. Captured nekton samples were identified,
counted, and weighed on-site. For species that were difficult to identify immediately, photos
were taken for later identification in the laboratory. Species classification was carried out
using relevant literature on the taxonomy of fish, shrimp, crabs, and cephalopods [17,18].

2.3. Environmental Data Collection

Meteorological data for the study area, including temperature, N, P, DO, etc., were
collected from local marine environmental monitoring stations. The data collection and
analysis strictly followed the national standard for marine water quality (GB 3097-2017) [19].

2.4. Data Analysis Methods

Sampling site distribution and study area maps were produced using ArcGIS Desktop
10.8.2 (Esri Inc., Redlands, CA, USA). The topographic and bathymetric data were obtained
from the ETOPO1 Bedrock global relief model, and the land–sea boundary was derived
from the built-in geographic database of ArcMap (Esri Inc., Redlands, CA, USA). Both
datasets are publicly available for academic use.

The PRIMER 6 software was used for the initial organization and statistical analysis of
biodiversity data, as well as to calculate various biodiversity indices, such as the Shannon–
Wiener Index (H′), Pielou’s evenness index (J′), Margalef’s richness index (d), the Index of
Relative Importance (IRI) for nekton, etc.

AMBI (AZTI’s Marine Biotic Index) classifies benthic organisms into five ecological
groups based on their varying degrees of sensitivity to environmental pollution, specifically
organic matter enrichment: Group I (G I) includes species that are very sensitive to organic
enrichment and thrive under unpolluted conditions; Group II (G II) consists of species that
are not particularly sensitive to organic enrichment; Group III (G III) includes species that
can tolerate high levels of organic matter enrichment; Group IV (G IV) represents secondary
opportunistic species, which thrive in conditions ranging from slight to severe imbalance;
and Group V (G V) comprises primary opportunistic species, found in conditions of severe
imbalance. The calculation formula is as follows:

AMBI = [(0 × %GI) + (1.5 × %GII) + (3 × %GIII) + (4.5 × %GIV) + (6 × %GV)]/100

The AMBI index has been widely applied and validated in coastal ecosystems, in-
cluding Liaodong Bay, demonstrating good applicability in this region. Region-specific
species ecological-group assignment was performed according to the ecological traits of
macrobenthos in Liaodong Bay to ensure the reliability of the assessment results. AMBI
was calculated using AMBI V5.0 software.

The MBI calculation formula is as follows:

MBI =
5

∑
i=1

Wi ∑
j=1

YijWij
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MBI—comprehensive index of marine biodiversity.
Wi—weight of the i-th primary indicator.
Yij—assigned score of the j-th secondary indicator under the i-th primary indicator.
Wij—weight of the j-th secondary indicator under the i-th primary indicator. Equal

weights are adopted for the evaluation indicators, and the sum of weights of indicators at
each level is equal to 1.

For relevant information on AMBI and MBI, refer to HY/T 215-2017 [20].
The single pollutant factor evaluation method is used to assess water quality (such as

COD, DIN, PO4
3− and other key parameters).

A Pearson correlation analysis was conducted using Python 3.9.4 [21], and a redun-
dancy analysis (RDA) was performed using Canoco 5.0 software to identify key environ-
mental factors influencing biological diversity. Before the statistical analysis, the normality
of the environmental factor data was tested using the Shapiro–Wilk test (implemented
in Scipy 1.10.1), and the homogeneity of variances was verified with Levene’s test (im-
plemented in the Statsmodels package, version 0.14.0). To avoid multicollinearity among
environmental variables, for variable pairs with a correlation coefficient of |r| ≥ 0.7, the
variable with stronger ecological relevance to the biological community was retained. Mul-
ticollinearity was further evaluated using variance inflation factor (VIF) analysis, which
was performed in Python 3.9.2 with the statsmodels 0.14.0 package; all VIF values were
<3, confirming no significant multicollinearity. Prior to conducting the RDA, the species
density dataset were subjected to log10(x + 1) transformation. This transformation aimed to
reduce the overwhelming influence of extremely high values on the ordination results, sta-
bilize the variance of non-normally distributed biological data, and balance the numerical
scales among taxa with distinct magnitude differences. The significance of the ordination
model and individual environmental factors was tested using Monte Carlo permutation
tests (999 permutations) within Canoco 5.0.

3. Results
The results from Figures 2–4 showed that a total of 35 phytoplankton species were

identified in northern Liaodong Bay in August 2024, belonging to three phyla: Cyanophyta,
Bacillariophyta, and Pyrrophyta. Among them, 31 species were Bacillariophyta (88.6%),
3 species were Pyrrophyta (8.6%), and 1 species was Cyanophyta (2.8%). The cell density
ranged from 2.8 × 105 to 3.6 × 107 cells/m3, with an average of 1.0 × 107 cells/m3. The
dominant species were Pseudo-nitzschia pungens (dominance = 0.16), Skeletonema costatum
(dominance = 0.15), and Coscinodiscus wailesii (dominance = 0.10). The community structure
of phytoplankton was analyzed using H′ and J′. The H′ values ranged from 2.51 to
3.13, indicating a slight level of organic pollution [22], J′ values from 0.74 to 0.91, and d
values from 0.60 to 0.69. In areas strongly influenced by environmental changes, both
H′ and J′ values were lower, suggesting reduced stability and species diversity in the
phytoplankton community.

Twenty-one zooplankton species were identified, belonging to four phyla: Arthro-
poda, Chaetognatha, Urochordata, and Cnidaria. Arthropoda had the highest number
of species (11 species, 52.38% of the total), followed by Cnidaria (7 species, 33.33%). The
average zooplankton abundance was 15,159.25 ind./m3. There are three main dominant
species: Aidanosagitta crassa (dominance = 0.29), Labidocera euchaeta (dominance = 0.28),
and Acartia pacifica (dominance = 0.20). The zooplankton abundance ranged from 720.36 to
57,660.00 ind./m3. The H′, J′, d ranged from 1.69–2.44, 0.46–0.75 and 1.08–1.35, respectively.

Sixty-eight macrobenthic species were identified across eight phyla: Arthropoda, Mol-
lusca, Annelida, Nemertea, Echiura, Brachiopoda, Echinodermata, and Cnidaria. Annelida
had the highest species count (31 species, 45.59%), followed by Arthropoda (16 species,
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23.53%) and Mollusca (14 species, 20.59%). There were two main dominant species: Amphio-
plus japonicus (dominance = 0.02) and Ampelisca bocki (dominance = 0.03). The macrobenthic
biomass ranged from 0.32 to 1400.89 g/m2, with an average of 120.6 g/m2. The density
ranged from 8 to 608 ind./m2, with an average of 166.8 ind./m2. The H′, J′, d fluctuated of
1.94–3.24, 0.8–0.92 and 0.86–2.01, respectively.
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Figure 2. Density of various biological groups. ((A–D) represent the density of phytoplankton,
zooplankton, macrobenthos, and nekton, respectively).
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Figure 3. The number of species in each biological group. (The solid blue lines represent the median,
and the dashed red lines represent the mean. The box limits are 25% and 75%. The whiskers represent
1.5 times the interquartile range).

Figure 4. Diversity indices of different biological groups. (Y-axis colors: orange represents H′, green
represents J′, and purple represents d. The solid blue lines represent the median, and the dashed
red lines represent the mean. The box limits are 25% and 75%. The whiskers represent 1.5 times the
interquartile range).

Twenty nekton species were identified, representing 16 families and 8 genera. Among
these, 13 were fish (65%), 3 were shrimp (15%), 3 were crabs (15%), and 1 was a cephalo-
pod (5%). The average biomass for fish was 179.25 kg/km2, that for crustaceans was
236.67 kg/km2, and that for cephalopods was 6.81 kg/km2. The four main dominant
species (IRI > 1000) were Charybdis japonica, Mugil cephalus, Oratosquilla oratoria, and Acan-
thopagrus schlegelii. The nekton catch varied from 55.99 to 549.44 kg/km2 for fish, from 7.45
to 1128.02 kg/km2 for crustaceans, and from 6.14 to 29.06 kg/km2 for cephalopods. The H′,
J′, and d ranged from 1.46–2.56 to 0.59–0.82 and 1.29–2.32, respectively.
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The marine biodiversity of the northern part of Liaodong Bay was assessed with an
average MBI of 53.08, indicating medium biodiversity (Table 1). This suggests a relatively
rich variety of marine species, with fairly even distribution. Some local areas and bio-
logical communities show particularly high species diversity, and certain ecosystems are
highly enriched.

Table 1. Classification of marine biodiversity status.

MBI Level MBI The Current Situation of MBI

High ≥75–100 High species richness, even distribution; high diversity
across communities; diverse ecosystem types.

Medium ≥50–<75
Moderate species richness, even distribution; high

diversity in local communities/regions; rich ecosystems
in partial areas.

General ≥25–<50 Limited species richness, uneven distribution; local high
diversity; overall moderate biodiversity.

Low 0–<25 Scarce species, uneven distribution; simple ecosystem
types; low overall biodiversity.

The selected environmental data are spatially consistent with the biological data,
and time-series data from the same season as the biological sampling were used for the
subsequent analysis. The water quality data collected in 2024 showed that, in certain
areas of northern Liaodong Bay, the proportion of seawater meeting the excellent water
quality standard was below 85% [19]. The primary pollutants affecting seawater quality
are DIN and PO4

3−. Figure 5 shows that the maximum concentration of DIN in summer
is 1.452 mg/L. Therefore, eutrophication ranging from mild to severe is occurring in
different regions.

Figure 5. The variation range of the DIN concentration in seawater quality in 2024. (The solid black
lines represent the median. The box limits are 25% and 75%. The whiskers represent 1.5 times the
interquartile range).
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Pearson correlation analysis was conducted to quantify the linear relationships be-
tween individual environmental factors and specific biological indices, while RDA was
applied to clarify the overall effects of the combined environmental variables on the biologi-
cal community structure (Figures 6 and 7). The results of the Shapiro–Wilk test and Levene’s
test indicated that all datasets met the assumptions for parametric tests (p > 0.05); therefore,
no data transformation (e.g., log10(x + 1)) was applied in the Pearson correlation analysis.

 
Figure 6. Correlation heatmap of marine biological communities and water quality factors. (Note:
1. a~z, respectively, represent the number of phytoplankton species, the phytoplankton cell density,
phytoplankton H′, phytoplankton J′, phytoplankton d, the number of species in Type I nets of
zooplankton, zooplankton Type I net abundance, the biomass of zooplankton Type I nets, zooplankton
Type I net H′, zooplankton Type I net J′, zooplankton Type I net d, the number of species in Type II
nets of zooplankton, the zooplankton Type II net abundance, zooplankton Type II net H′, zooplankton
Type II net J′, zooplankton Type II net d, the number of macrobenthos, the density of macrobenthos,
the biomass of macrobenthos, macrobenthos H′, macrobenthos J′, macrobenthos d, macrobenthos
AMBI, the number of nekton, the weight density of nekton, and the number density of nekton.
2. The significance asterisks marked in the correlation heat map are defined as: * p < 0.05 and ≥0.01,
** p < 0.01 and ≥0.001, *** p < 0.001. No marking indicates no statistical significance (p ≥ 0.05). 3. No
multiple comparison correction was performed for the correlation analysis results).

Prior to RDA, the species density dataset was subjected to log10(x + 1) transformation.
The final set of environmental variables used in RDA included heavy metals, temperature,
salinity, COD, DIN, PO4

3− and other key parameters. RDA was accompanied by Monte
Carlo permutation tests (999 permutations) to verify model significance (p < 0.05, F = 3.1).
The first two canonical axes (RDA1 and RDA2) explained 59.3% and 20.4% of the variance
in the species data constrained by environmental variables, respectively, with a cumulative
explained variance of 79.7%.

As illustrated in Figures 6 and 7, Pearson correlation analysis conducted with Python
reveals that COD, Pb, PO4

3− and DIN significantly influence biological community struc-
ture and characteristics (p < 0.05). In particular, COD was significantly positively correlated
with the zooplankton H′ and J′ (r = 0.97, p < 0.001); Pb was significantly positively correlated
with the species count, abundance and biomass of Type I zooplankton (r = 0.83, p < 0.01);
nutrients (PO4

3− and DIN) were significantly positively correlated with the density of Type
II zooplankton and macrobenthos (r = 0.86, p < 0.05 and r = 0.84, p < 0.05, respectively).
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Figure 7. RDA of biological communities and environmental factors. (RDA1 and RDA 2 account
for (59.3%) and (20.4%) of the total variance, respectively. The red arrows indicate environmental
variables, and the black arrows a–z have the same meaning as in Figure 6; the length of each arrow
represents the strength of the correlation between the environmental variable and the community
structure, while the direction of the arrow indicates the gradient of the environmental variable).

4. Discussion
Coastal areas of China are experiencing widespread nutrient and trace metal con-

tamination, primarily driven by anthropogenic activities [23,24]. In the present study,
although dissolved heavy metal concentrations in Liaodong Bay did not exceed Class I
water quality standards, relatively elevated levels were still observed, which were closely
related to river runoff and suspended sediment input, indicating persistent anthropogenic
pressures [25–29]. These findings highlight the importance of long-term monitoring; even
low metal concentrations may pose potential risks to coastal ecosystems. Our results
further confirm that water quality indicators such as dissolved oxygen and COD can effec-
tively reflect anthropogenic disturbances, consistent with previous observations [28], which
underscores the necessity of targeted nutrient concentration management and adaptive
ecosystem protection strategies [29].

(I) Plankton

As sensitive primary producers and consumers with rapid turnover rates, plankton
communities strongly reflect environmental conditions and water quality changes [30,31].

In this study, phytoplankton cell density in northern Liaodong Bay exhibited obvious
spatial and temporal heterogeneity: higher values occurred nearshore and within estuarine
zones, reflecting terrestrial nutrient subsidies, while peaks in August corresponded to
favorable temperature, light, and nutrient availability. Zooplankton abundance followed
similar spatiotemporal patterns, likely driven by bottom-up control from phytoplankton
food availability [32,33].

Studies have shown that temperature, salinity, nitrite, and COD affect the density, pop-
ulation structure, and species composition of zooplankton communities [34–36]. Salinity,
suspended particulate matter, water and sediment pH, COD, and chlorophyll a have the
most significant impacts on zooplankton biomass. The abundance and biomass of zoo-
plankton are shaped by the combined effects of environmental and biological factors [37,38].
According to the Pearson correlation and RDA results in this study, COD was identified
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as the primary environmental driver shaping the overall biological community structure,
followed by PO4

3− and DIN. These nutrients directly regulate phytoplankton growth,
species composition, and diversity. While balanced nutrient levels support marine bio-
diversity, excessive nutrients can cause eutrophication, leading to rapid phytoplankton
growth, dissolved oxygen depletion, and harmful algal blooms that threaten fish and
benthic organisms [39]. Intensified anthropogenic activities have disturbed the N/P ratio
and exacerbated hypoxia in semi-enclosed bays such as Liaodong Bay, where low flushing
rates accelerate nutrient accumulation [40].

Heavy metals (Cu, Pb, Zn, Cd) also affect the plankton community structure. The
effects of heavy metals on phytoplankton are dual and non-linear: low concentrations of
essential metals (Cu, Zn) may promote growth, while high concentrations and non-essential
metals (Pb, Cd) inhibit growth and alter community structure [41–46]. Phytoplankton at
low trophic levels are more sensitive to heavy metals due to their strong bioaccumulation
capacity [47]. Heavy metal stress tends to reduce overall diversity by eliminating sensitive
taxa while favoring tolerant species, and may directly impair photosynthesis [48–55].

(II) Macrobenthos and Nekton

Macrobenthos are ideal bioindicators for assessing benthic environmental quality due
to their limited mobility and high sensitivity to environmental disturbances [56–58]. Marine
species such as fish, invertebrates, and aquatic plants can indicate ecological disturbances
and contamination levels [59,60].

In this study, the average AMBI value was 1.71, indicating mild disturbance and
moderate overall benthic ecological quality. Macrobenthos biomass and density were
consistently higher in areas with good sediment quality and stable hydrological conditions,
but decreased markedly in heavily disturbed zones, consistent with the AMBI-derived
disturbance gradient. For nekton, overfishing and environmental changes have shifted
the community toward small-sized fish and juveniles, reducing diversity and stability.
Overfishing may have exacerbated this community shift, as the removal of predators has
potentially weakened the top-down control of dominant invertebrates [61–63].

Different from plankton, macrobenthos were more strongly affected by PO4
3− and

DIN. Elevated NO2
−-N and NO3

−-N can induce nitrogen saturation, interfering with
environmental filtering and reducing benthic diversity [64–66]. Nutrient enrichment also al-
tered biofilm characteristics and affected invertebrate settlement [67–70], which collectively
determined macrobenthic community structure in Liaodong Bay [71,72].

At higher trophic levels, fish communities were mainly affected by temperature,
salinity, pH, and chlorophyll a [73]. Since benthic invertebrates efficiently bioaccumulate
heavy metals, these contaminants can be transferred and biomagnified along the food web,
posing potential risks to higher consumers and human health [74].

(III) Biodiversity conservation and recommendations

Spatio-temporal variations in biodiversity indices reveal significant spatial heterogene-
ity across northern Liaodong Bay [75–77]. Our research results indicate that the marine
biodiversity in the northern part of Liaodong Bay was assessed with an average MBI of
53.08, corresponding to a moderate level of biodiversity. This suggests a relatively rich
variety of marine species, with fairly even distribution. Notably, several local habitats and
biological communities exhibit exceptionally high species diversity, and certain ecosystem
types are characterized by high species enrichment. These quantitative results provide
direct evidence that the overall ecological status of Liaodong Bay is improving and the
ecosystem is shifting toward greater stability. It should be acknowledged that the present
study was limited by the requirements of the cooperative project, with only one field survey
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implemented. Future research is, therefore, recommended to incorporate multiple seasonal
or annual surveys to enhance the reliability and representativeness of the results.

In ecosystems with high species richness, different species can sustain ecosystem
functions through functional complementarity and redundancy mechanisms when faced
with environmental changes or disturbances [78]. Increased water turbidity and organic
matter can reduce native fish and zooplankton populations, alter benthic assemblages, and
hinder ecosystem services [79,80]. This decline in water quality and biodiversity may erode
ecosystem functions and services [81].

Biodiversity supports ecosystem functioning in natural assemblages, even amid en-
vironmental changes [82–84]. Species richness boosts community biomass production,
a key indicator of ecosystem function, which is crucial for many ecosystem goods and
services [82]. Benkwitt [83] found that species richness and functional diversity in both
large (fish, macrophytes) and small (microcrustaceans, rotifers, protists, and phytoplankton)
aquatic organisms positively correlate with ecosystem multifunctionality. Whereas the
positive association between smaller organisms and multifunctionality broke down with
increasing human pressure, this positive relationship was maintained for larger organisms
despite the increase in human pressure. Recent research has underscored the vital role of
biodiversity in maintaining ecosystem resilience [85]. Studies indicate that ecosystems with
high levels of biodiversity recover more rapidly after disturbances [86,87].

Against this backdrop, targeted strategies are proposed to enhance marine biodiversity
in the nearshore of Liaodong Bay by mitigating the impact of anthropogenic activities,
including the following key aspects: (1) strengthen water quality monitoring and targeted
pollution control to reduce nutrient loading (DIN, PO4

3−), COD, and organic enrich-
ment; (2) establish a comprehensive biodiversity database to effectively monitor temporal
and spatial changes; (3) integrate advanced technologies (e.g., satellite remote sensing,
UAV monitoring) into field surveys for continuous and targeted assessments [88]; and
(4) strengthen AI-based early warning systems for ecological threats (e.g., red tides, jellyfish
blooms) and protect key ecosystems.

5. Conclusions
Based on data collected from northern Liaodong Bay in August 2024, this study

assessed the biodiversity and environmental conditions of the study area using multiple
indices and elucidated the key environmental factors shaping the biological community
structure—thus achieving the core research objective of clarifying the biodiversity dynamics
and environmental factor regulation mechanisms in the northern Liaodong Bay under
ongoing environmental changes. This study yields three primary scientific conclusions
with distinct regional novelty and ecological significance: first, the overall ecological status
of northern Liaodong Bay is at a moderate level, with mild anthropogenic disturbance
and pollution; second, nutrient enrichment and heavy metal stress are the dominant
environmental stressors, with COD, Pb, PO4

3−, and DIN identified as the key factors
disrupting regional species composition and biological community structure; third, the
physicochemical variations of the water column are driven by the combined effects of
anthropogenic activities and natural variability, exhibiting both short-term fluctuations and
long-term trends that cannot be attributed to a single environmental factor.

Quantitatively, the average H′ values for plankton, macrobenthos, and nekton indicate
mild pollution. An average AMBI value of 1.71 denotes mild disturbance, with the overall
benthic ecological quality classified as moderate. The MBI results also reflect a medium sta-
tus, which is indicative of a relatively rich marine species and fairly even distribution. These
findings verify the study’s initial hypothesis that anthropogenically induced environmental
stress has not caused severe biodiversity loss in northern Liaodong Bay but has already
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led to subtle ecological disturbances and community structural imbalances. Notably, the
reduced body size of fishery-targeted species and unstable fishery community structure
represent key ecological concerns that require targeted management interventions.

Correlation analyses further reveal clear linkages between marine biological com-
munities and environmental factors in the study region. The study area is facing severe
nutrient loading pressure, with unstable water quality that frequently fails to meet the
national marine environmental quality standards. Both anthropogenic activities and natu-
ral variability have caused asynchronous fluctuations in nutrient concentrations, thereby
negatively impacting ecological balance. Consistent with the above conclusions, key envi-
ronmental factors such as COD, Pb, PO4

3−, and DIN have disrupted species composition
and biological community structure.

In the context of climate change, the physicochemical variations in the water column
involve both short-term fluctuations and long-term trends, further highlighting the com-
plexity of coastal environmental changes that cannot be attributed to a single factor. Future
research should expand the spatial and temporal scope of field investigations to better clar-
ify the long-term coupling relationship between biodiversity and environmental changes
in northern Liaodong Bay and to develop scientific and effective ecological strategies for
addressing and mitigating emerging ecological challenges in this typical semi-enclosed bay
of the Bohai Sea.
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