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Abstract: The characteristics of zooplankton communities and the relationships with the aquatic
environment in the shallow waters of northern Liaodong Bay were investigated. Spot sampling
surveys were carried out in April, June, September, and November 2018 to assess zooplankton species
composition and diversity, abundance, biomass, and dominant species, and the associated relation-
ships with environmental factors. A total of 45 species of zooplankton were recorded in the survey,
comprising 18 Copepoda, 2 Amphipoda, 1 Mysidacea, 1 Decapoda, 1 Chaetognatha, 7 Hydrozoa,
1 Tunicate, and 14 planktonic larvae. Overall, the most dominant species was Aidanosagitta crassa
(Tokioka, 1938), with copepods and planktonic larvae also dominating the zooplankton community.
However, there was a seasonal alternation of species dominance. A cluster analysis showed that
the zooplankton community in spring differed from other seasons and was mostly influenced by
suspended particulate matter. Bioenv analysis indicated the main environmental factor affecting the
zooplankton community in spring was suspended particulate matter. In summer, the determining
variables were temperature, dissolved inorganic nitrogen (DIN), nitrate, and sediment pH. In autumn,
temperature, DIN, and nitrate were determining variables, and dissolved oxygen (DO) and DIN in
winter. Zooplankton abundance and biomass were influenced by salinity, suspended particulate
matter, chemical oxygen demand (COD), chlorophyll, and water and sediment pH. In general, the
shallow sea area north of Liaodong Bay is rich in zooplankton species and exhibits significant seasonal
variations. Human activities have disturbed the biological community to a certain extent, and the
environmental factors in this area are closely related to the diversity of zooplankton species.

Keywords: zooplankton; Liaodong Bay; dominant species; Bioenv; RDA

1. Introduction

Zooplankton are an essential part of the energy transfer process in marine ecosystems,
serving as a crucial link between primary producers and higher trophic organisms, such as
pelagic fish [1–3]. Changes in zooplankton communities affect the community structure of
other organisms in the ecosystem and may also reflect aquatic environmental changes [4–7].
Understanding the changes in zooplankton communities can shed light on environmental
shifts, making the study of zooplankton communities an important component of marine
ecological research [8–12].

Liaodong Bay is one of the three major bays in the Bohai Sea of China. It is a semi-
enclosed bay with river input from the Liao and Daling rivers and abundant aquatic
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biological resources. Due to its unique geographical location and economic value, the
Liaodong Bay is more sensitive to human activities and climate change, making it more
fragile and complex compared to the open sea. In recent years, human activities, such as
urban construction and aquaculture, have caused frequent eutrophication and algal blooms
in the bay, with higher pollution concentrations in the northern part of the bay [13,14]. This
marine environment is complex with various changes in environmental factors such as
nutrients and chlorophyll a, which are the main pollution indicators [15,16]. The rapid
economic development of coastal cities in the northern region of Liaodong Bay has had
a significant impact on the marine environment, resulting in significant changes in zoo-
plankton communities and, thus, the entire marine ecosystem. Therefore, it is necessary
to systematically investigate the zooplankton community and water environment in the
northern waters of Liaodong Bay.

To date, many scholars have researched plankton communities in various bays. For
instance, Ayón Dejo studied plankton community succession and trophic interactions
in Kaya’o Bay, Peru [17]. The results indicated that even a few meters of oxygen-rich
water can significantly impact brachiopod zooplankton, as changes in the N:P ratio in
the rising water may negatively affect their reproductive activities. Moon et al. revealed
seasonal variations in plankton communities in Gamak Bay, South Korea [18]. Their
findings showed that fluctuations in zooplankton populations (especially brachiopods)
corresponded with gradual increases in temperature and COD concentration. Muthurajah
et al. investigated the effects of monsoons and spatial factors on plankton in a tropical bay
in Malaysia [19], suggesting that monsoon-driven changes in environmental parameters
affect zooplankton communities and species composition. They noted that variations in
temperature and salinity are critical for shaping zooplankton communities and biomass.
Coria-Monter et al. studied the abundance of summer plankton in Rábida Bay, located in
the southwestern Gulf of California, Mexico [20]. Their results demonstrated that summer
copepods are most abundant in La Paz Bay, with the relative richness of other zooplankton
populations varying with temperature, possibly related to changes in phytoplankton.
Mahara et al. elucidated how plankton communities form in complex coastal systems [21],
revealing that tidal mixed zones show similarities in zooplankton community structure,
likely due to advection processes and zooplankton vertical migration behavior. Sadia
et al. analyzed plankton abundance in the northern part of the Bay of Bengal [22], finding
zooplankton abundance ranging from 18 to 22,500 cells/L and a negative correlation
between zooplankton abundance and water depth. Numerous studies have explored
zooplankton community characteristics and their relationship with environmental factors
in Bohai Bay [23–25], Laizhou Bay [26–28], and Liaodong Bay [29,30]. The dominant
species in Bohai Bay has shifted from Aidanosagitta crassa (Tokioka, 1938) to Paracalanus
parvus (Claus, 1863). In Laizhou Bay, temperature is the main environmental factor, with
microzooplankton predation pressure being significantly higher than that of medium
zooplankton. The diversity and distribution of zooplankton in Liaodong Bay are primarily
influenced by environmental factors like transparency, water temperature, COD, and DO.
In northern Liaodong Bay, however, the composition of zooplankton communities has
undergone changes associated with shifts in the aquatic environment. To gain a deeper
understanding of these changes in zooplankton communities in northern Liaodong Bay,
this study utilizes survey data collected in 2018. We analyze variations in the zooplankton
community and shifts in dominant species within this region. For the first time, we
employ Bioenv analysis to explore the impact of combinations of environmental factors
on zooplankton communities across different seasons. This research also investigates how
water environmental factors in northern Liaodong Bay influence dominant zooplankton
species, providing a detailed examination of which specific factors exert positive or negative
effects on the zooplankton community or individual species. The findings will serve as
a foundational basis for future ecosystem studies and provide scientific guidance for
ecological protection and marine spatial management in the shallow waters of northern
Liaodong Bay.
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2. Materials and Methods
2.1. Study Area and Data Sources

In the northern part of Liaodong Bay, the Liaohe River and several other rivers flow,
with an average water depth of approximately 18 m. The tidal regime is characterized by
irregular semi-diurnal tides, with an average tidal range of about 0.95 m. Flow velocities
typically range from 0.5 m/s to 1.5 m/s [31]. The salinity of Liaodong Bay generally
hovers around 30‰; however, due to freshwater input, salinity tends to be higher in winter
compared to other seasons. Seasonal variations in water temperature are significant, with
it often exceeding 25 ◦C in summer and dropping to near freezing in winter [32]. Nutrient
levels in this area are influenced by surrounding agricultural and industrial activities,
leading to relatively high concentrations of nutrient salts such as nitrogen and phosphorus,
which can contribute to eutrophication [33].

This study conducted sampling investigations of plankton and water environment
factors in the northern waters of Liaodong Bay in April, June, September, and November
of 2018. A total of six sampling sites were established (Figure 1). Planktonic animals
were collected using a shallow-water Type I plankton net (mesh size: 505 µm, mouth area:
0.20 m2, net length: 145 cm, filtration volume: approximately 0.25 m3). The collection was
carried out in accordance with the standards outlined in “GBT 12763.6-2007 [34]”. The
identification of zooplankton referred to the WORMS website and the book An Illustrated
Guide to Marine Planktonic Copepods in China Seas (Second Edition).
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Figure 1. Survey sites in shallow sea in the northern waters of Liaodong Bay.

During the operation, the net was submerged at a speed not exceeding 1 m/s until
it reached a depth of 2 to 4 m below the water surface, and then it was retrieved at
approximately 0.5 m/s. Once the net emerged from the water, its external surface was
rinsed to ensure that all collected samples were retained. The samples were immediately
preserved in a 5% formalin solution and subsequently transported to the laboratory for
analysis, which included magnification at 100× using an OLYMPUS-CX33 microscope, as
well as counting and weighing the specimens.

A portable water quality monitor (YSI-6820) was used to measure water depth, tem-
perature, salinity, pH, dissolved oxygen (DO), and chlorophyll a content. Water samples
were collected using a Kemmerer water sampler and placed in clean sampling bottles for
the detection of dissolved inorganic nitrogen, nitrite, nitrate, ammonia nitrogen, dissolved
inorganic phosphorus (DIP), and chemical oxygen demand (COD) indicators. Sampling
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and analysis were conducted according to the guidelines of “GBT 12763.4-2007 [35]”. In the
laboratory, the concentrations of dissolved inorganic nitrogen, nitrite, ammonia nitrogen,
and dissolved inorganic phosphorus (DIP) were determined using spectrophotometry;
nitrate concentration was measured using the chemical reduction method; and chemical
oxygen demand (COD) was assessed through the potassium dichromate method.

Surface sediment samples (approximately 5 cm deep) were collected using a grab
dredger, and the sediment samples were sampled and analyzed according to “GBT 17378.5-
2007 [36] The Specification for Marine Monitoring Part 5: Sediment Analysis”. In the
laboratory, the Kjeldahl method was utilized to determine the total nitrogen content in
the sediment; the high-temperature combustion method was used to measure organic
carbon content; spectrophotometry was employed for the determination of sulfides in
the sediment; an oxidation-reduction potential meter was used on site to measure the
oxidation-reduction potential of the sediment; and the potentiometric method was applied
for field measurement of sediment pH.

2.2. Data Processing

Filtration volume calculation formula:

V = S × L

Abundance calculation formula:

N =
n

V × a

Biomass calculation formula:
B =

S
V

In the formulas above, V represents the filtration volume, measured in cubic meters
(m3); S denotes the area of the plankton net opening, measured in square meters (m2); L is
the length of the sampling rope, measured in meters (m); N refers to the number of individ-
uals per cubic meter of water, expressed as individuals per cubic meter (individuals·m−3);
n is the count of individuals obtained from sampling, measured in individuals; a is the
ratio of the sampled volume to the total volume of the sample; B signifies the wet biomass,
measured in milligrams per cubic meter (mg/m3); and S represents the wet weight of the
sample, measured in milligrams (mg).

All data were stored and processed in Microsoft Excel 2010 and Primer 5.0 was used
for biodiversity analysis, cluster analysis, similarity percentage analysis (SIMPER), and one-
way analysis of variance (ANOVA). Zooplankton community diversity was analyzed using
the Shannon–Wiener diversity index, the Pielou evenness index, the Margalef richness
index, and the species dominance index using the following equations:

Shannon–Wiener diversity index (H′) [37]:

H′ = −∑S
i=1 Pilog2Pi

Pielou’s evenness index (J) [38]:

J = H′/log2 S

Margalef’s richness index (D) [39]:

D = (S − 1)/lnN

Species dominance index (Y) [40]:

Y = (n i/N)fi
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In the above equations, S represents the total number of species; Pi represents the
ratio of the number of individuals in the i-th species to the total number of samples N,
i.e., Pi = ni/N, where ni represents the number of the i-th species; and fi represents the
frequency of occurrence of the i-th species. When Y > 0.02, this indicates the dominant
species in the community.

Cluster analysis was used to analyze seasonal zooplankton communities where a
square root transformation was performed on the seasonal abundance of sampling points.
When calculating the Bray–Curtis similarity coefficient matrix, non-metric multidimen-
sional scaling (NMDS) was used for two-dimensional scaling and hierarchical clustering
to investigate the structure of the zooplankton communities. The credibility of the NMDS
analysis results was evaluated based on the stress coefficient, whereby stress < 0.05 indicates
good representativeness, 0.05 ≤ stress ≤ 0.1 indicates a trustworthy result, 0.1 < stress ≤ 0.2
indicates an explanatory significance, and 0.2 < stress indicates unreliability [41].

Differences in the community characteristics of plankton organisms among differ-
ent seasons and regions were determined using ANOVA. Differences were considered
significant at p < 0.05 and highly significant when p < 0.01.

Similarity percentage analysis (SIMPER) was utilized to assess the average contribu-
tion of different species to within-group similarity and between-group differences.

All environmental factors, except for pH, and zooplankton abundance were log (x + 1)
transformed. Various analyses (Bioenv analysis, correlation analysis, and detrended corre-
spondence analysis (DCA)) were carried out using R version 4.2.2. Furthermore, in addition,
according to the lengths of gradient, the first axis of the DCA was used to determine the
following canonical correspondence analysis (CCA) and redundancy analysis (RDA). If the
value is greater than 4.0, CCA should be selected for the association analysis of environ-
mental factors and zooplankton; if the value is between 3.0 and 4.0, both RDA and CCA
are used; if the value is less than 3.0, use RDA. The DCA revealed that the values of the
lengths of gradient were less than 3 (the length of the gradient was 2.4638). Therefore, this
study employed RDA to investigate the relationship between the zooplankton community
and environmental factors.

Using R version 4.4.1, we conducted non-metric multidimensional scaling (NMDS),
Bioenv analysis, detrended correspondence analysis (DCA), and redundancy analysis
(RDA), and generated correlation heatmaps.

3. Results
3.1. Species Composition

A total of 8 classes zooplankton, comprising 45 species, were found in the sur-
vey, including 18 Copepoda, 2 Amphipoda, 1 Mysidacea, 1 Decapoda, 1 Chaetognatha,
7 Hydrozoa, 1 Tunicate, and 14 pelagic larvae (Table 1).

Table 1. List of shallow sea zooplankton in northern Liaodong Bay.

Arthropoda

Copepoda
Paracalanus parvus (Claus, 1863) Centropages tenuiremis Thompson I.C. & Scott A., 1903

Acartia pacifica Steuer, 1915 Corycaeus (Ditrichocorycaeus) affinis McMurrich, 1916
Centropages dorsispinatus Thompson I.C. & Scott A., 1903 Centropages abdominalis Sato, 1913

Tortanus spinicaudatus Shen & Bai, 1956 Microsetella norvegica (Boeck, 1865)
Acartia (Acanthacartia) bifilosa (Giesbrecht, 1881) Acartia hongi Soh & Suh, 2000

Candacia sp. Paracalanus crassirostris (Dahl F., 1894)
Acartia (Acartiura) clausi Giesbrecht, 1889 Tortanus (Eutortanus) derjugini Smirnov, 1935
Pontellopsis tenuicauda (Giesbrecht, 1889) Labidocera euchaeta Giesbrecht, 1889

Calanus sinicus Brodsky, 1965 Oithona similis Claus, 1866

Amphipoda
Themisto compressa Goës, 1866

Gammarus sp.
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Table 1. Cont.

Mysidacea
Acanthomysis longirostris li, 1936

Decapoda
Acetes chinensis Hansen, 1919

Chaetognatha
Aidanosagitta crassa (Tokioka, 1938)

Cnidaria

Hydrozoa
Rathkea octopunctata (M. Sars, 1835) Turritopsis nutricula McCrady, 1857

Bougainvillia britannica (Forbes, 1841) Bougainvillia muscus (Allman, 1863)
Eirene ceylonensis Browne, 1905 Eirene kambara Agassiz & Mayer, 1899
Podocoryne minina (Trinci, 1903)

Chordata

Tunicate
Oikopleura (Vexillaria) dioica Fol, 1872

Pelagic larva

Macrura larvae Zoea larva (Brachyura)
Ophiopluteus larva Polychaete larva
Ophiuroidea larva Gastropoda larva

Nauplius larva (Copepoda) Brachyura megalopa
Echinodermata larva Lingula larva
Lamellibranchia larva Fish larva

Alima larva Fish egg

Species richness varied between seasons, with 22 species identified in spring, 19 in
summer, 28 in autumn, and 17 in winter. Copepoda and pelagic larvae were dominant
across seasons, with Hydrozoa also dominating in autumn (Figure 2).
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3.2. Seasonal Variation Characteristics of Environmental Factors

The seasonal average temperature in the study area is 16.8 ◦C, with a water body pH
of 7.99, indicating slightly alkaline conditions. The concentration of suspended solids is
higher in summer and autumn compared to spring and winter. Dissolved oxygen content in
spring surpasses that of other seasons, and levels of dissolved inorganic nitrogen, ammonia
nitrogen, nitrate, nitrite, and dissolved inorganic phosphorus are also elevated in spring.
Chlorophyll a content peaks in autumn. Regarding sediments, total nitrogen content is
elevated in spring and summer but lower in autumn. Organic carbon content is highest in
winter and lowest in summer. Sulfide content in sediments is greatest in spring and lowest
in autumn. Sediments exhibit the highest oxidation-reduction potential in winter and
the lowest in autumn. ANOVA indicates that, except for sediment pH, all environmental
factors significantly influence seasonal variations (Table 2).

Table 2. Data on water environmental factors in the northern waters of Liaodong Bay.

Environmental
Factors

Spring Summer Autumn Winter Annual Summary
Variation

Range
Average

Value
Variation

Range
Average

Value
Variation

Range
Average

Value
Variation

Range
Average

Value
Variation

Range
Average

Value

Temperature/◦C 11.5–11.7 11.6 22.7–22.8 22.73 24.2–24.3 24.25 8.6–8.9 8.8 8.6–24.3 16.8
Salinity/S 29.8–30.5 30.1 29.1–30.2 29.7 28.6–30.1 29.15 29.6–30.4 29.93 28.6–30.5 29.72

Suspended particulate
organic

matter/mg·L−1
3.42–4.21 3.82 4.52–5.11 4.93 4.96–5.81 5.46 1.96–2.41 2.2 1.96–5.81 4.1

Total suspended
particulate

matter/mg·L−1
9.52–16.25 12.43 24.32–32.14 29.21 29.38–39.81 34.11 5.63–6.74 6.315 5.63–39.81 20.52

Water pH 7.88–8.01 7.96 7.98–8.06 8.01 8.0–8.1 8.04 7.89–8.01 7.97 7.88–8.1 7.99
Dissolved oxygen

mg·L−1 5.7–6.7 6.4 3.9–4.7 4.4 2.7–3.6 3.3 5.1–7.2 6.3 2.7–7.2 5.07

Dissolved inorganic
nitrogen/µg·L−1

986.54–
1481.22 1280.32 418.38–

629.81 484.42 35.61–
302.11 216.36 237.66–

458.51 341.04 35.61–
1481.22 580.5

Nitrite/µg·L−1 116.52–
147.38 133.74 32.84–62.31 46.55 19.86–35.14 27.3 24.22–45.32 32.42 19.86–

147.38 60

Nitrate/µg·L−1 812.35–
1246.37 1069.06 345.23–

501.23 390.16 185.64–
281.43 227.73 204.89–

395.46 306.14 185.64–
1246.37 498.27

Ammonia/µg·L−1 54.12–84.32 72.96 29.68–64.12 43.34 9.24–26.91 18.9 4.69–14.69 8.07 4.69–84.32 35.82
Dissolved inorganic
phosphorus/µg·L−1 38.47–54.33 48.91 27.81–37.42 32.98 28.12–38.12 33.98 32.12–42.16 37.07 27.81–54.33 38.23

Chemical oxygen
demand/mg·L−1 0.48–0.89 0.65 0.78–1.28 1.08 0.97–1.41 1.23 0.89–1.19 1.06 0.48–1.41 1.01

Chlorophyll a/µg·L−1 2.13–3.56 2.98 3.89–5.02 4.56 4.96–6.32 5.68 1.56–2.49 2.17 1.56–6.32 3.85
Sediment total

nitrogen/% 0.04–0.11 0.08 0.06–0.09 0.08 0.02–0.05 0.04 0.04–0.08 0.07 0.02–0.11 0.06

Sediment organic
carbon/% 0.36–0.48 0.42 0.32–0.46 0.4 0.36–0.54 0.47 0.45–0.62 0.53 0.32–0.62 0.46

Sediment
sulfide/mg·kg−1 29.78–37.21 34.72 9.86–15.31 12.76 6.54–14.97 11.09 21.36–35.42 27.62 6.54–37.21 21.55

Sediment redox
potential/mV 26.7–36.2 31.17 24.86–39.45 32.39 19.36–40.21 29.18 38.21–67.22 53.16 19.36–67.22 36.48

Sediment pH 7.4–7.8 7.6 7.5–8.0 7.7 7.4–7.9 7.7 7.4–7.8 7.6 7.4–8.0 7.63

3.3. Composition of Dominant Species

There was a clear seasonal shift in species dominance in the bay. Overall, there were
16 dominant species, including 11 Copepoda, 4 pelagic larva, and 1 Chaetognatha, with the
number of dominant species slightly changing across seasons (8 in spring, 9 in summer, 5
in autumn, and 7 in winter). Paracalanus parvus Claus, 1863, Calanus sinicus Claus, 1863,
and Aidanosagitta crassa (Tokioka, 1938) were common, among which A. crassa was present
in all seasons (Table 3).
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Table 3. Dominance index (Y) of seasonal dominant species of zooplankton in northern Liaodong Bay.

Species Name Species Code Spring Summer Autumn Winter

Paracalanus parvus (Claus, 1863) SP1 0.161 0.032 0.021
Acartia pacifica Steuer, 1915 SP2 0.226 0.028

Centropages dorsispinatus Thompson I.C. & Scott A., 1903 SP3 0.028
Tortanus spinicaudatus Shen & Bai, 1956 SP4 0.029

Acartia (Acanthacartia) bifilosa (Giesbrecht, 1881) SP5 0.068
Calanus sinicus Brodsky, 1965 SP6 0.138 0.088 0.304
Acartia hongi Soh & Suh, 2000 SP7 0.076

Paracalanus crassirostris (Dahl F., 1894) SP8 0.025
Macrura larvae SP9 0.135 0.036 0.038

Tortanus (Eutortanus) derjugini Smirnov, 1935 SP10 0.07
Labidocera euchaeta Giesbrecht, 1889 SP11 0.021

Lamellibranchia larvae SP12 0.037
Brachyura zoea SP13 0.045 0.042

Oithona similis Claus, 1866 SP14 0.025 0.036
Polychaeta larvae SP15 0.205 0.04

Aidanosagitta crassa (Tokioka, 1938) SP16 0.06 0.188 0.481 0.391

3.4. Diversity and Structural Analysis of Zooplankton Communities

The Shannon–Weiner diversity index (H′) was highest over summer (2.54 ± 0.42)
and spring (2.50 ± 0.24), indicating higher species diversity during these seasons. During
summer, this index varied the most across sampling stations. Similarly, the Pielou evenness
index (J) was highest over summer (0.72 ± 0.12) and spring (0.73 ± 0.10), indicating a higher
relative abundance in these seasons compared to winter and autumn. During autumn,
species evenness varied the most across sampling stations. The Margalef richness index (D)
was highest in autumn, indicating greater species richness compared to the other seasons.
Species richness varied the most across sampling stations in winter (Table 4).

Table 4. Seasonal diversity indices of zooplankton communities.

Site H′ J D Site H′ J D

A1 2.34 0.63 1.59 C1 1.38 0.34 1.82
A2 2.53 0.73 1.49 C2 2.06 1.43 1.90
A3 2.28 0.64 1.76 C3 1.81 0.46 2.10
A4 2.23 0.67 1.75 C4 2.32 0.59 2.30
A5 2.75 0.87 1.53 C5 2.07 0.56 2.04
A6 2.86 0.86 2.04 C6 2.25 0.61 2.12

mean ± SD 2.50 ± 0.24 0.73 ± 0.10 1.69 ± 0.19 mean ± SD 1.98 ± 0.31 0.67 ± 0.35 2.05 ± 0.15
B1 2.58 0.70 1.47 D1 2.58 0.70 2.03
B2 3.07 0.78 1.94 D2 1.73 0.54 1.37
B3 1.77 0.48 1.69 D3 2.04 0.64 1.32
B4 2.94 0.79 1.77 D4 2.22 0.64 1.94
B5 2.40 0.76 1.21 D5 2.68 0.84 1.79
B6 2.52 0.84 1.20 D6 1.59 0.53 1.37

mean ± SD 2.54 ± 0.42 0.72 ± 0.12 1.55 ± 0.28 mean ± SD 2.14 ± 0.40 0.65 ± 0.11 1.64 ± 0.29

Notes: A represents spring, B represents summer, C represents autumn, D represents winter, and each number
represents a sampling station.
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3.5. Community Similarity

A clustering analysis indicated significant seasonal differences in zooplankton com-
munities (ANOSIM: R = 0.65, p = 0.001), with similarity values of zooplankton communities
being highest in spring (Figure 3). The data can be divided into six distinct groups based
on a 50% similarity threshold: Group I (containing only site A1); Group II (containing five
sampling sites, A2 to A6, all from spring); Group III (containing sites B2 to B6, all from
summer); Group IV (containing sites C2 to C6 and site D5, predominantly autumn sites);
Group V (containing sites D1, D2, D3, D4, D6, and site C1, predominantly winter sites);
Group VI (B1).
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Further analysis of community composition using SIMPER based on the four seasonal
groups (Group II, Group III, Group IV, and Group V) revealed that Group II has an average
similarity of 62.58%, with seven species contributing to a cumulative similarity contri-
bution rate exceeding 90%, listed as Calanus sinicus Brodsky, 1965, Aidanosagitta crassa
(Tokioka, 1938), Paracalanus parvus (Claus, 1863), Acartia pacifica Steuer, 1915, Acartia
(Acanthacartia) bifilosa (Giesbrecht, 1881), Centropages dorsispinatus Thompson I.C. &
Scott A., 1903, and Tortanus spinicaudatus Shen & Bai, 1956. Group III exhibits an average
similarity of 62.81%, with nine species contributing to a cumulative similarity contribution
rate exceeding 90%, namely, Aidanosagitta crassa (Tokioka, 1938), Tortanus (Eutortanus)
derjugini Smirnov, 1935, Zoea larva (Brachyura), Macrura larvae, Labidocera euchaeta
Giesbrecht, 1889, Calanus sinicus Brodsky, 1965, Gastropoda larva, Lamellibranchia larva,
and Polychaete larva. Group IV shows an average similarity of 65.00%, with eight species
contributing to a cumulative similarity contribution rate exceeding 90%, which are Poly-
chaete larva, Aidanosagitta crassa (Tokioka, 1938), Macrura larvae, Oithona similis Claus,
1866, Zoea larva (Brachyura), Acartia pacifica Steuer, 1915, Paracalanus parvus (Claus,
1863), and Echinodermata larva. Finally, Group V demonstrates an average similarity
of 72.06%, with seven species contributing to a cumulative similarity contribution rate
exceeding 90%, specifically, Aidanosagitta crassa (Tokioka, 1938), Calanus sinicus Brodsky,
1965, Oithona similis Claus, 1866, Macrura larvae, Polychaete larva, Labidocera euchaeta
Giesbrecht, 1889, and Acartia pacifica Steuer, 1915.

The NMDS had a stress value of 0.125, indicating that there is certain explanatory
significance. Consistent with the clustering analysis, spring is separated from the other
three seasons, with summer, autumn, and winter intersecting with a degree of similarity
(Figure 4).
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3.6. The Relationship between Dominant Species Abundance and Environmental Factors

A Bioenv analysis indicated that suspended particulate matter content had the greatest
impact on the zooplankton community in spring (correlation coefficient = 0.5571). In sum-
mer, water temperature, DIN, nitrate content, and sediment pH influenced the zooplankton
community (correlation coefficient = 0.7). Similarly, temperature, DIN, and nitrate content
greatly influenced the zooplankton community in autumn (correlation coefficient = 0.675).
A combination of many environmental factors influenced the zooplankton community in
winter, including DO, DIN, sediment organic carbon content, sediment sulfide content,
sediment redox potential, and sediment pH (correlation coefficient = 0.2929).

The dominant species of zooplankton can be divided into six groups (Figure 5). The
first group comprises Oithona similis Claus, 1866 and Polychaete larva, and the abundance
is negatively correlated with nitrate, DIN, and nitrite. The second group comprises Macrora
larvae and Zoea larva (Brachyura), and the abundance is positively correlated with water
pH, chlorophyll a, and suspended particulate organic matter, and negatively correlated with
salinity, DO, and sediment sulfides. The third group includes Tortanus (Eutortanus) derjugini
Smirnov, 1935, Labidocera euchaeta Giesbrecht, 1889, and Aidanosagitta crassa (Tokioka, 1938)
and the abundance is negatively correlated with DIP and sediment sulfides. The fourth
group comprises Paracalanus parvus (Claus, 1863), Paracalanus crassirostris (Dahl F., 1894),
Acartia hongi Soh & Suh, 2000, and Lamellibranchia larva, and the abundance is positively
correlated with sediment and water pH, ammonia nitrogen, and nitrite, and negatively
correlated with water depth and salinity, respectively. The fifth group includes Centropages
dorsispinatus Thompson I.C. & Scott A., 1903, Tortanus spinicaudatus Shen & Bai, 1956, and
Acartia (Acanthacartia) bifilosa (Giesbrecht, 1881). The abundance is negatively correlated
with the COD, and positively correlated with DIP, total sediment nitrogen, ammonia
nitrogen, nitrite, DIN, and water nitrate. The sixth group includes Acartia pacifica Steuer,
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1915 and Calanus sinicus Brodsky, 1965, and the abundance is positively correlated with DO,
DIP, and sediment sulfides, and negatively correlated with water temperature, suspended
organic matter, and COD.
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The RDA indicated that various environmental factors and seasons explain 59.96%
of the zooplankton community variation (Figure 6). The zooplankton communities in
spring are clustered apart from the other three seasons, while these somewhat overlap
over summer, autumn, and winter. The environmental factors that correlate with the
first principal axis are COD, water temperature, suspended particulate matter content,
chlorophyll a, and water pH. Those that correlate with the second principal axis are
ammonia nitrogen, total sediment nitrogen, nitrate, nitrite, DIN, and sediment pH. For the
dominant species Acartia (Acanthacartia) bifilosa (Giesbrecht, 1881), Tortanus spinicaudatus
Shen & Bai, 1956, and Centropages dorsispinatus Thompson I.C. & Scott A., 1903, sulfide, DIP,
nitrate, nitrite, DIN, DO, and sediment ammonia nitrogen have the greatest influence on
abundance, showing a positive correlation (Figure 7). Species such as Labidocera euchaeta
Giesbrecht, 1889, Tortanus (Eutortanus) derjugini Smirnov, 1935, Macrura larvae, and Zoea
larva (Brachyura) are influenced by water temperature, suspended particulate matter,
chlorophyll a, water pH, and suspended particulate organic matter, showing a positive
correlation. Sediment pH is the primary factor influencing the abundance of Paracalanus
crassirostris (Dahl F., 1894) and Acartia hongi Soh & Suh, 2000. For Oithona similis Claus,
1866, COD and sediment organic carbon are positively correlated with abundance, and
total sediment nitrogen, water ammonia nitrogen, DIN, nitrate, and nitrite are negatively
correlated with abundance. Chlorophyll a, COD, and water temperature have a relatively
strong positive correlation with the abundance of Aidanosagitta crassa (Tokioka, 1938), while
DO, DIP, DIN, and sediment sulfides have a negative correlation with the abundance. Most
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of the environmental variables show a positive correlation with Paracalanus parvus (Claus,
1863) abundance, with water depth, salinity, and the sediment redox potential having a
negative correlation with the abundance. Overall, the RDA results are consistent with the
correlation heatmap analysis results.
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A correlation analysis showed that the abundance of zooplankton was positively
correlated with suspended organic matter, suspended particulate matter, water and sedi-
ment pH, and chlorophyll a (p < 0.01), and negatively correlated with salinity and water
depth (p < 0.05). The biomass of zooplankton was positively correlated with suspended
particulate matter, water pH, COD, and sediment pH (p < 0.05), and negatively correlated
with salinity (p < 0.01). The Shannon–Wiener diversity index (H′) was positively correlated
with DIN, nitrate, and water ammonia nitrogen (p < 0.05). The Pielou evenness index (J)
did not show a significant correlation with environmental factors, with the highest positive
correlation with DIN and the highest negative correlation with sediment organic carbon.
The Margalef richness index (D) was negatively correlated with DO, DIN, nitrite, and total
sediment nitrogen (p < 0.05) (Table 5).

Table 5. Correlation analysis between zooplankton communities and environmental factors.

Abundance Biomass H′ J D

Depth −0.490 * −0.274 −0.084 −0.008 −0.164
Temperature 0.373 0.251 −0.114 −0.14 0.375
Salinity −0.647 ** −0.569 ** 0.343 0.39 −0.226
Suspended particulate organic matter 0.620 ** 0.403 −0.137 −0.222 0.333
Total suspended particulate matter 0.644 ** 0.428 * −0.161 −0.198 0.224
Water pH 0.650 ** 0.483 * −0.277 −0.374 0.235
Dissolved oxygen (DO) −0.24 −0.242 0.162 0.136 −0.410 *
Dissolved inorganic nitrogen (DIN) 0.05 −0.086 0.471 * 0.374 −0.410 *
Nitrite 0.133 −0.025 0.379 0.257 −0.428 *
Nitrate 0.099 −0.015 0.444 * 0.317 −0.395
Ammonia 0.317 0.074 0.474 * 0.262 −0.129
Dissolved inorganic phosphorus (DIP) −0.03 −0.285 0.084 0.13 −0.115
Chemical oxygen demand (COD) 0.404 * 0.440 * −0.397 −0.336 0.221
Chlorophyll a 0.629 ** 0.441 * −0.17 −0.231 0.3
Sediment total nitrogen 0.201 0.184 0.395 0.242 −0.512 *
Sediment organic carbon −0.122 −0.013 −0.4 −0.391 0.028
Sediment sulfide −0.287 −0.365 0.213 0.332 −0.326
Sediment redox potential −0.217 −0.124 −0.297 0.037 −0.377
Sediment pH 0.608 ** 0.412 * 0.039 −0.077 0.036

Note: * indicates significant correlation p < 0.05, ** indicates significant correlation p < 0.01.

4. Discussion

A total of 45 species of zooplankton were identified in this study, of which many were
Copepoda and pelagic larvae. This is consistent with the findings of Bian et al. [29] and
Wang et al. [42] and correlates to the seasonal distribution characteristics of zooplankton
species in estuarine areas. Zooplankton species richness was greatest in autumn, with
the dominant species comprising Copepoda across seasons, which may be related to their
strong adaptability to temperature and salinity [43–46].

This study’s correlation analysis indicates a significant relationship between seasonal
environmental factors and biological communities, suggesting that seasonal variations
are crucial drivers of environmental changes. This finding is consistent with the research
conducted by Ojok et al. [47]. In spring, the concentrations of dissolved inorganic nitrogen,
ammonia nitrogen, nitrate, nitrite, and dissolved inorganic phosphorus in the study area
are higher than in other seasons. This may be due to rising temperatures in spring and ice
melting in estuarine rivers, which releases nitrogen and phosphorus. Additionally, spring
marks the beginning of farming activities, where farmers apply fertilizers, leading to an
increase in nitrogen and phosphorus levels in the rivers and further elevating the concen-
trations of these elements in the study area. In autumn, the concentration of chlorophyll
a in the water body is the highest, indicating a potential situation of eutrophication. This
phenomenon may result from increased human activities, such as the end of the fishing
ban in autumn, leading to more fishing and boat traffic in estuarine areas.
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In this study, there was a significant seasonal alternation of dominant species. For
example, Centropages dorsispinatus Thompson I.C. & Scott A., 1903 and Tortanus spinicaudatus
Shen & Bai, 1956 only dominated in spring, Acartia hongi Soh & Suh, 2000 and Paracalanus
crassirostris (Dahl F., 1894) in summer, and Oithona similis Claus, 1866 and Polychaete larva
in autumn and winter. There were more dominant species in summer compared to eight in
spring, five in autumn, and seven in winter. This may be due to the temperature and, thus,
a greater abundance of phytoplankton for the zooplankton to feed on. Aidanosagitta crassa
(Tokioka, 1938) was dominant across the four seasons, with the highest dominance index in
all seasons except spring, making it the absolute dominant species in northern Liaodong
Bay. This is consistent with studies on S. crassa in other areas [48,49].

The diversity index represents the degree of disturbance to biological communities [50].
In this study, the diversity index of zooplankton communities was consistently below 3
across all seasons, indicating a notable level of disturbance which peaked in summer. This
suggests that the communities experienced relatively less disturbance in summer compared
to other seasons. This phenomenon can be attributed to government policies, such as the
implementation of summer fishing bans in the Liaodong Bay area. These fishing bans re-
strict the activities of fishing vessels, thereby reducing the potential impacts associated with
human fishing practices, such as habitat alteration from trawling, sewage discharge, and
nutrient enrichment caused by deceased organisms during capture. Consequently, these
measures alleviate anthropogenic effects on plankton communities. The lowest diversity
index of zooplankton community in autumn indicates the highest level of disturbance,
which may be attributed to the peak season of fishing activities in autumn, when human
fishing activities are more frequent. The evenness index is used to indicate species distri-
bution and community stability [51]. In this study, the evenness index was greater than
0.5 across seasons, indicating an even distribution of zooplankton in northern Liaodong
Bay. The richness index represents the richness of species in a community [52]. The results
of this study indicate that species are more abundant in summer and less abundant in
autumn, which is consistent with the findings of Bian et al. [29]. Our results also indicated
a significant difference in species abundance in spring compared to the other seasons,
which may be due to lower temperatures and less frequent zooplankton reproduction in
spring. Based on the results of cluster analysis, the differences in the plankton communities
across the four seasons are significant, indicating that seasons have a considerable impact
on the composition of plankton communities. The grouping results demonstrate that the
dominant species contributing to each seasonal group are mostly the dominant species of
that particular season, suggesting that the changes in dominant species have a substantial
effect on the variations in plankton community structure. In the clustering results, spring
site 1 and summer site 1 are each classified into their own group, showing low similarity
with other groups. Through the analysis of the data from these two sites, it was found
that the abundances of species Acartia pacifica Steuer, 1915 and Acartia (Acanthacartia)
bifilosa (Giesbrecht, 1881) at spring site 1 are significantly higher than those at other sites in
different seasons. Conversely, Acartia hongi Soh & Suh, 2000 and Paracalanus crassirostris
(Dahl F., 1894) show relatively high abundances at summer site 1, which is situated closer
to the river mouth. This difference may be attributed to the varying reproductive strategies
and life cycles among different copepod species. For instance, species Acartia hongi Soh
& Suh, 2000 and Paracalanus crassirostris (Dahl F., 1894) may be more active during the
summer, while species Acartia pacifica Steuer, 1915 and Acartia (Acanthacartia) bifilosa
(Giesbrecht, 1881) may thrive more in the spring. This pattern reflects the different adaptive
strategies of copepods to environmental changes, aligning with the findings of Giraldo
et al. [53]. Moreover, competitive and predatory interactions among species may also affect
their abundances [54].

The aquatic physicochemical environment is important for the growth and reproduc-
tion of zooplankton, as well as for the structure of zooplankton communities. Studies
have shown that temperature, salinity, nitrite, and COD influence the density, population
structure, and dominant species composition of zooplankton communities [55–57]. Our
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Bioenv analysis results showed a high correlation between water temperature, DIN, and
nitrate, and zooplankton abundance. This is due to the gradual increase in temperature
over summer and autumn making the water temperature suitable as the abundance of
phytoplankton increases, which affects the abundance of zooplankton. During spring and
winter, the environmental factors were less correlated to zooplankton abundance compared
to during summer and autumn, which may be due to the influence that lower temperatures
have on zooplankton communities. Overall, salinity, suspended particulate matter, water
and sediment pH, COD, and chlorophyll a had the greatest effect on zooplankton biomass.
Particularly, salinity is negatively correlated with zooplankton abundance and biomass,
which is consistent with other studies carried out in the Arabian Gulf [58], East China
Sea [59], South Yellow Sea [60], and Bohai Sea [29]. However, this is slightly different
from some scholars’ research on zooplankton in the Yangtze Estuary (the abundance in
autumn is highly positively correlated with salinity) [61], which may be due to the influ-
ence of spatial differences, which makes the zooplankton community specific. In summary,
salinity affects the abundance of various zooplankton classes. Moreover, various factors
may also influence the abundance and biomass of zooplankton. Research by Harvey et al.
indicates that hydrodynamic factors can affect the distribution and migratory behaviors
of zooplankton through water flow dynamics [62]. These hydrodynamic factors facilitate
thorough mixing of nutrients in the water, thereby enhancing phytoplankton productivity,
which subsequently impacts the abundance and biomass of zooplankton. The presence of
predators can also affect the population dynamics of zooplankton; when predation pressure
is high, zooplankton numbers may decrease [63]. In summary, the abundance and biomass
of zooplankton are influenced by the interactive effects of multiple environmental and
biological factors.

According to the correlation heatmap of dominant species and RDA results, temper-
ature had a positive correlation with the abundance of most zooplankton species as well
as zooplankton larvae such as Polychaetes, Macrurae, and Zoeae (Brachyura), with the
greatest effect on Macrura larva. Therefore, temperature may be a key factor in promoting
the growth and development of zooplankton larvae. Nutrients not only directly provide
energy for zooplankton life cycles, but they also affect the population structure of phyto-
plankton, thereby indirectly affecting the community structure of zooplankton [64,65]. We
found that DIP, DIN, ammonia nitrogen, nitrite, and sediment sulfides were significantly
correlated with multiple dominant species, such as Centropages dorsispinatus, Tortanus
spinicaudatus, and Acartia bifilosa. These factors are important sources of nutrients for
phytoplankton, which may result in changes in the distribution of zooplankton that feed on
phytoplankton. Dissolved oxygen is a key factor for the growth and development of many
pelagic organisms in waters [66]; the changes in DO can directly affect zooplankton [67,68]
and an increase in DO can have a negative impact [69]. However, future investigations
should be based on the range of DO and how this affects certain zooplankton species.
Our results show a positive correlation between DO and the abundance of Centropages
dorsispinatus Thompson I.C. & Scott A., 1903, Tortanus spinicaudatus Shen & Bai, 1956, Acartia
(Acanthacartia) bifilosa (Giesbrecht, 1881), Acartia pacifica Steuer, 1915, and Calanus sinicus
Brodsky, 1965. Most of these species only dominated in spring when the DO content
was highest, indicating that, within this range of DO (5.7–6.7 mg/L), these zooplankton
species thrive.

5. Conclusions

This study posits that the northern shallow waters of Liaodong Bay exhibit a rich
diversity of zooplankton species characterized by significant seasonal variations in environ-
mental factors and pronounced shifts in biological communities. Our findings indicate that
Aidanosagitta crassa (Tokioka, 1938) is the most dominant species throughout the year. The
zooplankton community appears to be disturbed to some extent due to human activities,
with the degree of disturbance being lowest in summer and highest in autumn. Further-
more, temperature, nutrients, DO, and pH are closely related to zooplankton abundance
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and biomass. In summary, changes in the species composition and abundance of zooplank-
ton are critical to the dynamics of zooplankton communities. Furthermore, zooplankton
exhibit high sensitivity to shifts in environmental factors such as water quality, making
them potential ecological monitoring indicators for assessing the ecological health of the
marine environment.

Liaodong Bay is one of the important bays in China with abundant fishery resources
and many port projects and artificial breeding areas. Therefore, future research on zoo-
plankton in this region should not only consider seasonal variation and the impacts of
changes in the aquatic environment but also the effects of human activities. Studying
the changes in planktonic organisms in the Liaodong Bay from multiple perspectives can
provide more comprehensive scientific research support for the management planning of
Liaodong Bay, ensuring the health of the ecosystem.
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