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Community structure of benthic
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variables in the coastal waters of
Changle, Fujian Province, China
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To understand the community structure of benthic molluscs and their relationship
under varying environmental and ecological conditions, monthly samplings in April
—September 2019 were conducted at 27 stations in an approximate sea area of
20,600 ha (Changle District, Fujian Province, China). Forty-five species were
identified, most as food; six dominant species, all bivalves and commercially
important, were determined by the index of relative importance > 500. The
average abundance and biomass were 308.32 x 10° + 1,156.24 x 10° ind./km?
and 1,423.71 + 2,272.37 kg/km?, respectively. Three spatial community groups
were identified, named Min River Estuary, Nearshore, and Offshore, with significant
differences in species composition and abundance (ANOSIM, p < 0.01). Results of
the canonical correlation analysis indicated that the community structure of
benthic molluscs was significantly related to water depth, pH, salinity,
temperature, phytoplankton abundance and zooplankton abundance (p < 0.1).
As the important habitat for benthic molluscs, long-term monitoring in the coastal
waters of Changle is needed for sustainable harvest.

KEYWORDS

bivalves, gastropods, community structure, environmental variables, ecological
variables, China

Introduction

Macrobenthos are important ecological groups that comprise Mollusca, Polychaeta,
Echinodermata, Crustacea and other groups (Herman et al., 1999). They usually settle on
the sea bed or bury into sandy and muddy substrates, and are sedentary and sensitive to
environmental stress induced by anthropogenic activity and climate change (Mulik et al.,
2020; Xu et al., 2021). Therefore, macrobenthos can serve as indicators of aquatic ecological
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change and play an important role in maintaining ecosystem
balance (Rakocinski, 2012; Dietl et al., 2016; Sukumaran et al.,
2021). Community structure characteristics, including species
composition, diversity, abundance and biomass, have become an
increasingly important component in macrobenthic studies to
reveal changes in the marine environment and ecological
adaptation and to evaluate community health (Rao et al., 2020;
Wang et al., 2021a; Wang et al., 2021b). It has been illustrated that
community structures of macrobenthos can be affected by
environmental factors such as temperature, oxygen and nutrients,
and vice versa (McGovern et al., 2020; Wang et al., 2021a; McAfee
et al., 2022). The close relationship between community and
environment suggests the importance of maintaining a hospitable
circumstance with suitable environmental conditions for the
sustainability of local macrobenthos.

Researches on marine benthic molluscs, an important component
of macrobenthos, and their ecological roles have been increasingly
attractive worldwide (Newell, 2004; Kroeker et al, 2014). Many
studies were conducted on the abundance and diversity of marine
benthic molluscs in different habitats (e.g. nearshore waters, estuaries,
mangrove meadows, coral reefs and seagrass beds) and had described
the abundance and diversity of benthic molluscs (Zuschin et al., 2001;
Hwai et al., 2007; Zvonareva et al., 2015; Anderson et al., 2021) and
their community structure under the changing environmental
conditions (Martins et al., 2014). Among various habitats, the
communities of molluscs in estuaries are characterized by having
relatively few species but high abundance because of the rapid change
of environment (e.g. salinity) through freshwater input (McLusky and
Elliott, 1981).

In China, community structures of benthic molluscs have been
evaluated in different locations and habitats, including the Bohai Sea
(Zhao et al,, 2011), the Yellow Sea (Zhang et al., 2016), the Pearl River
Estuary (Li et al., 2012), the mangrove meadows in Fujian Province
(Chen et al.,, 2021) and Hainan Province (Ma et al., 2018), the coastal
waters of Hong Kong (Morton, 1996), the coral reefs of the Beibu Gulf
(Huang et al., 2020) and the shallow water hydrothermal vents in
Taiwan (Chen et al, 2018). Species diversity decline, dominant
species shifts, abundance and biomass decline, and size reduction
have been documented (Wu et al., 2005; Zhang et al., 2016; Huang
et al., 2020).

Fujian Province is in southeastern China, one of the 14 coastal
provincial administrative regions. The geological characteristics of
Fujian are unique. First, it is the only province mainly facing the
Taiwan Strait and close to the south boundary of the East China Sea.
Second, Fujian Province has the second longest coastline, only next to
Guangdong Province. Third, the coastal waters of Fujian are
influenced not only by the China coastal current but also by the
South China Sea warm current and the Taiwan warm current (Kang
et al,, 2021). The coastal waters of Changle District (Fujian Province,
China) are influenced by the Min River (the largest river in Fujian
Province) and the East China Sea. The semidiurnal tides with a tidal
range of approximately 3 m are documented (Liu, 1997). The littoral
substrates of the region are suitable for the growth of benthic
molluscs. The most commercially important fishery is for the
bivalve Mactra antiquata Spengler, 1802 (Liu et al., 2003; Fang,
2013; Lin, 2020). Irrespective of the studies on the reproductive
biology and artificial breeding of M. antiquata, the community
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structures of benthic molluscs in the coastal waters of Changle
remain largely unevaluated.

To shed some light on the community features of benthic
molluscs in the coastal waters of Changle, this study aims to: (1)
investigate the species composition, abundance and biomass of
benthic molluscs; (2) obtain the environmental and ecological
variables including substrate, water depth, temperature, salinity, pH,
dissolved oxygen, chlorophyll a, phytoplankton abundance and
zooplankton abundance; and (3) analyze the community structure
of benthic molluscs and the relationship with the aforementioned
environmental and ecological variables. The results will provide
baselines for developing harvest strategies to achieve sustainable use
of benthic molluscs as food in the surveyed areas.

Materials and methods

Survey area and collection of
benthic molluscs

The survey area (25.81-26.08° N, 119.61-119.80° E) covered
approximately 20,600 ha with 27 sampling stations (S1-S27) in the
coastal shallow waters (< 20 m) of Changle District, Fujian Province,
southern China (Figure 1). To the east, the survey area is connecting
to the East China Sea, and to the north, the Min River Estuary
is located.

Samplings were conducted once per month during the spring tide
in April-September 2019. Because of the bad weather and strong
current in summer, there were no surveys at SI, S2 and S$4 in July
—September 2019. Samples were collected by a licensed commercial
bottom trawler with the rectangle net opening by 3.5 m in width and
0.4 m in height, a typical fishing gear for benthic molluscs harvest
locally. The net mesh size was 22 mm. In each station, the operating
time was controlled for 15 min and the vessel speed for 1 kn. The
catches were sorted by taxonomic groups on deck and packed in
labeled zip-lock bags and kept in ice boxes before transferring to the
laboratory for further treatment. Subsampling was performed for
numerically abundant taxa; the rest were weighted and released back
to the sea.

Benthic molluscs were identified to the lowest taxonomic level as
possible based on shell morphology (Wang et al., 1988; Huang, 2006;
Dance, 2007; Zhang, 2008; Yang et al., 2017).

Environmental variables measurement

Measurements of six variables were conducted monthly in April
—September 2019. Water depth (m) was recorded by onboard
equipment. Because the survey area is shallow (< 20 m) and largely
influenced by tides, currents and winds, only temperature (°C),
salinity, pH and dissolved oxygen (mg/L) of surface water (< 0.5 m)
were measured by a precalibrated multi-channel electrochemical
device (HACH HQ40d). Substrate samples of S1-S27 were collected
using a grab sampler (sample area = 0.1 m?) only in May 2019. The
grain sizes, the proportion of sand (%, 1-0.063 mm), silt (%, 0.063
-0.004 mm) and clay (%,< 0.004 mm), and the median size (¢,
Udden-Wentworth grain-size scale) of substrate were analyzed in the
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FIGURE 1

Twenty-seven sampling stations (red triangles) in the coastal waters of Changle District, Fujian Province, China.

laboratory following the national standard protocol for substrate type
(GB/T 12763.8, 2007).

Ecological variables measurement

Measurements of three variables were conducted monthly in
April-September 2019. For Chlorophyll a (mg/m?), surface water
samples, 1 L per station, were collected, pretreated, and analyzed
following the national standard protocol and using a fluorescence
spectrophotometer (GB/T 17378.7, 2007). For phytoplankton, surface
water samples, 0.5 L per station, were collected and preserved with
Lugol’s iodine solution. All cells were counted under a light
microscopy in the laboratory after at least 48 hours under still
condition. Zooplankton samples were collected by a standard
plankton net of 505 wm in mesh size and 0.2 m> in opening area
through vertical tow from bottom to top (GB/T 17378.7, 2007). Each
station was applied for one tow, and samples were preserved in 5%
formalin buffered with sodium borate. Samples were concentrated
and the number of individuals was counted under a
stereo-microscopy.

Calculations

For benthic molluscs, the number of individuals and the wet
weight, totally or at the lowest taxonomic level, were measured at each
station. The abundance (ind./km?) and biomass (kg/kmz) of benthic
molluscs at each station were calculated as:

Abundance = N/A,
Biomass = W/A,

A=txXvXw,
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where N is the total number of individuals (ind.), W is the total
wet weight (kg), A is the bottom area swept (km?), ¢ is the operation
time (h), v is the vessel speed (km/h), and w is the net width (i.e. 3.5 m
in this study).

The phytoplankton abundance (cells/L) at each station was
calculated as:

Phytoplankton = N/V,

where N is the number of cells, and V is the water volume
(L) collected.

The zooplankton abundance (ind./m?®) at each station was
calculated as:

Zooplankton = N/V,

V = WD x NA,

where N is the number of individuals per vertical tow (ind.), V is
the water volume (m?) filtered into the plankton net, WD is the water
depth (m) and NA is the plankton net opening area (i.e. 0.2 m?).

The index of relative importance (IRI) was used to determine the
dominant (IRI > 500) and common (100 < IRI < 500) mollusc species
(Stevens et al., 1982). The IRI was calculated as:

IRI= (N% +W%) X F%,

where N%, W%, and F% are the number proportion, wet weight
proportion and station occurrence frequency, respectively.

Statistical analysis

One-way ANOVA was applied to analyze the monthly variation
of water depth because Shapiro-Wilk and Bartlett test suggested
normality (p > 0.05) and homoscedasticity (p > 0.05).
Nonparametric Kruskal-Willis test was applied to other four
environmental (temperature, salinity, pH and dissolved oxygen)
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and all three ecological variables that were not conformed to
normality (p < 0.05) and homoscedasticity (p < 0.05). Dunn’s post
hoc pairwise comparison was used to compare the seven variables
between each month. Analyses were performed using R-3.5.3
(R Core Team, 2019), and p-values < 0.05 were considered
statistical significance.

To determine community structure characteristics, multivariate
analyses based on the species composition and abundance data were
conducted using PRIMER 6. Before analyses, the species with their
occurrence frequency < 5% were left out, and the abundance data
was Ig(x+1) transformed to down-weight the importance of highly
abundant species and to reduce the effects of rare species on the
similarity matrix (Anderson et al, 2008). Canonical analysis of
principal coordinates (CAP) based on Bray-Curtis similarities was
used to evaluate spatial variations in community structure (Clarke,
1993). Analysis of Similarities (ANOSIM) was used for significance
testing among community groups, after which pairwise
comparisons were conducted (Burlakova et al., 2018). Differences
in sand and silt proportions of substrate among three
spatial community groups were analyzed by one-way ANOVA
after meeting the conditions of normality (p > 0.05) and
homoscedasticity (p > 0.05). Nonparametric Kruskal-Willis test
was applied to clay proportions and median size of substrate that
were not conformed to normality (p < 0.05) and homoscedasticity (p
< 0.05).

“Similarity Percentage” (SIMPER) procedure was applied to
determine the contributions of discriminating species to the
similarity within community groups (Gogina et al., 2010).
Detrended correspondence analysis (DCA) was performed and the

10.3389/fmars.2023.1045393

maximum gradient of length was 4.87, so that a unimodal model,
canonical correlation analysis (CCA), was chosen (generally, > 4,
CCA; 3-4, CCA or RDA; < 3, RDA), to establish the influence of each
environmental and ecological parameter in structuring the benthic
molluscan communities using CANOCO 5 (Petr and Jan, 2014). A
forward selection procedure with 999 permutations was applied to
select the variables that exerted a significant effect (p < 0.1) (Godinho
and Ferreira, 1998).

Results
Abundance and biomass

The average abundance and biomass of benthic molluscs in the
coastal waters of Changle were 308.32 x 10% +1,156.24 x 10° ind./km?>
and 1,423.71 + 2,272.37 kg/kmz, respectively. Temporal and spatial
distribution of abundance and biomass showed similar patterns
(Figures 2, 3; Supplementary Table S1). Monthly average
abundance and biomass were high in June and low in April and
September. For the sampling sites, monthly average abundance and
biomass were high at sites S5, S6, S14 and S26, and low at sites S21,
$22 and S23.

Species composition

A total of 45 species (40 taxa to species level, one to genus level,
two to family level and two at class level) were identified from 34,232
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FIGURE 2
Monthly abundance (x 10% ind./km?) of benthic molluscs at all 27 stations in April-September 2019 in the coastal waters of Changle District, Fujian
Province, China.
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FIGURE 3
Monthly biomass (kg/km?) of benthic molluscs at all 27 stations in April-September 2019 in the coastal waters of Changle District, Fujian Province, China.

individuals collected, including 29 species of benthic bivalves (10 Six dominant species, all bivalves, and seven common species
families in 6 orders), and 16 species of benthic gastropods (9 families  including five bivalves and two gastropods were identified (Figure 4;
in 3 orders) (Supplementary Tables S2, S3). The number of species ~ Supplementary Table S5). The six dominant species accounted for
among months was between 24 and 31 and the cumulative species ~ 87.70% and 79.68% of the total number of individuals and total wet
number among stations was between 7 and 29 (Supplementary Table  weight, respectively; the values went up to 96.22% and 96.75% with all
S4; Supplementary Figure S1). High number of species was found at ~ dominant and common species (Supplementary Table S3).
$19 and S20 (> 20 species), and low at S21, S22 and S23 (< 10 species) ~ Psammacoma gubernaculum (Hanley, 1844) and Dosinia japonica
(Supplementary Figure S2). (Reeve, 1850) were the only two species that dominated in all months
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FIGURE 4
Index of relative importance (IR/) of six dominant species in April-September 2019 in the coastal waters of Changle District, Fujian Province, China.
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with high IRI, and Anadara broughtonii (Schrenck, 1867), Mactra
antiquata Spengler, 1802, Mactra chinensis Philippi, 1846 and Mactra
iridescens Kuroda & Habe, 1958 only dominated in certain months.

Monthly variation in environmental and
ecological variables

The water depth of the survey area in Changle was shallow, no
more than 20 m in all surveyed stations and mainly < 10 m
(Supplementary Figure S3). Four environmental and three
ecological variables had significant differences by month in the
coastal waters of Changle (Table 1). Temperature and salinity were
high in August and September; pH was high in April and July;
dissolved oxygen was high all the time except August; Chlorophyll a
was high in April, June and July; phytoplankton abundance was high
in July and August; and zooplankton abundance was high in June
and July.

Community structure of benthic molluscs

Twenty-two species of benthic molluscs with an occurrence
frequency higher than 5% were used for further analysis. Three
spatial community groups, namely Min River Estuary, Nearshore
and Offshore were identified (one-way ANOSIM, Global R = 0.454,
p < 0.01), with pairwise tests suggesting that the three spatial groups
were significantly different from each other (Min River Estuary vs.
Nearshore: R = 0.815, p = 0.001; Min River Estuary vs. Offshore: R =
0.868, p = 0.001; Nearshore vs. Oftshore: R = 0.312, p = 0.001).
Stations in the Min River Estuary group were farther separated from
the stations in the Nearshore and Offshore groups along the CAP axis
1, indicating unique community structure in Min River Estuary, and
the latter two groups were separated along the CAP axis 2 (Figure 5).

Eleven species contributed over 90% of the community similarity
in the three spatial community groups (Table 2). The communities in
the Min River Estuary group were characterized by three species
(Meretrix meretrix (Linnaeus, 1758), Hiatula atrata (Reeve, 1857) and
D. japonica) with a total contribution percentage of 97.83%. Eight
species in the Nearshore group were P. gubernaculum, D. japonica, M.
chinensis, A. brougtonii, Babylonia lutosa (Lamarck, 1816), Neveriat

10.3389/fmars.2023.1045393

didyma (Roding, 1798), M. iridescens and M. antiquata, contributing
to 90.12% in similarity. Five species in the Offshore group were P.
gubernaculum, D. japonica, A. brougtonii, B. lutosa and Solen linearis
Spengler, 1794, with a cumulative contribution of 91.09% in
similarity. P. gubernaculum contributed significantly in both
Nearshore and Offshore groups, and D. japonica was the only
species contributing significantly to all three groups.

The substrate particles included sand, silt and clay, with average
proportions of 57.12%, 30.36% and 12.52%, respectively
(Supplementary Table S6). Substrate particle types [sand, silt, clay
and median size ()] in the three spatial community groups were
significantly different (p < 0.05) (Figure 6). The Min River Estuary
group had the highest sand content (80.70%) and the lowest clay
content (5.56%). The Offshore group had the lowest sand content
(44.38%) and the highest clay content (16.12%). The average ¢ in the
Min River Estuary, Nearshore and Offshore groups were 2.79, 4.33
and 5.06, respectively.

Community structure in relation to
environmental and ecological variables

Six variables were significantly related to the benthic molluscs
community structure, including water depth (F = 5.32, p = 0.001), pH
(F =4.65, p = 0.001), salinity (F = 4.77, p = 0.001), phytoplankton (F =
2.12, p = 0.015), zooplankton (F = 1.65, p = 0.068) and temperature
(F = 1.49, p = 0.092). Dissolved oxygen and Chlorophyll a were not
considered to be correlated with community structure (p > 0.1). The
six significant variables showed spatial and temporal patterns
(Supplementary Figures S3, S4). Water depth was shallow (< 10 m)
in the Min River Estuary and along the coastline of Changle.
Temperature had significant temporal variations, increasing from
April to September. Salinity and pH shared similar spatial patterns,
the lowest in the Min River Estuary. Phytoplankton abundance was
higher in May—August than those in April and September, and was
higher around the Min River Estuary and southwest. Zooplankton
abundance shared similar temporal and spatial patterns
to phytoplankton.

The results of CCA (Table 3) with permutation tests on all axes
revealed the significance of the constrained ordination model (F = 2.8,
p < 0.01). Overall, 15.1% of the total inertia (2.774) was explained by

TABLE 1 Environmental and ecological variables in April-September 2019 in the coastal waters of Changle District, Fujian Province, China.

Variable For Hvalue @ p-value
WD (m) 10.43 + 3.59 10.73 + 3.35 9.10 + 2.81 10.59 + 3.60 10.43 + 3.50 10.97 + 3.41 1.01 0.41

T (°C) 19.32 + 1.04¢ 18.40 + 0.84¢ 24.08 + 0.37° - 28.91 + 0.32° 29.15 + 0.27° 119.1 <0.05
Salinity 22,58 + 321° 22.97 + 3.51° 2441 + 521° 28.33 + 4.15" 32.25 + 3.60° 29.59 + 2.28% 100.58 <0.05
pH 8.33 + 0.39° 8.13 + 0.46° 7.98 + 0.41° 8.24 + 0.26™ 8.16 + 0.15° 7.67 + 0.42¢ 97.31 <0.05
DO (mg/L) 8.48 + 0.66" 8.42 + 023" 8.20 + 1.18° - 7.15 + 0.77° 8.18 + 0.52° 39.92 <0.05
Chl a (mg/m®) 15.67 + 2.52° 4.88 + 1.59° 12.92 + 3.36% 9.43 + 327 5.16 + 4.62° 420 +2.07° 105.12 <0.05
Phyto (cells/L) 12.16 + 5.32° 731.0 + 963.1° 2104 + 1898° 3933 + 2328%° 7064 + 6091° 0.3470 + 1.07° 125.63 <0.05
Zoo (ind./m?) 211.2 + 98.59° 708.9 + 1066° 1295 + 1066 2211 +2118° 347.0 + 653.5° 89.33 + 65.25¢ 108.81 <0.05

-: Data deficient. Values with different letters (a-d) indicate significant differences among months, and values with the same letter indicate that the difference was not significant. WD, water depth; T,
temperature; DO, dissolved oxygen; Chl a, Chlorophyll a; Phyto, phytoplankton abundance; Zoo, zooplankton abundance.
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FIGURE 5
Canonical Analysis of Principal Coordinates (CAP) with the three spatial groups: River Estuary (MRE), Nearshore and Offshore. Bray-Curtis similarity matrix
was calculated based on lg(x+1) transformed species abundance data.

the four environmental and two ecological variables with 10.2%
explained by the first two axes. Salinity (-0.3537) and water depth
(-0.3966) were negatively correlated with the first axis, while pH
(-0.5226) and temperature (0.4363) were negatively and positively
correlated with the second axis, respectively. From the Min River
Estuary group to the Nearshore and Offshore groups, the benthic
molluscan community was increasingly related to higher salinity,
higher water depth, lower phytoplankton abundance and lower
zooplankton abundance (Figure 7A). The temporal variation of the
benthic molluscan community was affected by pH and temperature,
with higher pH and lower temperature in April and May than in June,
August and September (Figure 7B).

Different discriminating species in the three spatial community
groups showed different preferences to environmental and ecological
variables (Figure 7C). M. meretrix and H. atrata in the Min River
Estuary group preferred lower water depth, higher phytoplankton
abundance and higher zooplankton abundance. S. linearis in the
Offshore group was closely related to lower temperature, deeper water
depth and higher saline waters. D. japonica was typical in all three
spatial groups and it was the closest to the origin in the CCA plot,
showing no obvious preference to environmental conditions.
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Discussion
More bivalves than gastropods in Changle

The coastal waters of Changle are shallow with a depth range<
20 m, and the substrates mainly contain sand. There are more bivalve
species (N = 29 species) than gastropod species (N = 16 species),
many as food (Wu et al,, 2019; Hu, 2021). The number of bivalve
species recorded in this study corresponded to 32% of the recorded
bivalve species in the region (Liu and Zhu, 2009). The bivalves
attributed to 96.38% of the total number of individuals and 96.86%
of the total wet weight (Supplementary Table S3). The same pattern,
i.e. benthic bivalves contributed more than gastropods in abundance
and biomass, was found in the Yellow River Estuary (Zhang
et al., 2021).

The higher species number in bivalves is likely associated with
their diet habit. Gastropods are usually scavengers and feed on
polychaetes, crustaceans and fish carrion, and bivalves are more
phytoplankton (e.g. diatoms) feeders with highly developed gills
(Morton, 1990; Palomares and Pauly, 2021). High nutrients in the
estuaries enhanced the proliferation of phytoplankton, providing rich
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TABLE 2 Discriminating species and their contributions to average similarity of the three spatial community groups in the coastal waters of Changle
District, Fujian Province, China.

Min River Estuary Nearshore Offshore
Species*
Contribution Sim/SD Contribution Sim/SD Contribution Sim/SD

Bivalvia Meretrix meretrix 68.42% 1.28

Bivalvia Hiatula atrata 20.03% 0.68

Bivalvia Psammacoma gubernaculum 23.89% 1.44 53.55% 1.25
Bivalvia Dosinia japonica 9.38% 0.49 22.16% 1.77 12.90% 0.55
Bivalvia Mactra chinensis 10.73% 0.78

Bivalvia Anadara broughtonii 10.55% 0.80 11.92% 0.46
Gastropoda Babylonia lutosa 7.98% 0.61 8.77% 0.37
Bivalvia Solen linearis 3.95% 0.26
Gastropoda Neverita didyma 5.42% 0.56

Bivalvia Mactra iridescens 5.14% 0.51

Bivalvia Mactra antiquata 4.25% 0.46

Total 97.83% 90.12% 91.09%

Sim/SD: The ratio of average similarity contribution to the standard deviation within groups.
*: Species ordered in decreasing contribution.
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province, China.
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TABLE 3 Summary of canonical correlation analysis (CCA).

10.3389/fmars.2023.1045393

VS 1 2 3 4 Total inertia
Eigenvalues 0.197 0.085 0.066 0.045 2.774
Species-environment correlations 0.622 0.580 0.582 0.476
Cumulative percentage variance

of species data 7.1 10.2 12.6 14.2

of species-environment relation 472 67.4 83.3 93.9
Sum of all eigenvalues 2.774
Sum of all canonical eigenvalues 0.419

food resources for bivalves. (McLusky and Elliott, 1981). In this study,
no gastropods were dominant species. Only two gastropods (B. lotosa
and N. didyma) were common species (Supplementary Table S5);
both were also in eleven discriminating species determined by
SIMPER, indicating the importance of bivalves in the coastal waters
of Changle (Table 2).

Species composition and abundance
changed temporally and spatially

Dominant species changed over time in the coastal waters of
Changle (Figure 4; Supplementary Table S5). Only P. gubernaculum
and D. japonica were high abundant and widespread, with the
occurrence rate of 77.12% and 69.28%, respectively (Supplementary
Figures S5, S6). The distribution of P. gubernaculum was away from
the Min River Estuary and inhabited in the south of the survey area,
and D. japonica had relatively high abundance in the Min River
Estuary. M. antiquata, the most high-valued mollusc food species in
Fujian waters, had high abundance in the Min River Estuary with a
core area of approximately 1,000 ha, with an occurrence rate of
33.33% (Supplementary Figure S8). A. broughtonii had high
abundance in the south of the survey area, away from the Min
River Estuary (Supplementary Figure S7). Two species of genus
Mactra, M. chinensis and M. iridescens, showed the same pattern;
their IRI were the highest in June and the lowest in September, with
their high abundance in the south of the survey area, far away from
the Min River Estuary influence (Supplementary Figures S9, S10).
These temporal and spatial changes might be associated with seasonal
migration and reproductive requirements (Hiddink and Wolff, 2002;
Ni et al., 2011).

The environmental variable gradients can largely influence the
spatial patterns of species distribution, such as in estuarine and
coastal waters (Li et al., 2020). The most important discriminating
species in the Min River Estuary community group is M. meretrix
(bivalve) (Table 2). The species can habit in waters shallower than 1 m
and tolerate abrupt salinity change (Narasimham et al., 1988). The
shallow water depth and the low salinity in the north of the survey
area influenced by the Min River, fully supported the inhabit pattern
of M. meretrix. As the representative species in the Offshore and
Nearshore community groups, A. broughtonii (bivalve), was adapted
to higher salinity and its growth rate in juvenile stage increased with
high salinity and intermediate temperature (26 °C) (Wang et al,
2017a). In this study, the highest abundance of A. broughtonii in the
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south of the survey area and the water temperature of approximate 26
°C in June highly support its distribution pattern (Supplementary
Figures S3, S7).

Compared to grabs, bottom trawling is less commonly used in
macrobenthos surveys. However, bottom trawling method has at least
two advantages. First, bottom trawling is an efficient method for
sampling large-sized and rare species, contributing to comprehensive
surveys of large-scale seabed area (Blanchard et al., 2004). Covering a
larger survey area can increase the accuracy of density estimation for
benthic molluscs. Second, bottom trawling can be effective for harvest
macrobenthos in shallow, sandy and muddy bottoms (McConnaughey
etal,, 2000).In Changle District, bottom trawling is commercially used in
harvesting large benthic molluscs. Therefore, bottom trawling method
was selected in this study.

Environmental and ecological factors
influence community structure of
benthic molluscs

The spatial structure of molluscan communities appears to be driven
by the combined influence of a series of environmental factors in the
estuaries and coastal waters (McLusky and Elliott, 1981; El Asri et al.,
2021).Inthe Min River Estuary, the physic-chemical properties of waters
are affected by freshwater discharge from the Min River. These
oscillations of environmental variables, mainly salinity, usually form a
barrier that prevents marine organisms from entering and stop estuarine
and freshwater species from exiting (Costa-Dias et al., 2010). In this
study, the community structure of benthic molluscs in the Min River
Estuary was also confirmed to be unique. In the Pearl River Estuary
(China), total nitrogen and organic matter in the sediment were the main
environmental factors influencing the benthic communities (Li et al.,
2012). In the Yellow Sea (China), temperature, water depth and salinity
were the major factors affecting the benthic community (Zhang et al,,
2016). In the Portuguese continental shelf, the main factors influencing
the benthic community structure were water depth, hydrodynamic
regime and grain sizes (Martins et al., 2014). In the ports of Mumbai
(India), temperature, sediment texture and suspended particulate matter
were the environmental factors that influenced the benthic community
structure (Mandal and Harkantra, 2013). This study revealed that both
environmental and ecological factors, including water depth, pH,
salinity, temperature, phytoplankton abundance and zooplankton
abundance, shaped the benthic molluscan community structures in the
coastal waters of Changle (China).
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FIGURE 7

Biplots of canonical correlation analysis (CCA) showing the surveyed stations (A, B)/discriminating species (C) and the significant explanatory
environmental and ecological variables in the coastal waters of Changle District, Fujian Province, China. The communities were classified by the three
spatial community groups (A) or by months (B) to indicate spatial and temporal variances separately. Discriminating species of different groups were
represented in (C). Meme, Meretrix meretrix; Hiat, Hiatula atrata; Maan, Mactra antiquata; Mair, Mactra iridescens; Mach, Mactra chinensis; Nedi, Neverita
didyma; Anbr, Anadara broughtonii; Balu, Babylonia lutosa; Doja, Dosinia japonica; Psgu, Psammacoma gubernaculum; Soli, Solen linearis.
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The influence of plankton abundance on the molluscan community

structure is an interesting topic to further explore. Phytoplankton and

zooplankton are important food sources for benthic molluscs, especially
those suspension-feeding bivalves (Cloern, 1982). In this study, the

phytoplankton samples were comprised of 6 taxonomic groups,

including diatom (the dominant group), dinoflagellate, cyanophyta,

chrysophyceae, chlorella and xanthophyceae (detailed data not shown
here). The zooplankton samples were comprised of 14 taxonomic
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groups, mainly including copepod and planktonic larva (detailed data
not shown here). Our results provided a valid evidence that
phytoplankton abundance and zooplankton abundance had an
influence on the community structure of benthic molluscs. Some
dominant species in this study, e.g. M. chinensis and M. antiquata, are
mainly phytoplankton filters (Palomares and Pauly, 2021). It merits
further evaluation on relationship between plankton species
composition and community structure of benthic molluscs.
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The coastal waters in Changle is shallow (< 20 m), and there are
no significant variances among months (p > 0.40, Table 1).
Considering the shallow water environment and strong effects of
winds, tides and currents, we assumed that there was no temporary
stratification that could cause significantly abiotic and biotic variances
between surface and bottom waters. Therefore, we only used surface
water parameters to assess the sea water properties in this study.

For sustainable harvest of benthic molluscs

The coastal waters of Changle provide suitable habitats for the
growth of benthic molluscs, many as food species. The most valuable
species is M. antiaugta. The annual catch of M. antiquata in the coastal
waters of Changle had experienced precipitous decline from 150 t in the
1960s to only about 5 t after 2001, mainly due to overexploitation (Liu,
1997; Liu and Zhu, 2009). The operation of adding water cannons to the
sea bed is commonly seen to collect benthic molluscs in the coastal waters
of Changle District. The bottom trawlers are equipped with a high-
pressure water component to stir the sandy bottom down to half a meter
to collect the infaunal molluscs. The destructive effects of bottom trawls
on benthic infauna and habitats have been noted in studies from both
tropical and temperate waters (Hiddink et al., 2017; Wang et al., 2021a).
More environmental-friendly fishing methods and regulations and
enforcement to achieve sustainable harvest of benthic molluscs in
Changle District are needed.

Estuaries are usually the regions with active economic development,
facing environmental problems such as pollution and eutrophication
(Zhou and Cai, 2010; Wang et al., 2017b; Qiu et al., 2018). As the largest
estuary in Fujian Province, the Min River Estuary is also facing the same
problems caused by the rapid development of industrialization and
urbanization along the Min River Basin and coastal waters (Sun et al.,
2017). Appropriate harvest management measures and environmental
protection are essential to help improve the eco-environment and
maintain sustainable development of benthic molluscs.

Conclusion

This study reported the species composition, abundance and biomass
of benthic molluscs, and analyzed the environmental and ecological
variables as well as their correlation with molluscan community
structure in the coastal waters of Changle, Fujian Province, China. Six
bivalve species (i.e. P. gubernaculum, M. chinensis, D. japonica, M.
iridescens, A. broughtonii, M. antiquata) were dominant in the region.
Three spatial community groups were identified, and the community
structure was best correlated with four environmental and two ecological
variables including water depth, pH, salinity, temperature, phytoplankton
abundance and zooplankton abundance. As a suitable habitat for the
growth of commercial important benthic molluscs, the coastal waters of
Changle deserve effective protection and appropriate management.
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