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Spatial and temporal distribution
of macrobenthos communities
and their relationship with
secondary front in
Hangzhou Bay

Kangning Jia1, Yanbin Tang1, Qinghe Liu1, Rongliang Zhang1,
Yibo Liao1,2*, Lu Shou1,2*, Jiangning Zeng1,2,
Quanzhen Chen1 and Jianfang Chen1,2,3

1Key Laboratory of Marine Ecosystem Dynamics, Second Institute of Oceanography, Ministry of
Natural Resources, Hangzhou, China, 2Observation and Research Station of Yangtze River Delta
Marine Ecosystems, Ministry of Natural Resources, Hangzhou, China, 3State Key Laboratory of
Satellite Ocean Environment Dynamics, Second Institute of Oceanography, Ministry of Natural
Resources, Hangzhou, China
Water quality in Hangzhou Bay is inferior (grade 5) because of discharged from

Yangtze River andQiantang River, and from factories around the bay. This study

analyzed relationships between the environment and macrobenthic

communities at 44 stations throughout Hangzhou Bay, based on samples

collected in 2006, from 2016–2018, and in 2021. Long-term spatial and

temporal changed in macrobenthos, and the influence of secondary water

fronts on community composition, were discussed. Macrobenthos in Qiantang

River Estuary was numerically, primarily dominated by crustaceans, and

elsewhere by polychaetes. Species that differ most in abundance between

four identified regions in the bay were the amphipod Corophium sinensis, clam

Potamocorbula laevis, and polychaete Amaeana occidentalis. The abundance

and biomass of macrobenthos in different regions differs significantly. Taxa

were allocated to six feeding guilds: filter feeders and omnivores predominate

in Qiantang River Estuary and south of Hangzhou Bay, while surface and

subsurface deposit feeders predominate in sediments north of Hangzhou

Bay and in the bay mouth area. Negative correlations were apparent

between the abundances of polychaetes Nephtys polybranchia, Magelona

japonica, Heterospio sinica, Sabella sp. and A. occidentalis and salinity and

pH, while positive correlations were apparent between those of Sternaspis

chinensis and Capitellidae indet. Fine-grained fraction (silt and clay) and mid-

salinity were more suitable for macrobenthos. The numbers and biomasses of

macrobenthic species in the Hangzhou Bay frontal area increased significantly

relative to values in adjacent areas. The difference of each area near the front

was more than 94%, and the main difference species were polychaetes and
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mollusks. Our baseline data for this region might ultimately contribute towards

improved conservation of regional macrobenthos, and a better understanding

of ecosystem health in this highly polluted bay.
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1 Introduction

Estuaries, transition zones between the land and sea, were

characterized by salinity gradients that extend from river mouths

into the sea that were controlled by tides and river discharge

(Laprise and Dodson, 1993). Plentiful nutrients and organic

matter often render these environments highly productive, with

high rates of primary productivity (Dolbeth et al., 2007), and

they had important ecological functions. However, estuarine

environments and biodiversity were increasingly changing

because of anthropogenic disturbance, such as occurs with

power plant construction, and factory wastewater and

pesticide discharged (Ecoutin et al., 2010; González-Ortegón

et al., 2012; Calle et al., 2018; Azovsky and Kokarev, 2019).

Hangzhou Bay, Yangtze River Delta, eastern China, was a

densely populated and highly industrialized area (Le Gallo and

Ertur, 2003). According to China’s marine ecological environment

in 2020, waters in this area were of inferior quality (class IV), and

they had been for two decades. Bay hydrodynamics were mainly

controlled by the Yangtze and Qiantang rivers, and the East China

Sea current.Aplumeoffreshwater fromtheYangtzeRiver extended

to the northern shores of the bay, where it encounters a freshwater

plume from the Qiantang River which extended to the upper

reaches of the bay, and an intrusion of the East China Sea

current. The convergence of these three water masses created a

secondary frontal zone. The secondary frontmay further impacted

the marine ecosystem by increasing the deposition of organic

matter and detritus from plankton onto the seabed through a

“biological pump” action, thereby affecting macrobenthos

communities (Longhurst and Glen Harrison, 1989).

Macrobenthos, a main component of estuaries, played an

important role in material circulation and food-chain energy flow

(Herman et al., 1999; Ghodrati Shojaei et al., 2016). Although

movement of macrobenthic organisms was typically limited, their

life spanswere relatively long, and theywere sensitive toenvironmental

change (Patrıćio et al., 2012). Therefore, their study was well suited to

monitoring environmental change, such as that from climate or

anthropogenic disturbance (Azovsky and Kokarev, 2019). Changes

in estuarine factors suchas salinity, sediment quality, and turbidity also

directly affected macrobenthos community structures.

Between 2012 and 2019, macrobenthos assemblages in

Hangzhou Bay were reported to be mainly controlled by
02
sediment disturbance and salinity gradients (Meng et al., 2021).

Sediment toxicity had previously caused half of the species living in

this bay to disappear between 2003 and 2015 (Bao et al., 2021).

Therefore, long-term monitoring of macrobenthos can signal

changed in ecosystems (Paul and Kari, 2004). Relationships

between a secondary frontal system in Hangzhou Bay and

macrobenthos were unknown. This study examined long-term

changes in community structure and macrobenthic functional

groups, and the effected of a secondary front on macrobenthos

community structure in Hangzhou Bay.

In this study, we hypothesized that variations in salinity and

sedimentationwould have an impact onmacrobenthic community

structure, while the secondary front may influence macrobenthic

distribution. To test this hypothesis, this study surveyed the

macrobenthos in 2006, 2016-2018, 2021. And four zones have

been divided based on salinity and sedimentation, while selected

part of stations to analyze impact of secondary fronts. The results of

this study could provide scientific support for studying the

relationship between fronts and benthic organisms.
2 Materials and methods

2.1 Study area

Hangzhou Bay, ~4800 km2 in area, was funnel shaped, ~100

km wide at its mouth and ~20 km at its upstream reach (Xie

et al., 2017). At an ~9 m tidal range, this bay had one of the

largest tidal ranges in China (Hu et al., 2019). Tides were

semidiurnal, and flowed in from the north, and flowed out

past the southern Zhoushan Islands (Su and Wang, 1989). This

bay was affected by alternating dry and wet monsoon winds, had

plenty of sunlight, a humid climate, and abundant rainfall.
2.2 Sample collection and processing

Alternating runoff and tides created a bottom-water salinity

gradient inHangzhou Bay, where salinity gradually increased from

the estuary to the mouth of bay (Wu et al., 2019). NOAA remote-

sensed salinity data reveals water from Qiantang River to extend

into mid-Hangzhou Bay in a tongue shaped plume. Bottom-water
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salinity in northern areas of the bay was generally low, and that in

southern areas occurs in strips (Figure 1A).

A close relationship between salinity and abundance of

macrobenthos exists (Rethinam Subramanian et al., 2021).

Hangzhou Bay sediments primarily comprised silts with an

admixture of sand and clay of 20–40 um size. These sediments

were mainly transported in suspension (Xie et al., 2017)

(Figure 1B). Different-sized particles settled in different areas

depending on water flow. Because sediments were an important

foundation of marine food webs (Bao et al., 2021), based on their

distribution and that of salinity, this study divides Hangzhou

Bay into an estuary region (A), and an inner and outer bay

region (D), and further divided the inner bay area into northern

(B) and southern (C) regions (Figure 1C). Our data from 44

stations were for the years 2006, 2016–2018, and 2021. All

samples were collected in summer. In this study, the five years

of the station were analyzed together.

At each station, duplicate Van Veen grab sediment samples

(0.1 m2) were collected and sieved through a 0.5 mmmesh sieve.

Macrobenthos preserved in 5% formalin solution, identified to

the lowest possible taxonomic level beneath a stereo microscope.

Species were counted, expressed as individuals per square meter

(ind m−2), and weighed, expressed as wet weight per square

meter (g m−2).

Species were attributed to feeding guilds (Ysebaert et al.,

1998; Macdonald et al., 2010; Telesh and Khlebovich, 2010;

Jumars et al., 2015a; Yang et al., 2017): herbivores (H), surface

deposit feeders (SDF), filter feeders (FF), carnivores (CA),

subsurface deposit feeders (SSDF), and omnivores (O). Where

the feeding mode of a particular species was unknown, this study

assumed that it fed in a manner similar to that of congeneric or

confamilial taxa.
Frontiers in Marine Science 03
Environmental datawas collected in 2006only. Temperature (T)

and pH were measured onsite using a Yellow Springs Instruments

water quality meter. Nutrient concentration was determined

colorimetrically using cadmium column-diazotization and phenol-

indophenol methods for dissolved inorganic nitrogen (DIN), and a

molybdate method for PO3− and SiO− with a UV-Vis

spectrophotometer. Dissolved oxygen (DO) was determined by

iodimetry, and total organic carbon (TOC) by carbon analyzer.

Suspended solids (SS) were determined by filtering an aliquot of

water through a pre-weighed 47 mm diameter polycarbonate

membrane filter with 0.45 mm pore size.
2.3 Data analyses

Macrobenthos diversity was assessed using the Shannon–

Wiener diversity (H′), Pielou’s evenness (J′), and Margalef’s

richness (d) indexes, as follows:

H0   ¼   -oPiInPi (1)

J ¼  H0=InS (2)

d =  (S − 1)=InN (3)

where Pi is the ratio of individual number or weight of species i to

the total number of individuals or total biomass of benthos, S is the

species number per station for each sampling period, and N is the

total number of individuals or biomass for each sampling period.

This study selected 12 stations in the frontal area, and 12

upper front (B1–B5, B7, B8, B12, C1–3, D8) and 9 lower front

(C4, C10, D1, D5–7, D9, D15, D16) stations to assess spatial and
A

B

C

FIGURE 1

(A)Salinity at 10 m depth, Hangzhou Bay (data from NOAA), (B) Surface sediments, Hangzhou Bay from Xie et al. (2013), (C) Sampling stations,
Hangzhou Bay.
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temporal differences in macrobenthos communities throughout

Hangzhou Bay.

The top three species in each region (total 13 species) were

selected and their abundance related to environmental data in

2006. The CCA analysis only analyzed the relationship between

environmental data in 2006 and benthos in that year. Since the

average water depth in Hangzhou Bay was 10 m and does not

vary much from station to station, no analysis is done.

A sampling station map was prepared in ArcMap 10.6

(Environment System Research Institute, US). Cluster analysis

was applied to analyze the macrobenthos community by using

Primer 6.0 (Plymouth Marine Laboratory, UK). Before analyses, a

Bray-Curtis similarity matrix was constructed, and species

abundance were transformed using the fourth-root method.

One-way analysis of similarity (ANOSIM) was employed to test

for any significant differences among ecological groups. Similarity

percentage (SIMPER) was used to identify the dominant species

contributing most to the similarity within each ecological group.

Canonical correspondence analysis (CCA) using Canoco 4.5

(Microcomputer Power, US), and table mapping using Origin

8.0 (OriginLab, US). Nonparametric tests (Kruskal–Wallis) were

performed to evaluate spatial and temporal variation in

macrobenthos abundance and biomass, and temporal variation

in environmental variables, using IBM SPSS Statistics 22.

3 Results

3.1 Spatial and temporal
macrobenthic distribution

3.1.1 Spatial distribution in macrobenthos
community structure

This study attribute the 80 identified taxa to 41 families, 11

classes, and 10 phyla. Polychaetes were most species, with 35 taxa
Frontiers in Marine Science 04
(43.75% of all taxa), followed by crustaceans (24 taxa, 30%),

mollusks (7 taxa, 8.75%), echinoderms (5 taxa, 6.25%), and 9 taxa

(11.25%) belonging to other phyla. And they were classified to 6

feeding guilds: SDF (9 taxa), SSDF (7), CA (28), H (4), FF (14), and

O (18).

The results of site location clustering analysis of

macrobenthos during the four months in Hangzhou Bay was

consistent (Figure 2). From the results of the hierarchical

clustering analysis, there were not much similarity between

survey stations, but part of stations that in the different

regions similarity more than 60%. ANOSIM results revealed

significant differences in macrobenthos communities

throughout Hangzhou Bay (Global R = 0.087, significance

level of sample statistic P = 0.015). Significant differences exist

between communities in regions A and D, and regions B and D.

The dominant species in each region were revealed using

Simper analysis (Table 1). The main contributor(s) to

dissimilarity in samples within region A was the amphipod

Corophium sinensis; B the clam Potamocorbula laevis,

polychaetes Sternaspis scultata and Nephtys oligobranchia; C

the polychaetes Sternaspis chinensis and Heteromastus filiformis,

and crustaceans Malacostraca; and D, the polychaetes Amaeana

occidentalis, Sternaspis chinensis, and Nephtys polybranchia.

All average dissimilarities exceeded 90%, indicating strong

spatial variation in the composition of macrobenthos

communities (Table 1). The greatest difference in regions A and

D was 96.17%, with the species contributing most to difference

being the amphipod C. sinensis. In regions A and C, the difference

was 95.12%, with C. sinensis again contributing most to

differences. For regions A and B, B and D, and B and C, the

species contributing most to dissimilarities was the clam

Potamocorbula laevis. The lowest difference (90.98%) was

between regions C and D, with the polychaete A. occidentalis

contributing most to differences.
FIGURE 2

Cluster analysis of macrobenthos abundance in Hangzhou Bay.
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Percentage values (%) of macrobenthos abundance and

biomass in different regions of Hangzhou Bay are presented in

Figure 3A. For region A, crustaceans were most abundant (the

amphipod Corophium sinensis reached 80 ind m−2), and mollusk

biomass was highest (bivalve biomass reached 0.4 g m−2). The

abundance ratio of polychaetes in regions B, C and D was
Frontiers in Marine Science 05
highest, with the most-abundant species being Magelona

cincta, Sternaspis chinensis, and Amaeana occidentalis. In

region C, polychaetes, especially S. chinensis, also contributed

most to biomass.

Kruskal–Wallis tests revealed significant differences (P<

0.05) in macrobenthos abundance and biomass between region
TABLE 1 Average dissimilarity and most important contributors.

Groups Average dissimilarity Important contributors Contributions (%)

A&B 94.78 Potamocorbula laevis 10.39

A&C 95.12 Corophium sinensis 9.64

A&D 96.17 Corophium sinensis 8.91

B&C 92.91 Potamocorbula laevis 8.81

B&D 94.57 Potamocorbula laevis 7.78

C&D 90.98 Amaeana occidentalis 8.56
A

B

FIGURE 3

(A)Abundance and biomass precent of macrobenthos throughout Hangzhou Bay, (B) Abundance and biomass of macrobenthos throughout
Hangzhou Bay. a, b, c represent the difference of multiple comparisons.
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A and elsewhere, and for significant differences to exist in

abundance and biomass between regions B and C, and C and

D (Figure 3B).

The distributions of macrobenthos abundance and biomass

throughout Hangzhou Bay were depicted in Figures 4A, B. High

abundance and biomass stations occurred mainly in region B and

near the bay mouth. Abundance and biomass generally, gradually

increased from the estuary to the mouth, and decreased outside of

the bay. Abundance and biomass were greater at more northern

stations than they were at southern stations.

Macrobenthos community diversity throughout Hangzhou

Bay was shown in Figure 5. Lowest H′, J′, and d values occurred

in region A. Average H′ and J′ values in region C were higher
Frontiers in Marine Science 06
than elsewhere. There were no significant differences in diversity

indexes between regions.

3.1.2 Spatial and temporal distribution in
macrobenthos feeding guilds

Percentage values (%) of feeding guild abundances and

biomasses were presented in Figure 6. Guilds FF and O were

most abundant in regions A and B, and SSDF in regions C and

D. The highest proportional biomasses of FF occurred in region

A, SDF in regions B and D, and SSDF in region C. Kruskal–

Wallis tests reveal significant differences in the abundance of

feeding guilds in region C only. Within a feeding guild, only the

abundance of CA differed significantly between regions.
A B

FIGURE 4

(A) Macrobenthos abundance (ind m−2), Hangzhou Bay, (B) Macrobenthos biomass (g m−2), Hangzhou Bay.
FIGURE 5

Margalef’s richness (d), Pielou’s evenness (J′), and Shannon–Wiener diversity (H′) indexes for macrobenthos communities in Hangzhou Bay.
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3.2 Relationships between macrobenthos
and environmental parameters

The 13 most-abundant species were selected for CCA analysis

to identify environmental variables that most-affect macrobenthos

community composition (Figure 7). Of measured parameters,

salinity, pH, SiO−, and DO most strongly influenced

community structure. The first axis correlates positively with

pH (correlation coefficient 0.428) and negatively with DO

(correlation coefficient −0.578). The second axis correlates

positively with salinity (correlation coefficient 0.546) and

negatively with SiO− (correlation coefficient −0.4394).
Frontiers in Marine Science 07
Eigenvalues for the first two axes, 0.942 and 0.712, account for

65.3% of all eigenvalues, indicating that these axes explain most of

the variation in abundance of the 13 most-abundant species. For

polychaetes, the abundances of N. polybranchia, M. japonica,

Heterospio sinica, A. occidentalis and Sabella sp. correlated

negatively with salinity and pH, while those of S. chinensis and

Capitellidae indet correlated positively. The abundance of the

branded goby Chaeturichthys stigmatias and clam Nucula

izushotoensis correlated positively with suspended solids, but

negatively with salinity. In this study, no strong correlation was

found between the abundance of croaker Johnius sp. and shrimp

Acetes chinensis and the environmental factors investigated.
FIGURE 6

Proportional abundance and biomass of macrobenthos feeding guilds throughout Hangzhou Bay.
FIGURE 7

CCA ranking of macrobenthos and environmental factors in Hangzhou Bay. P: PO3−
4 ; T: temperature; SS: suspended solids; DO: dissolved

oxygen; S: salinity; N: dissolved inorganic nitrogen; Si: SiO−.
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3.3 The impact of the secondary front
on macrobenthos

Of 44 species in the frontal zone, the most speciose taxon

was Polychaeta with 21 taxa, followed by crustaceans (12 taxa),

mollusks (4 taxa), echinoderms (1 taxon), and other phyla (6

taxa); 33 species occurred in the upper front and 22 species in the

lower front (Figure 8).

Proportional macrobenthos abundances and biomasses in

the secondary front and adjacent areas of Hangzhou Bay were

presented in Figure 9. In the upper and lower front, polychaetes

dominated numerically (36.1% of all taxa), followed by

crustaceans (25.5%) and mollusks (22.35%); community

composition was relatively uniform. Biomass of other species

gradually increased from the upper to lower front, with

crustacean biomass gradually decreasing. Polychaete biomass

was highest in the upper front (34.15%). Averaged abundances

and biomasses in the frontal area were highest (Table 2). A

significant difference existed between abundances of

macrobenthos in the frontal area and the lower frontal area,

and a significant difference in biomass between the frontal area

and the other two areas.

SIMPER results for macrobenthos communities in and

adjacent to the secondary front were presented in Table 3.

Average dissimilarity between regions exceeded 94%, with

polychaetes and mollusks contributing most to differences.

Species that differ most between the upper- and mid-frontal

areas were the polychaetes S. chinensis and M. cincta, and clam

P. laevis. Species that differ most between the upper- and lower-
Frontiers in Marine Science 08
frontal areas were the polychaetes A. occidentalis and N.

polybranchia, and clam P. laevis. Species that differ most

between the mid- and lower-frontal areas were the polychaetes

A. occidentalis, S. chinensis, and N. polybranchia.

ANOSIM results reveal significant differences in community

structure in and adjacent to the secondary front (Global R =

0.253, significance level of sample statistic: P = 0.001), and

between regions. The difference in community structure

between upper- and mid-frontal areas was 0.002, between

upper- and lower-frontal areas was 0.001, and between mid-

and lower-frontal areas was 0.005.
4 Discussion

4.1 Spatiotemporal variation in Hangzhou
Bay macrobenthos communities

Dominant species usually control energy flow and material

circulation in communities, and their distributions dominate

patterns in community distribution. For example the polychaete

S. chinensis was the main contributing species to assemblage

structure in B, C, D regions, and had been repeatedly reported as

a dominant species in Hangzhou Bay (Yang et al., 2017; Meng

et al., 2021). All three regions have a higher percentage of

polychaete than region A. The temperature and salinity

tolerance of this species is wide, and it has an extensive

bathymetric range, occurring in fine sediments from shallow

waters to the deep sea (Jumars et al., 2015b).
FIGURE 8

Macrobenthos composition in and adjacent to the secondary front, Hangzhou Bay. (UF, upper front; MF, middle front; LF, lower front).
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Spatial heterogeneity in macrobenthos community structure

in estuaries was usually affected by sediment composition

(Ysebaert et al., 1998) and, especially, salinity (Telesh and

Khlebovich, 2010). The macrobenthic distribution taxa and

community composition along a salinity gradient was affected

mostly by taxon salinity tolerance (Remane, 1934). Across the
Frontiers in Marine Science 09
whole sampling period the bottom-water salinity in Hangzhou

Bay was affected by the Qiantang and Yangtze rivers, and tides of

the East China Sea, with an obvious salinity gradient existing in

bottom water layers. According to Shadrin et al., 2019,

macrobenthos abundance has a negative correlation with

salinity. In this study, the results of CCA analysis showed
TABLE 2 Macrobenthos abundance and biomass in and adjacent to the secondary front, Hangzhou Bay.

Abundance Biomass

MF UF LF MF UF LF

Polychaete 630 510 250 9.095 1.605 3.44

Mollusc 390 125 5 9.46 0.385 0.1

Crustaceans 445 245 70 7.09 2.055 0.79

Echinoderm 5 5 5 0.03 0.005 0.005

Others 275 10 5 58.845 0.65 30.055

Average 147.61 ± 175.26a, n=19 74.58 ± 58.89a, n=12 37.22 ± 20.70b, n=9 4.45 ± 9.06a, n=19 0.39 ± 0.23b, n=12 3.82 ± 9.51b, n=9
a, brepresent the difference of multiple comparisons.
TABLE 3 Average dissimilarity in community structure, and the three most important contributors in and adjacent to the secondary front,
Hangzhou Bay.

Groups Average dissimilarity Important contributors Contributions(%)

UF&MF 94.23 Potamocorbula laevis 7.94

Sternaspis chinensis 6.13

magelona cincta 5.93

UF&LF 94.28 Amaeana occidentalis 10.67

Potamocorbula laevis 7.42

Nephtys polybranchia 6.32

MF&LF 94.27 Amaeana occidentalis 10.38

Sternaspis chinensis 7.37

Nephtys polybranchia 6.17
FIGURE 9

Abundance and biomass precent of macrobenthos in and adjacent to the secondary front, Hangzhou Bay.
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Nephtys polybranchia, Magelona japonica, Sabella sp.,

Heterospio sinica and Amaeana occidentalis have a negative

correlation with salinity. The stations with high macrobenthos

abundance were mainly concentrated in region B. However, the

biomass of macrobenthos was higher in regions with high

salinity. So macrobenthos in relation to salinity was that

abundance decreases with increasing salinity gradient but

biomass increases, increased species and larger individuals.

Sediment grain size affected macrobenthos assemblage

structure (Cranfield et al., 2004). Sandy silts were beneficial to

the growth and reproduction of some mollusk taxa (Donohue

and Irvine, 2003). Sediments in region A were predominantly

sandy silts, and mollusk biomass is proportionally high (to 0.4 g

m−2). This region was also located in the Qiantang River estuary

where water flow was relatively high and many sediment types

occur (sediments elsewhere are primarily clay silts). Among all

types of sediment, fine-grained fraction (silt and clay) was most

sensitive to the impact of benthos (Arlinghaus et al., 2021). In

this study silt and clay were mainly distributed in region A, B,

and D. The abundance of macrobenthos was higher in all three

regions than in region C. Organic carbon contained in sediments

represents a food source for estuarine benthos. Soft-sediment

communities generally contain species in high densities, and

their populations were maintained by high levels of organic

matter (Lenihan and Micheli, 2001), with a positive correlation

existing between species abundance and organic matter content

(Kon et al., 2015). Abundance of species was greatest in region B,

then D, and lowest in region A. Low-salinity Yangtze River fresh

water, high in suspended solids and nutrients, flows southward

from the Yangtze River estuary into regions B and D.
4.2 Feeding guild distributions in
Hangzhou Bay

The functional characteristics of macrobenthos were the

comprehensive response of marine habitat and environmental

quality (Dimitriadis et al., 2012). Macrobenthos communities in

Hangzhou Bay were numerically dominated by SSDF feeding-

guild taxa. Water quality in Hangzhou Bay was inferior (class

IV), had been for two decades, and the environment was

seriously eutrophic. Because SDF and SSDF taxa can exploit

organic matter in sediments, they often occur in heavily polluted

areas enriched in organic matter (Yokoyama, 2002). In regions

B, C, and D, the abundance of SDF and SSDF was higher than

38% in all regions. However, in region A, the highest percentage

of FF abundance was influenced by the runoff of Qiantang River.

CA taxa do not dominated any region. Yan et al., 2021 reported

CA feeding-guild taxa to be most abundant in Hangzhou Bay,

this probably because they had a larger sampling scale than this

study did.
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According to Gaudêncio and Cabral (2007), filter feeders

and detritivores dominated in the mesohaline area. In this study,

FF feeding-guild taxa were particularly abundant in the upper

reaches and the north of Hangzhou Bay, where they dominated

in mid-salinity areas; their distribution was also related to the

mud content of sediments (Gaudêncio and Cabral, 2007).

In several estuarine systems in the North Sea, Hummel et al.

(1988); Hamerlynck et al. (2003) and Ysebaert et al. (2003)

reported that the trophic structure of benthic assemblages was

dominated by suspension feeders in the polyhaline areas and by

deposit feeder in the meohaline areas. In the Hangzhou Bay,

region A had the fastest flow rate and therefore the highest FF

abundance. In regions C and D, where tidal flow velocities were

relatively slow, suspended solids deposit onto the seabed. In region

C, the abundance and biomass proportion of SSDF feeding-guild

taxa was greatest, mainly because the environment most-suitable

for this feeding guild was characterized by heterogeneous

sediments. Because of current velocities and water-borne

suspended matter, of all feeding guilds, herbivores in Hangzhou

Bay were both the least abundant and have the lowest biomass.

Detritus usually greatly affected food chains in estuaries (Garcıá-

Arberas and Rallo, 2002), so this study speculate that the

ecosystem in Hangzhou Bay was dominated by food webs based

on detritus.

It is difficult to identify relationships between patterns in the

spatial distribution of macrobenthos feeding guilds and

environmental factors, especially to differentiate natural from

anthropogenic changes. While hydrodynamic conditions and

sediment composition (Probert, 1984; Gaston and Russell,

1987), especially the mud content of sediments, were key

factors that affect benthic animal community structure

(Eleftheriou and Basford, 1989), the specific combinations of

these factors may produce unexplained patterns.

Relationships between the dominance of feeding guilds and

food availability were obvious in macrobenthic communities of

Hangzhou Bay. The abundance of FF feeding-guild taxa was

greatest in the most-turbid environments, and they numerically

dominated in estuarine areas with the highest particulate organic

carbon levels (Galenne, 1990). However, when suspended solid

concentrations in estuarine waters reached 80 mg l−1, mortality

of FF feeding-guild taxa increased, their feeding was hindered;

Echinoidea and tubular polychaetes feeding on sediments were

also negatively affected. High turbidity reduced photosynthesis

and the growth capacity of macrobenthos, indirectly affecting

SDF and SSDF feeding-guild taxa in high-depositional areas

(Kromkamp et al., 1995). In Hangzhou Bay coastal shelf

sediments, the spatial distribution of dominant nutrient

groups may be related to food supply. SDF and SSDF taxa can

consume organic matter from the seabed, and often dominated

in organically polluted areas (Yokoyama, 2002). CA feeding-

guild taxa do not numerically dominate sediments in Hangzhou

Bay, possibly because of tidal current and sediment instability,
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neither of which is conducive to their survival (Yan et al., 2021).

Relatively highly mobile SDF, SSDF and CA feeding-guild taxa

can survive in relatively unstable muddy sediments because they

can maintain favorable feeding positions (Aller and

Stupakoff, 1996).
4.3 Effects of the secondary front on
macrobenthos communities in
Hangzhou Bay

In the early 1970s, Simpson and Hunter (1974) proposed

that a shallow water ocean front in the Irish Sea during summer

formed through tidal mixing. Wang and Su. (1993) reported a

northeast–southwest front at the mouth of Hangzhou Bay,

primarily composed of runoff from the Yangtze and Qiantang

rivers, and East China Sea coastal currents. Oceanographic

frontal systems were narrow zones with strong physical

gradients, which usually have high productivity and can

change food supplies in marine food webs (Longhurst, 2010;

Mann and Lazier, 2013). A increase in diversity and productivity

was a general characteristic of communities associated with these

fronts. The species composition in the Hangzhou Bay frontal

area was more species rich, and the community structure also

differs, it may be influenced by similar processes.

The dominant species were identified for frontal zone and its

adjacent area. The polychaetes S. chinensis and H. filiformis, and

gammaridean amphipods dominated in the frontal zone,

whereas that of the upper frontal area was dominated by the

clam P. laevis, amphipod C. sinensis, and other decapod

crustaceans, and that of the lower frontal area was dominated

by the polychaetes A. occidentalis, N. polybranchia, and M.

japonica. The numbers of macrobenthic species, and their total

abundance and biomass in the frontal area were higher than

adjacent area. Owen (1981); Bakun (2006); Cao et al. (2021)

pointed out that owing to frontogenesis of the fronts and eddies

in coastal oceans, the nutrient input into the coastal and bay aera

seasonally and induced higher production of food organisms

(such as phytoplankton and zooplankton), which had a stronger

influence on the macrobenthos diversity, abundance and

assemblage structure.

Compared with the secondary front in Hangzhou Bay, the

study of community differences between the frontal system and

surrounding areas was usually performed at a higher scale (de

Nooijer et al., 2008). Differences in community structure and

biomass in these areas may be more obvious at larger scales

because of differences in food supply (Dauwe et al., 1998). The

interaction of plankton at the sub-mesoscale frontal area may be

very important for building the biodiversity and community

composition of planktonic ecosystems (Liu et al., 2018), while

plankton and macrobenthos were closely related in shallow

water areas (Gascón et al., 2007). Organic matter and detritus
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can be exported from and settled on the seabed through the

follow-up path of phytoplankton and “biological pump”

(Longhurst and Glen Harrison, 1989). Therefore, the impact of

the frontal area on plankton and water temperature

environment will be transmitted to macrobenthos communities.

Marine physical processes, such as the formation of fronts,

affected the patterns in distribution of marine organisms at all

trophic levels. As organisms grow in size, they occupied higher

nutrient levels, and behavioral habits became increasingly

important (McManus and Woodson, 2012). In the frontal area,

non-or only weakly swimming organisms such as plankton can

passively accumulate and grow because of highly abundant

nutritional foods (Woodson and McManus, 2007). There was a

strong coupling between the front and plankton. However, this

association becomes more complex at higher trophic levels. The

ability of biological behavior and availability in the high trophic

level may determine the distribution pattern (McManus and

Woodson, 2012). Primary producers respond directly to the

front because of highly nutritious food sources and light

conditions, but at higher trophic levels, the sensory inducements

of biological behavior (such as temperature, salinity, light

conditions and trace substances) will find the front structure.
5 Conclusion

Four regions were divided according to salinity and sediment

distribution and picked out the frontal zone and adjacent areas.

The spatial pattern of macrobenthos in Hangzhou Bay was that

abundance of macrobenthos was highest in the mid-salinity

region and decreased with increasing salinity in Hangzhou Bay.

However, increasing biomass and higher abundance of

macrobenthos were observed in silt and clay sediments

comparing to the other sediment grain. The highest percentage

of FF feeding groups was found in the areas with the most rapid

currents (region A). SDF and SSDF accounted for the greatest

abundance in region B, C, D. The number of macrobenthic

species, abundance and biomass were higher in the frontal zone

than in adjacent areas.
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