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Effects of Manila clam Ruditapes
philippinarum culture on the
macrobenthic community

Wenhao Hou †, Xiangtao Wei †, Weihao Bai, Yajuan Zheng,
Qiyin Tan, Zhaojun Liu, Bowen Rong and Changzi Ge*

Marine College, Shandong University, Weihai, China
Macrobenthic bioturbation affects the environment, and variances in habitat,

such as decreased dissolved oxygen concentration and increased ammonia

concentration, affects the macrobenthic community. The relationship between

macrobenthos and habitat factors may be a mutually causal relationship. The

bottom-sowing culture for Manila clam Ruditapes philippinarum in many coastal

countries plays an important role in coastal fisheries, and the relationship

between Manila clam and other macrobenthos affects the ecological stability

of the bottom-sowing culture zone. It is necessary to explore the relationship

between them to manage the waters used for the bottom-sowing culture for

Manila clam. In this study , from June to October 2021, the field investigation on

macrobenthos including Manila clam and their habitat factors, such as particle

size, nutrient content, redox potential, and organic matter content, in 21

experimental communities enclosed by bolting-silk net in Shuangdao Bay,

Weihai, Shandong, China was conducted, during which macrobenthos

functional groups were determined by feed sources and motor behavior. The

results showed that Manila clam biomass was 7.215±0.984 g/m2 (calculated by

dry soft tissue weight), and it was positively correlated with the biomass of

macrobebthos functional groups B1, G1 and P1; water content in sediment;

sulfide content in interstitial water; the Shanon-Wiener diversity index; Pielou’s

evenness index and theW statistic of the ABC (Abundance-Biomass Comparison)

curve (p< 0.05). Moreover, it was negatively correlated with sediment particulate

size and HCl-NO3 content in sediment (p< 0.05). The action of Manila clam to

habitats was the dominant role of the interaction between clam and habitat.

Thus, the bottom-sowing culture for Manila clam does not decrease the

macrobenthic community stability, and the invasion of other macrobenthos

into the bottom-sowing culture zones for Manila clam may be accidental or

inevitable. The results of our study suggest that the management of the bottom-

sowing culture for Manila clam should be conducted from ecosystem level; i.e.,

fishing and aquaculture in the same waters are regarded as two components of

an ecosystem; manage them together, rather than treat them separately.

KEYWORDS

aquaculture management , benthic habitat , c lam culture , community
stability, macrobenthos
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1 Introduction

The distribution of macrobenthos is determined by sediment

factors, feed abundance, and the tolerance to ecological stresses (Liu

et al., 2012; Peng et al., 2019). Nevertheless, when the contents of

nutrients, dissolved oxygen (DO), and sulfide change greatly, the

community structure varies (Wu et al., 2019; Xu et al., 2021).

Macrobenthos remake habitat factors, e.g., the bioturbation of

Manila clam Ruditapes philippinarum, affect habitat. These clams

filter organic particulate matters and produce biodeposition

including feces or false feces (Mesnage et al., 2007), which

accelerates the deposition of organic matters and increases the

organic matter content in sediment (Liu et al., 2014). This drives

the biogeochemical cycles of nitrogen and phosphorus (Zhang et al.,

2020), such as the nutrient diffusion flux across the sediment–water

interface (Karlson et al., 2005; Wei et al., 2023a), and affects the

primary production of microalgae. The mass aggregation of Manila

clam reduces DO content (Wu et al., 2020) and redox potential (Eh)

in sediments, promotes sulfate reduction reaction, and leads to high

sulfide content in sediment (Howard and Evans, 1993; Hatcher

et al., 1994; Wang et al., 2006). Moreover, filter feeding by shellfish

influences bulk density and the particulate size of sediment (Qin

et al., 2010), aggravates sediment resuspension, and affects water

content in sediment (Ge and Zhang, 2013). On the other hand,

habitat factors of sediment, such as particle size, sulfide content,

nutrient content, and organic matter content, affect the distribution,

burrowing behavior, and growth of clam (Chen et al., 2010; Li et al.,

2017). Thus, the relationship between macrobenthos and habitat

factors in natural waters may be a mutually causal relationship.

Manila clam, a filter-feeding species of shellfish, lives in the

interior of sediment and it is globally distributed in temperate and

subtropical waters. It is also widely cultured; e.g., the annual

production of cultured Manila clam in China, which is the largest

aquaculture nation for many years, is approximately 3 million tons

(FAO, 2021). Asterias rollestoni (Li et al., 2019; Zhao, 2021) and

Bullacta exarata (Ysebaert et al., 2009; Liu et al., 2010) invade the

bottom-sowing culture zone for Manila clam in Jiaozhou Bay,

Shandong Province, China and subsequently reduce the clam yield.

This biological invasion is essentially the change of the functional

group of macrobenthos and the stability of the macrobenthic

community. Is this biological invasion accidental or inevitable? A.

rollestoni feed on clam, and B. exarate feed on organic debris. Organic

matter and nutrients can be high in areas used for the bottom-sowing

culture for Manila clam. Thus, it is considered that the large-scale

bottom-sowing culture for Manila clam induces the outbreak of the

A. rollestoni or B. exarate. Nevertheless, these claims are not very

convincing. Large-scale culture of filter-feeding shellfish leads to

either elevated organic debris content or decreased content (Zhang,

2008). The outbreak of organisms could at least have two reasons.

One is the increase in the number of bait organisms of the organism,

and the other is whether these organisms are preyed upon by other

organisms. All these facts imply that the relationship between Manila

clam and the outbreak of other macrobenthos is not so simple. To

improve the management of the area used for clam culture, their

relationship needs to be clarified.
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To answer these questions, a field investigation was conducted

in the intertidal zone of Shuangdao Bay, Weihai, Shandong, China.

Pearson correlation analysis was used to determine the correlation

between Manila clam and each factor of habitat or macrobenthos

community, such as water content in sediment. The structural

equation model (SEM) was used to analyze the direct or indirect

effects of Manila clam on macrobenthic community. The results are

helpful to further understand the community structure interaction

between Manila clam and other macrobenthos, and provide

theoretical support for the management of the bottom-sowing

culture for Manila clam.
2 Materials and methods

2.1 Investigation area

The field investigation was conducted in Shuangdao Bay,

Weihai, Shandong Province, China. The bay, a closed lagoon, is

surrounded by hills on three sides and the north of the lagoon is

connected to the Yellow Sea. It covers an area of approximately 18

km2. The bay mouth has a width of approximately 1.8 km and the

longitudinal length of the bay is approximately 6 km. The tide mode

belongs to an irregular semi-diurnal tide. The highest tide position

reaches 2.89 m and the lowest one is −0.76 m. The bottom sediment

is mostly fine sand followed by medium sand. In the early 1980s, the

bay had been used for aquaculture of Fenneropenaeus chinensis,

Apostichopus japonicus, and Haliotis discus hannai. Moreover, the

bay was once used as a Manila clam protection zone.

Twenty-one experimental communities were randomly set in

the low-tide region of the intertidal zone of the lagoon (Figure 1)

and the mudflat has silt sediments. The mudflat is exposed to air at

ebb tide. Moreover, Manila clam with an abundance of 134.71 ind./

m2 is naturally distributed in the area. To avoid tourists and

fishermen from digging clams, reduce the disturbance from

fishing boats and the escape of macrobenthos from these

experimental communities; the experimental communities were

closed from June to October 2021 by bolting-silk net with a mesh

size of 74 mm. Each experimental community covered an area of 1

m × 1 m, and the burial depth of bolting-silk net was 0.2 m and the

height of the net from sediment was 0.8 m. During the bottom-

sowing culture for Manila clam, human beings no longer interfere

with the activity range of Manila clam after the shellfish seeds are

sowed, i.e., Manila clam may freely escape or gather in habitat

patches. Thus, Manila clam was not artificially sowed in these

experiment communities.

In October 2021, macrobenthos and sediment with a depth of

10 cm were collected and the Eh of sediments was measured in situ

(State Quality Supervision Bureau, 2007). The sediments of each

experimental community were sampled according to the five-point

sampling method. Each point was sampled five times in parallel,

and the samples of each experimental community were mixed in

equal parts and measured. The macrobenthos were preserved in

ethanol with a concentration of 75%.
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2.2 Species identification and functional
group division of macrobenthos

According to Li and Wang (2016), macrobenthos were

identified by morphology. These bivalves, crustaceans, gastropods,

and polychaetes were dried at 80°C to constant weight to measure

their dry weight (with a definition of 0.001 g). The weight of

Pagurus ochotensis was dry weight without shell, and the weight

of Gastropod was dry weight with shell.

Based on the website of the Biology Traits Information

Catalogue (https://www.marlin.ac.uk/biotic/), feeding and exercise

modes of macrobenthos were determined (He et al., 2020; Rahman

et al., 2022), by which the classification criteria of the functional

group of macrobenthos were constructed (Table 1).
2.3 Sediment determination

The median particulate size (D50) of sediment was analyzed by

a laser particulate size analyzer. The sediment bulk density (Dr) was

determined by the ring knife soil sampler. The sediment was dried

at 105°C to constant weight and the water content (j) in sediment

was calculated by the weight variance. Porosity (Pr) was calculated
Frontiers in Marine Science 03
according to the empirical formula of bulk density and water

content (Guo, 1983; Lv et al., 2016; Wei et al., 2023b). The

organic matter content in sediment (Org) was determined by

cauterization at 450°C for 4.5 h.

The occurrences of nitrogen or phosphorus in sediment, such as

exchangeable nitrate nitrogen (Ex-NO3), exchangeable phosphorus

(Ex-P) and exchangeable ammonia nitrogen (Ex-NH4), phosphorus

that can be soaked out by hydrochloric acid (HCl-P), nitrogen that

can be soaked out by hydrochloric acid (HCl-NO3), total

phosphorus (TP), and total nitrogen (TN), were determined by

the leaching method (Otsuki, 1981; Kan, 2016; Ge et al., 2017). The

sulfide content in interstitial water (Sul) was determined by the p-

amino dimethylaniline colorimetric method.
2.4 Calculation method

The indexes of macrobenthic community, such as the Shanon–

Wiener diversity index (H’), Pielou’s evenness index (J’), the W

statistic of the ABC (Abundance–Biomass Comparison) curve, and

sediment factors, were calculated as follows:

H0 = −o​Pi ln Pi (1)
FIGURE 1

Layout of field investigation conducted in Shuangdao Bay.
TABLE 1 Classification criteria of functional groups of macrobenthos.

Functional group
Standard

Functional group
Standard

Feeding mode Exercise mode Feeding mode Exercise mode

B1 Suspension feeder Burrower P1 Scavenger Burrower

B2 Suspension feeder Attachment P2 Carnivore Crawler

G1 Carnivore Crawler P3 Non-selective deposition feeder Burrower

G2 Herbivore Crawler C Omnivore Crawler and burrower

G3 Scavenger Crawler M1 Omnivore Crawler

G4 Suspension feeder Crawler M2 Omnivore Crawler and swimmer
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J 0 =
H 0

ln S
(2)

W =os
j=1

ðBBj − AAj)
50(s − 1Þ (3)

j =
(Wwet −W60Þ

Wwet
� 100 (4)

Dr =
100Wwet

v

(100 + jÞ (5)

Org =
(W60 −W450)

W60
� 100 (6)

Pr = 93:947 − 32:995Dr (7)

Where, S, P, AAj, BBj, Wwet, W60 and W450 was the number

of species, the proportion of species i, the total number of species,

the abundance accumulation percentage corresponding to serial

number j, biomass accumulation percentage corresponding to serial

number j, the sediment wet weight (g), the dry weight of sediment

dried at 60°C to constant weight (g), and the ash weight of sediment

(g), respectively.
2.5 Statistical analysis method

The data were mean ± standard error. The one-sample

Kolmogorov–Smirnov normal test was performed on the W

statistic of the ABC curve. The R4.2.1 statistical program was

used for statistical analysis, during which the Pearson correlation

analysis was used to analyze only the relationship between the

Manila clam biomass and each habitat factor, such as macrobenthos

functional group biomass, and sediment factors, respectively. The

significance level was set at 0.05.

According to Ma et al. (2017), Amos24 software was used to

construct SEM to explore the influence of Manila clam. Moreover,

SEM reduces the dimension of many variables into one principal

component through factor analysis. The root mean square error of

approximation (RMSEA)<0.05 and the goodness-of-fit index (GFI)

>0.9 indicate that the model fits well (Diamantopoulos and Siguaw,

2000). R2 represents the degree of interpretation of the model on the

structure and stability of macrobenthic community, and the degree

of influence of different paths is compared by the path coefficient

(Pc) (Bizzi et al., 2013). The degree of fit of one model is promoted

by deleting variables and adding variables (Wu, 2013).
3 Results

3.1 Macrobenthos and sediment factors

The sediment factors are summarized in Table 2. Water content

in sediment ranged from 17% (4th experimental community) to

20.3% (16th community). Maximum porosity was 67.12% (1st
Frontiers in Marine Science 04
community) and minimum was 58.61% (17th community). The

median particulate size ranged from 33.60 mm (11th community) to

100.96 mm (4th community). Maximum organic matter content in

sediment was 2.254% (5th community) and minimum was 1.058%

(4th community). The sulfide content in interstitial water ranged

from 0.01 mg/L (20th community) to 0.11 mg/L (5th community).

Maximum Eh was −14.2 mv (4th community) and minimum was

−181.4 mv (1st community). The exchangeable phosphorus content

ranged from 0.77 mg/kg (5th community) to 15.66 mg/kg (7th

community). Maximum exchangeable nitrate nitrogen content was

25.46 mg/kg (6th community) and minimum was 2.82 mg/kg (7th

community). The exchangeable ammonia nitrogen content ranged

from 2.05 mg/kg (8th community) to 86.2 mg/kg (11th

community). The maximum phosphorus content that can be

soaked out by hydrochloric acid was 87.47 mg/kg (14th

community) and the minimum was 5.1 mg/kg (4th community).

The nitrogen content that can be soaked out by hydrochloric acid

ranged from 148.82 mg/kg (11th community) to 828.71 mg/kg (3rd

community). Maximum total phosphorus was 147.55 mg/kg (7th

experimental community) and minimum was 80.25 mg/kg (17th

community). The total nitrogen ranged from 2,186.44 mg/kg (2nd

community) to 2,372.71 mg/kg (4th community).

A total of 34 species of 5 orders and 29 genera of macrobenthos

were collected (Table 3), in which the functional group M2 was

mainly Trachypenaeus curvirostris. The frequency and number of

M2 were small, e.g., the number of M2 was six individuals; hence,

the role of M2 was excluded from further analysis. The biomass of

the macrobenthos functional group G2 ranked the first, followed by

the biomass of functional groups C and G3 (Table 4). The value of

H’ ranged from 0.66 to 1.27, J’ ranged from 0.23 to 0.42, and W

ranged from 0.017 to 0.072 (Table 5).

The biomass of Manila clam was positively correlated with the

biomass of functional groups B1, G1, and P1 (p< 0.05); j and Sul

(p< 0.05); and H’, J’, and W (p< 0.05) (Table 6). Moreover, it was

negatively correlated with D50 and HCl-NO3 (p< 0.05).
3.2 Effects of Manila clam on macrobenthic
community

The SEM of Manila clam-H’ (GFI = 0.999, AIC = 26.036,

RMSEA = 0.000) explained 58% (R2 = 0.58) of the influence of

Manila clam on  H 0 :M (Manila clam) directly affected H’ (Pc =

0.25); M influenced H’ (Pc = 0.37) by affecting the functional group

B1 (Pc = 0.52); M acted onH’ (Pc = 0.41) by acting on j (Pc = 0.32);

M influenced j (Pc = −0.48) by acting on D50 (Pc = −0.43); j acted

directly on H’ (Pc = 0.41) or on H’ (Pc = 0.37) by acting on the

functional group B1 (Pc = −0.21) (Figure 2).

The SEM of Manila clam-J’ (GFI = 0.975, AIC = 25.253, RMSEA

= 0.000) explained 63% (R2 = 0.63) of the influence of Manila clam

on J’. M directly acted on J’ (Pc = 0.79); M acted on J’ (Pc = −0.50)

by affecting the functional group G2 (Pc = 0.56); M affected j (Pc =

−0.48) by influencing D50 (Pc = −0.43), or M acted on J’ (Pc =

−0.50) by acting directly on j (Pc = 0.32) and then on G2 (Pc =

−0.46) (Figure 3).
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The SEM of Manila clam-W (GFI = 0.956, AIC = 26.565,

RMSEA = 0.000) explained 33% (R2 = 0.33) of the influence of

Manila clam on W. M directly acted on W (Pc = 0.58); M acted on

W (Pc = −0.36) by influencing the functional group G2 (Pc = 0.56);

M acted on j (Pc = −0.48) by affecting D50 (Pc = −0.43), or M

affected W (Pc = −0.36) by directly influencing j (Pc = 0.32) and

then G2 (Pc = −0.46) (Figure 4).
4 Discussion

4.1 Relationship between Manila clam and
abiotic habitats

In the present work, the Manila clam biomass was positively

correlated with the water content in sediment, which was consistent

with the field investigation conducted in the bottom-sowing culture

zone for Manila clam by Ge and Zhang (2013). The sediments with

higher water content means that the sediments are softer, which is
Frontiers in Marine Science 05
conducive for Manila clam living in sediments. Moreover, the

bioturbation form of Manila clam is diffusive disturbance, which

accelerates the diffusion of sediment particles and interstitial water

during their activities (Mermillod-Blondin et al., 2005), leading to

the vertical mix of sediments. During alternately sucking in and

discharging water, the Manila clam leads to the sediment

resuspension and increases water diffusion, resulting in an

increase in water content in sediment.

As the Manila clam biomass increases, the oxygen consumption

caused by clams increases as does the mass of oxygen-consuming

biodeposition (Zhou et al., 2003). All these factors further affect

sediment hypoxia or anoxia, which promote denitrification, leading

to regional nitrogen loss, especially a decrease in nitrate content

(Kaspar et al., 1985). Moreover, HCl-NO3 is the nitrogen that can

be released from sediments, and the probability of physiological

toxicity to macrobenthos increases with increased HCl-NO3, which

means that Manila clam will not choose to gather in the area with a

high HCl-NO3 content. The experimental community in the

present work was closed by bolting-silk net, and the bury depth
TABLE 2 Sediment factors (j, Pr, D50, Org, Sul, Eh, Ex-P, Ex-NO3, Ex-NH4, HCl-P, HCl-NO3, TP, and TN represent water content in sediment, porosity,
particulate size, organic content in sediment, sulfide concentration in interstitial water, redox potential of sediment, exchangeable phosphorus
content in sediments, exchangeable nitrate nitrogen content in sediments, exchangeable ammonia nitrogen content in sediments, phosphorus
content that can be soaked out by hydrochloric acid in sediments, nitrogen content that can be soaked out by hydrochloric acid in sediments, total
phosphorus content in sediment, and total nitrogen in sediment, respectively).

Experiment
community

F
(%)

Pr
(%)

D50
(mm)

Org
(%)

Sul
(mg/
L)

Eh
(mv)

Ex-P
(mg/
kg)

Ex-NO3

(mg/kg)
Ex-NH4

(mg/kg)

HCl-P
(mg/
kg)

HCl-NO3

(mg/kg)

TP
(mg/
kg)

TN
(mg/
kg)

1 19.90 67.12 49.04 1.378 0.02 −181.4 2.21 15.23 4.04 62.71 676.47 126.89 2,244.25

2 19.30 63.40 49.04 1.44 0.04 −165.1 1.15 3.51 5.67 82.77 656.59 114.73 2,186.44

3 19.60 63.05 56.33 1.792 0.05 −134.2 6.54 6.67 4.91 65.44 828.71 104.91 2,249.08

4 17.00 59.80 100.96 1.058 0.03 −14.2 1.21 15.86 3.82 5.10 533.22 92.02 2,372.71

5 17.60 59.99 62.40 2.254 0.11 −23.6 0.77 10.98 3.29 70.06 689.68 85.43 2,301.16

6 19.30 62.42 40.25 1.614 0.06 −83.9 9.63 25.46 5.38 73.42 209.43 106.86 2,294.75

7 18.70 62.01 50.83 2.102 0.02 −63.8 15.66 2.82 11.15 77.52 412.41 147.55 2,232.93

8 18.40 62.01 43.23 1.34 0.03 −62.9 1.81 5.35 2.05 76.15 304.17 124.06 2,262.79

9 17.50 59.23 48.90 1.134 0.05 −37.5 11.71 11.02 16.05 67.95 502.75 127.15 2,225.88

10 19.40 59.81 41.86 1.286 0.07 −19.1 1.63 3.51 3.12 57.46 332.73 113.11 2,333.12

11 20.00 60.29 33.60 1.334 0.03 −77.1 10.91 11.60 86.20 69.79 148.82 116.33 2,343.61

12 20.00 59.29 40.47 1.38 0.11 −42.0 4.29 9.81 14.41 70.37 304.46 140.19 2,315.05

13 20.00 61.44 53.08 1.306 0.04 −70.5 11.46 12.22 13.09 68.54 179.61 111.79 2,294.46

14 18.60 62.88 43.23 1.542 0.03 −60.7 13.02 5.35 12.74 87.47 158.22 123.10 2,268.32

15 17.20 62.75 66.48 1.152 0.02 −56.9 3.39 11.09 3.59 62.40 576.40 119.97 2,248.03

16 20.30 60.41 40.68 1.276 0.10 −66.9 2.51 13.71 2.84 62.80 316.82 97.56 2,338.24

17 19.10 58.61 40.34 1.256 0.02 −45.6 10.30 10.36 21.98 54.60 167.23 80.25 2,326.64

18 19.40 60.00 55.44 1.14 0.01 −23.1 13.63 3.77 5.69 62.80 433.67 117.16 2,278.68

19 18.70 59.12 43.75 1.192 0.02 −54.9 2.85 5.10 3.31 62.03 291.00 104.00 2,368.14

20 19.90 59.99 35.03 1.514 0.01 −110.0 11.42 11.94 6.51 71.16 361.09 119.76 2,297.93

21 17.30 59.78 47.81 1.812 0.03 −32.7 1.54 11.49 2.73 59.96 488.87 80.53 2,340.97
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of bolting-silk net in sediment was much deeper than the diving

sand depth of Manila clam (Wei et al., 2023b). The Manila clam in

the closed experimental communities could not escape from them.

Thus, the reason for the negative correlation between the Manila

clam biomass and the HCl-NO3 content in sediment in the

investigation was likely mainly caused by Manila clam.
Frontiers in Marine Science 06
The sediment median particulate size in the natural distribution

area of Manila clam was in the range of 16.54–109.14 mm (Zhao

et al., 2021), while the sediment median particulate size in the

studied area was in the range of 33.60–100.96 mm; i.e., the sediment

median particulate size in the present work was beneficial to the

survival of Manila clam. In the present work, the Manila clam
TABLE 3 Species and functional groups of macrobenthos in studied sites.

Phylum Class Family Genus Species Functional group

Mollusca Bivalvia Veneridae Ruditapes Ruditapes philippinarum B1

Mytilidae Musculista Musculista senhausia B2

Glauconomidae Glauconome Glauconome primeana B1

Myidae Mya Mya arenaria B1

Laternulidae Laternula Laternula marilina B1

Tellinidae Heteromacoma Macoma incongrua B1

Gastroroda Lirtorinidae Littorina Littorina brevicula G2

Muricidae Rapana Rapana venosa G1

Batillariidae Batillaria Batillaria cumingi G2

Nacellidae Cellana Cellana toreuma G2

Turbinidae Lunella Lunella coronata coreensis G2

Nassariidae Nassarius Nassarius festivus G3

Turritellidae Turritella Turritella terebra G4

Annelida Polychaeta Cirratulidae Tharyx Tharyx multifilis P1

Chaetozone Chaetozone setosa P1

Aphelochaeta Cirratylus filiformis P1

Audouinia comosa P1

Cirriformia Cirratulus tentaculata P1

Polynoidae Halosydna Halosydna brevisetosa P2

Nereididae Nectoneanthes Nectoneanthes multignatha P2

Nereis Nereis grubei P2

Lumbrineris Lumbrineris cruzensis P2

Perinereis Perinereis cultrifera P2

Perinereis aibuhitensis P2

Capitellidae Heteromastus Heteromastus filiforms P3

Mediomastus Mediomastus californiensis P3

Arthropoda Crustacea Ocypodidae Scopimera Scopimera globose C

Grapsidae Helice Helice tientsinensis C

Hemigrapsus Hemigrapsus penicillatus C

Hemigrapsus sanguineus C

Hemigrapsus longitarsis C

Hemigrapsus sinensis C

Malacostraca Paguridae Pagurus Pagurus ochotensis M1

Penaeidae Trachypenaeus Trachypenaeus curvirostris M2
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biomass was negatively correlated with sediment median particulate

size, which meant that the correlation was caused by Manila clam as

the closure of the experimental communities resulted in difficulty of

escape for Manila clam. If the Manila clam biomass is less than the

carrying capacity of the region, the quantity of biodeposition

produced by clams are positively correlated with the Manila clam

biomass (Liu et al., 2014). The carrying capacity of Manila clam can

be 2,000 ind./m2 (Li et al., 2015) or 603 ind./m2 (clam with a dry

weight of soft tissue of 0.9 g) (Liu et al., 2015). The maximum

density of Manila clam in the present work was 246 ind./m2. In

addition, according to the owners of the study area, the clams are

naturally distributed within this area, and they continuously grow

and produce young clams. All these factors meant that the

abundance of Manila clam might not be too high to be beyond

the carrying capacity of the area for Manila clam. Manila clam

produces massive biodeposition composed of feces or false feces,

which mainly includes microalgae and organic detritus (Haven and

Morales-Alamo, 1966; Kautsky and Evans, 1987), and their

accumulation in sediment causes the decrease in median

particulate size.

Because of the ecological toxicity of volatile sulfides (AVS) (Liu

et al., 2004), Manila clam would not choose areas with a high AVS

content to live in, and clams in the experimental community could

not escape. With the increase in the Manila clam biomass,
Frontiers in Marine Science 07
biodeposition and the oxygen consumption rate of sediment

increase, which accelerates the reduction of sulfide (Otero et al.,

2006) and produces AVS subsequently. Thus, the Manila clam

biomass was positively correlated with sulfide concentration in

interstitial water. In summary, the present work suggested that

the role of effects of Manila clam on abiotic habitats is more than the

effect of habitats on clams, which reflects that Manila clam chooses

abiotic habitats.
4.2 Relationship between Manila clam and
biological habitats

With the increase in the Manila clam biomass, the extent of

sediment subjected to biodisturbance increases, and the sediment is

subsequently locally eroded (Han et al., 2001), which means that

sediments are prone to resuspension. Thus, the microhabitat

diversity in sediment increases, which provides a basis for the

increase in species diversity (Parry et al., 1999). Nutrients caused

by the excretion of Manila clam and the regeneration from

biodeposition of clams provide better conditions for the

proliferation of microalgae such as benthic diatoms (Deng, 2011),

which promotes the increase in herbivores and carnivores.

Nevertheless, some herbivores are preyed upon by carnivores. As
TABLE 4 Biomass of Manila clam and macrobenthos functional group (g/m2).

Experiment community M B1 B2 G1 G2 G3 G4 P1 P2 P3 C M1

1 2.914 0.095 0.000 0.040 121.900 2.120 0.000 0.229 0.197 0.018 0.390 0.100

2 3.517 0.027 0.000 0.000 50.459 7.160 0.040 0.076 0.051 0.034 0.350 0.658

3 7.458 0.495 0.000 0.000 100.719 3.869 0.000 0.269 0.284 0.004 2.700 1.890

4 0.359 0.190 0.000 0.000 72.860 0.000 0.000 0.559 0.226 0.000 0.330 0.060

5 1.780 0.306 0.000 0.000 112.640 0.780 0.010 0.131 0.244 0.000 2.660 0.520

6 7.775 0.000 0.000 0.040 127.710 0.860 0.020 0.157 0.109 0.008 0.330 1.010

7 4.488 0.202 0.000 0.037 102.895 0.333 0.113 0.088 0.011 0.037 0.807 0.787

8 6.360 0.122 0.000 0.000 106.530 1.630 0.140 0.091 0.054 0.011 0.790 1.440

9 3.302 0.073 0.020 0.000 118.021 1.850 0.050 0.057 0.070 0.001 2.934 0.390

10 11.057 0.325 0.000 0.000 87.019 0.576 0.083 0.281 0.228 0.037 1.092 0.143

11 6.793 2.617 0.000 0.000 86.311 1.491 0.153 0.702 0.285 0.013 1.501 0.191

12 15.460 2.591 0.001 0.598 94.406 2.247 0.209 0.894 0.191 0.028 0.271 0.184

13 9.680 0.234 0.000 0.037 102.895 0.333 0.113 0.264 0.095 0.042 0.807 0.787

14 4.739 0.010 0.030 0.000 115.210 0.330 0.010 0.198 0.092 0.018 2.380 1.020

15 7.981 3.320 0.010 0.070 129.040 1.820 0.000 0.605 0.308 0.035 0.140 0.490

16 18.393 1.267 0.000 0.000 122.842 0.000 0.000 0.814 0.263 0.000 3.810 0.220

17 12.882 0.376 0.010 0.000 136.302 2.040 0.040 1.144 0.379 0.052 0.910 0.380

18 9.861 0.257 0.000 0.000 94.520 0.490 0.010 0.346 0.324 0.059 3.300 0.060

19 7.011 1.236 0.000 0.000 88.211 1.826 0.314 1.381 0.321 0.000 6.759 0.201

20 3.560 0.120 0.000 0.000 50.018 0.906 0.073 0.515 0.556 0.000 1.338 0.128

21 6.153 0.207 0.000 0.000 106.860 3.240 0.010 0.259 0.147 0.000 1.930 0.590
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the biodeposition that is rich in organic matter increases, the

scavengers increase. Thus, the Manila clam biomass was

positively correlated with the biomass of bivalve shellfish of filter

feeding and burrowing (B1), carnivorous-crawling gastropods (G3),

and burrowing scavenger polychaetes (P1), as well as the Shanon–

Wiener diversity index, Pielou’s evenness index, and the W statistic

of the ABC curve. Since there is a competitive relationship between

Manila clam and the functional group B1, with carnivorous G1

potentially feeding on Manila clam and the functional group P1

potentially feeding on Manila clam biodeposits, Manila clam in

natural waters do not actively choose to congregate in areas where

these functional groups are concentrated, implying that this positive

correlation is caused by variation in the biomass of Manila clam.

Based on these analyses, the framework of the SEM is

reasonable; i.e., although Manila clam are naturally distributed

and there is not likely to be an escape of Manila clam from the

experiment community, the role of Manila clam affecting habitat is

dominant during the interaction between the clams and

environmental factors.

Because of the biodeposition of Manila clam, the increase in

their biomass could lead to the decrease in median particle size of

sediment; the disturbance of Manila clam leads to sediment

resuspension and an increase in the water diffusion in sediment,

resulting in an increase in water content in sediment (Kautsky and
Frontiers in Marine Science 08
Evans, 1987). The water content increases as D50 decreases (Aberle

et al., 2004; Flemming and Delafontaine, 2000; Qiao et al., 2020),

and an increase in the Manila clam biomass reduces D50 and thus

promotes water content in sediment. The increased water content in

sediment may lead to an increase in biodiversity (Lv, 2017). The

macrobenthos functional group B1 is composed of bivalves, which

feed on organic matter such as biodeposition produced by Manila

clam (Yang and Zhou, 1998). Thus, the biomass of the functional

group B1 increases as the Manila clam biomass increases.

Nevertheless, this biodeposition may be diluted by increased

water content, which implies that the feed supply for the

functional group B1 decreases and the biomass of B1

subsequently decreases with increased water content in sediment.

The larger Pielou’s evenness index implies more uniformity in

the spatial distribution of species. The distribution of macrobenthos

is influenced by food and predators; they gather for food and

disperse to escape from predators (Liu, 2006). Owing to the

discharge and water sucking, nutrients, biodeposition, and

benthic algae tend to be uniformly distributed in the horizontal

direction in sediment. Because of the burrowing behavior of Manila

clam, the nutrients, biodeposition, and benthic algae tend to be

uniformly distributed in the vertical direction of sediment (Gong

and Zhang, 2022). Manila clam provide conditions for the

proliferation of microalgae such as benthic diatoms due to
TABLE 5 Indications of macrobenthos community.

Experiment community Shanon–Wiener diversity index (H 0) Pielou’s evenness index (J 0) statistics of ABC curve (w)

1 0.77 0.25 0.046

2 1.18 0.40 0.072

3 1.24 0.41 0.055

4 0.66 0.24 0.043

5 0.74 0.26 0.043

6 0.79 0.27 0.035

7 0.67 0.23 0.026

8 0.70 0.24 0.025

9 0.70 0.23 0.019

10 1.05 0.36 0.063

11 1.24 0.40 0.058

12 1.22 0.40 0.053

13 1.05 0.34 0.049

14 0.83 0.28 0.040

15 1.10 0.35 0.047

16 1.17 0.42 0.071

17 1.27 0.42 0.072

18 1.08 0.36 0.058

19 1.10 0.36 0.017

20 1.12 0.39 0.055

21 0.91 0.32 0.050
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excretion and biodeposition (Newell, 1965). The functional group

G2 feeds on benthic algae and its biomass increases with increased

Manila clam biomass, but the increase in biomass of G2 increases

the competition with other phytophagous macrobenthos.

Moreover, the group G2 serves as a food source for carnivores,

which can trap carnivores and subsequently cause uneven

distribution of organisms. Although the increase in the Manila
Frontiers in Marine Science 09
clam biomass promotes the biomass of G2, Manila clam improve

Pielou’s evenness index of macrobenthic communities.

The W statistic of the ABC curve > 0 indicates that the

community is not disturbed (Warwick, 1986; Arbi et al., 2017).

The ABC curves of the macrobenthic communities in all

experimental communities in the present work had a statistical W

value of 0.05; i.e., the macrobenthic communities were in a stable
TABLE 6 Correlation of Manila clam and other functional groups, habitat factors, and community structure (M represents the biomass of Manila clam;
j, Pr, D50, Org, Sul, Eh, Ex-P, Ex-NO3, Ex-NH4, HCl-P, HCl-NO3, TP, and TN represent water content in sediment, porosity, particulate size, organic
matter content in sediment, sulfide concentration in interstitial water, redox potential of sediment, exchangeable phosphorus content in sediment,
exchangeable nitrate content in sediment, exchangeable ammonia content in sediment, hydrochloric acid leachable phosphorus content in sediment,
hydrochloric acid leachable nitrogen in sediment, total phosphorus content in sediment, and total nitrogen in sediment, respectively; B1, B2, G1, G2,
G3, G4, P1, P2, P3, M1, and C represent the biomass of functional groups B1, B2, G1, G2, G3, G4, P1, P2, P3, M1, and C, respectively; H’, J’, and W
represent the Shanon–Wiener diversity index, Pielou’s evenness index, and the statistics of the ABC curve, respectively).

Habitat factors Correlation
coefficient

Functional
groups

Correlation
coefficient

Community
structure

Correlation
coefficient

F 0.528* B1 0.412* H’ 0.620*

Pr −0.301 B2 −0.112 J’ 0.637*

D50 −0.428* C 0.117 W 0.464*

Org −0.280 G1 0.412*

Sul 0.403* G2 0.314

Eh 0.203 G3 −0.140

Ex-P 0.010 G4 0.177

Ex-NO3 −0.014 M1 −0.104

Ex-NH4 0.042 P1 0.495*

HCl-P 0.094 P2 0.179

HCl-NO3 −0.439* P3 0.342

TP −0.045

TN 0.306
The symbol * denotes that the correlation is significant.
FIGURE 2

The SEM (Structural Equation Model) for Manila clam- H' (M 、

B1、j、D50 and H' represent the biomass of Manila clam, the
biomass of functional group B1, water content, particle size and
Shannon-Wiener diversity index of macrobenthic community,
respectively. The black arrow indicates a positive effect, and the red
one indicates a negative effect).
FIGURE 3

The SEM (Structural Equation Model) for Manila clam- J' (M 、

G2、j、D50 and J' represent the biomass of Manila clam, the
biomass of functional group G2, water content, particle size and
Pielou’s evenness index of macrobenthic community, respectively.
The black arrow indicates a positive effect, and the red arrow
indicates a negative effect).
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state, while the competition for food between the functional group

G2 and Manila clam, resulting in the increase in the functional

group G2, weakens the stability of the macrobenthic community.

Moreover, B. exarata belongs to the functional group G2; thus,

it is not a coincidence that there were lots of B. exarata outbreak in

the bottom-sowing culture zone for Manila clam in Jiaozhou Bay,

and the competition between B. exarata Manila clam reduces the

Manila clam production. Although the functional group G1 and the

Manila clam biomass were correlated, the SEM showed that the

relationship between Manila clam and G1 was not the main

relationship, which implied that the outbreak of A. rollestoni in

the bottom-sowing culture zone for Manila clam in Jiaozhou Bay

was not directly caused by the bottom-sowing culture for Manila

clam. In Jiaozhou Bay, A. rollestoni can only be eaten by some

carnivorous macrobenthos, such as Paralichthys olivaceus and

Cynoglossus robustus, which implies that the biomass of A.

rollestoni might increase with decreased biomass of these

carnivorous macrobenthos. Nevertheless, the exhaustion of high-

quality fishery resources has led to an increase in the biomass of A.

rollestoni, and Manila clam serve as their food; thus, they invaded

Manila clam bottom-sowing culture areas, which means that the

prevention and control of A. rollestoni is a systematic question, i.e.,

fishing and aquaculture in the same waters are regarded as two

components of an ecosystem, during which there are interactions

between them. Manage them together, rather than treat

them separately.
5 Conclusion

The interaction between macrobenthos and habitat factors may

be a mutual cause-and-effect relationship. Based on the habitat

selectivity of Manila clam, the results of the correlation analysis in

the present work are considered to be more reflective for the habitat
Frontiers in Marine Science 10
modification effect of Manila clam, which implies that the SEM

framework is reasonable. Thus, Manila clam influence the

macrobenthic community directly or indirectly through

influencing environment factors. Moreover, the B. exarata

outbreak was likely caused by the bottom-sowing culture for

Manila clam, while the invasion of A. rollestoni was not a direct

consequence of the bottom-sowing culture for Manila clam, and the

prevention and control of A. rollestoni outbreak based on system-

level management are needed.
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