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ABSTRACT: In coastal ecosystems, suspension-cultured bivalve filter feeders may exert a strong
impact on phytoplankton and other suspended particulate matter and induce strong pelagic-benthic
coupling via intense filtering and biodeposition. We designed an in situ method to determine spatial
variations in the filtering-biodeposition process by intensively suspension-cultured scallops Chlamys
farreriin summer in a eutrophic bay (Sishili Bay, China), using cylindrical biodeposition traps directly
suspended from longlines under ambient environmental conditions. Results showed that bivalve fil-
tering-biodeposition could substantially enhance the deposition of total suspended material and the
flux of C, N and P to the benthos, indicating that the suspended filter feeders could strongly enhance
pelagic-benthic coupling and exert basin-scale impacts in the Sishili Bay ecosystem. The biodeposi-
tion rates of 1-yr-old scallops varied markedly among culture sites (33.8 to 133.0 mg dry material
ind.”!d™!), and were positively correlated with seston concentrations. Mean C, N and P biodeposition
rates were 4.00, 0.51, 0.11 mg ind.”! d™!, respectively. The biodeposition rates of 2-yr-old scallops
were almost double these values. Sedimentation rates at scallop culture sites averaged 2.46 times that
at the reference site. Theoretically, the total water column of the bay could be filtered by the cultured
scallops in 12 d, with daily seston removal amounting to 64 %. This study indicated that filtering-
biodeposition by suspension-cultured scallops could exert long-lasting top-down control on phyto-
plankton biomass and other suspended material in the Sishili Bay ecosystem. In coastal waters sub-
ject to anthropogenic N and P inputs, suspended bivalve aquaculture could be advantageous, not
only economically, but also ecologically, by functioning as a biofilter and potentially mitigating
eutrophication pressures. Compared with distribution-restricted wild bivalves, suspension-cultured
bivalves in deeper coastal bays may be more efficient in processing seston on a basin scale.

KEY WORDS: Biodeposition - Filtering - Bivalve - Chlamys farreri - Suspension aquaculture - Long-
line - Top-down control - Benthic-pelagic coupling - Eutrophication

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

In shallow coastal and estuarine waters, benthic fil-
ter feeders (e.g. bivalves) often dominate the benthos
in numbers as well as in biomass. Previous studies
have demonstrated that dense assemblages of filter-
feeding bivalve molluscs in shallow waters can play a
significant role in coupling pelagic and benthic
organic matter flow, as well as controlling material
recycling (Jordan & Valiela 1982, Kautsky & Evans
1987, Loo & Rosenberg 1989, Dame et al. 1991, Chian-

Emails: *yizhou@ms.qdio.ac.cn; **hshyang@ms.qdio.ac.cn

tore et al. 1998, Norkko et al. 2001, Newell 2004, Zhou
et al. 2006a). Filter-feeding bivalves are well known for
their great filtering capacity. They are important
phytoplankton consumers in coastal waters and thus
dense assemblages could remove a large amount of
phytoplankton and other suspended particulate matter
from the water column as a natural cleansing process,
including sediment and organic detritus, bacteria, in-
vertebrate larvae, and many kinds of nano-, micro-
and mesozooplankton (Wong et al. 2003). The high
consumption of suspended particulate matter by filter-
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feeding bivalves is partly routed to metabolism,
growth and production of offspring. A large part of the
filtered organic and inorganic particulate materials,
however, is packaged into faeces and pseudofaeces
(biodeposits) that finally settle to the bottom, and this is
referred to here as the filtering-biodeposition process.
Since faeces and pseudofaeces are voided from the
animal body as mucus-bound aggregates, they are
larger and more prone to sedimentation than the
nonaggregated particles from which they are formed,
and deposit at rates up to 40 times that of nonaggre-
gated particles (Kautsky & Evans 1987, Widdows et al.
1998, Giles & Pilditch 2004). Consequently, the filter-
ing-biodeposition process can be extremely important
in regulating water column processes and pelagic-
benthic coupling when bivalves are abundant in
coastal waters (Prins et al. 1998, Newell 2004). A high
production of biodeposits can result in an enrichment
of sediment with organic matter, providing a major
source of food to benthic meio- and macrofauna and
serving as a food resource for secondary consumers
(Lopez & Levinton 1987, Zhou et al. 2006b). Also, the
enrichment of nitrogen and phosphorus in the sedi-
ment may promote the growth of micro- and macro-
phytobenthos (Peterson & Heck 1999, Newell 2004).
Therefore, dense filter-feeding bivalve populations
can act as a conduit for nutrients to the benthos (Peter-
son & Heck 1999), and the increased organic deposi-
tion can then enhance nutrient regeneration, and
thereby refuel pelagic activity (Asmus & Asmus 1991).
In fact, it is argued that dense assemblages of filter-
feeding bivalves are more important as agents of sedi-
mentation and nutrient cycling than as components of
energy flow (Kautsky & Evans 1987, Dame et al. 1991).

Bivalve filter feeders are essential to the ecological
system as well as to the economic potential of the
waters. Through consumption and deposition of sus-
pended particulate matter, natural bivalve populations
are known to reduce total suspended particulate mat-
ter in the water column and exert a top-down control
on phytoplankton biomass (Cloern 1982, Officer et al.
1982, Haamer 1996, Cerrato et al. 2004, Zhou et al.
2006a). Filter-feeding bivalves often act as keystone
species in healthy coastal ecosystems (Dame 1996).
Filtering-biodeposition by dense bivalve populations
can reduce water column turbidity, and enhance light
penetration in the water to the advantage of light-
dependent benthic plants (Newell 2004). Since pre-
industrial times, urban and coastal development has
widely accelerated the fluxes of the nutrients nitrogen
and phosphorus to coastal waters and caused eutroph-
ication. Phytoplankton biomass is determined by bot-
tom-up (i.e. nutrients, light) and top-down (i.e. filter-
ing) forces; but in bivalve-abundant systems, top-down
control will prevail in most cases, so that increasing

nutrient loading may result in only a limited response
in phytoplankton biomass (Prins et al. 1998). Conse-
quently, filter-feeding bivalves can improve water
quality in eutrophic waters by exerting top-down
control on phytoplankton stocks (Newell 2004, and ref-
erences therein), and may potentially mitigate eutro-
phication pressures on coastal ecosystems through
aquaculture (Gottlieb & Schweighofer 1996, Haamer
1996, McCay et al. 2003, Gifford et al. 2004, Zhou et al.
2006a).

Compared with wild bivalves, much less work has
been conducted on cultivated bivalves. Cultivated
bivalves may also play a key role in coastal ecosystems
due to their high filtration capacity and culture density
(Newell 2004). Heavy biodeposition under mussel and
oyster rafts has been reported (Dahlback & Gunnars-
son 1981, Tenore et al. 1982). The culture of bivalve
shellfish is potentially one of the most sustainable
forms of mariculture; it is widely distributed and
requires no artificial food input, since the animals
obtain all their nutrition from phytoplankton and other
organic detritus (e.g. Grant 1999, Nunes et al. 2003).
Nevertheless, the rapid growth of the industry has
inevitably raised questions of carrying capacity and
sustainability (e.g. Grant 1999). As more living biomass
is accumulated, the proportion of primary production
available for further growth of bivalve biomass
decreases (Dame & Prins 1998), and the biodeposition
by dense bivalve populations may be so intense that
the stimulated microbial respiration can result in
anoxia in underlying sediments (Dahlback & Gunnars-
son 1981, Stenton-Dozey et al. 2001). In recent years,
there have been an increasing number of studies on
the impacts of cultured bivalves on coastal ecosystems,
as the aquaculture industry grows (Kaiser et al. 1998,
Newell 2004).

Suspension aquaculture of bivalve filter feeders,
such as scallops, mussels and oysters, has been devel-
oping rapidly and widely in coastal waters throughout
the world. Suspended scallop aquaculture is practised
in Asia (e.g. China, Japan), Europe (e.g. France,
United Kingdom), North America (e.g. Canada), South
America (e.g. Peru) and Oceania (e.g. New Zealand,
Australia). With the culture scale enlarging, it is likely
that the filtering-biodeposition process by cultured
bivalves will have functional effects on coastal ecosys-
tems, especially those subject to anthropogenic nutri-
ent loading.

Bivalve mariculture in the coastal waters of China
has been growing especially rapidly in the past 2
decades; it is by far the largest and best-known in the
world, with a culture area of ca. 0.8 x 10® ha, and an
annual production of ca. 9.6 x10° t, accounting for more
than 70% of the world production (Guo et al. 1999,
Zhang 2003, FAO 2004). Suspension aquaculture from
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longlines is an extremely important cultivation method
for bivalves (oyster, mussel and scallop) in China and,
in large-scale bivalve culture, may dominate an entire
bay, such as in Sungo Bay (Grant & Bacher 2001) and
Sishili Bay (Yang et al. 1999) where this study was con-
ducted. Scallops are among the main bivalve species
cultured in China, reaching an annual production of
about 10° t in 1997 (Guo et al. 1999). The Zhikong scal-
lop Chlamys farreri (Jones et Preston) is an epifaunal
and subtidal filter feeder, and naturally inhabits tem-
perate hard-substrate coasts of northern China, Korea,
Japan and eastern parts of Russia. It is a major culture
species in coastal waters of northern China where it
reaches high values in biomass and density and may
exert a heavy impact on the water column (seston
level) and benthic environment (bottom physical and
chemical conditions). In recent years, intensive culture
of this species has led to negative effects such as
retarded growth and increased mortality. Mass mortal-
ity has occurred in many farming areas in China,
including Sishili Bay; during the summer and early
autumn, the mortality reached over 60%. Harmful
algae blooms (HAB) damaged scallop culture areas of
Sishili Bay in early September 1998. Although the
exact cause for the mortality and the HAB remains
unknown, overcrowding of the cultured scallops was
commonly considered to be responsible (Guo et al.
1999, Zhang & Yang 1999).

In order to understand and solve the mortality prob-
lem, the impact of intensively cultured scallops on the
environment and the carrying capacity for scallop cul-
ture should be estimated. The carrying capacity in con-
nection with shellfish aquaculture is defined as the
maximum stocking density achievable without causing
food depletion or population mortalities (Smaal, et al.
1998). In recent years, demands have increased for
predicting the carrying capacity for culture of filter-
feeding bivalves within nearshore environments, and
for understanding the impact of the bivalves on
ecosystem dynamics (Dame & Prins 1998). In order to
model the carrying capacity, it is necessary to evaluate
the role of filter-feeding bivalve molluscs in coastal
ecosystem dynamics, which requires accurate quan-
tification of the filtering-biodeposition process (Cran-
ford & Hargrave 1994, Prins et al. 1998, Grant
unpubl.}). Filtering and biodeposition rates are proba-
bly the best parameters for quantifying the impact of
filter-feeding bivalves on material cycling (Chiantore
et al. 1998).

Previous studies on the filtering-biodeposition pro-
cess by bivalve molluscs have been conducted in situ

LGrant J (2001) Seston variation and its effects on modelling
environmental impact of shellfish culture. Available at: www.
aquacultureassociation.ca/ac2001/ShellfishNutrition.htm

on the seabed using sediment traps (e.g. Kautsky &
Evans 1987, Jaramillo et al. 1992, Klerks et al. 1996,
Peterson & Heck 1999). Although suspended bivalve
aquaculture has been practised worldwide, little work
has focussed on the in situ filtering-biodeposition pro-
cess by the cultured bivalves. It has been recognized
that differences in food availability act on bivalve
physiological processes on various spatial scales, rang-
ing from whole basins to individual culture units (e.g.
Navarro et al. 1991, Labarta 1997). Surprisingly, few
studies on basin-scale spatial variation in filtering-
biodeposition process have been conducted in coastal
ecosystems. In Sishili Bay, differences in food avail-
ability among culture sites are likely to occur (Yang et
al. 1999, Zhou 2000); such variability may have effects
on scallop filtering-biodeposition, and growth. In this
study we measured the filtering-biodeposition process
of the suspension-cultured scallops, using an in situ
method, and investigated its spatial variations in a
eutrophic bay, and thereby the effects on the pelagic
and benthic environment.

MATERIALS AND METHODS

Study area. Sishili Bay, located in the northeast of
Shandong Province (the largest producer of cultured
bivalves in China), is a 130 km? embayment on the Yel-
low Sea coast in northern China (Fig. 1). Along the
coastline of the bay is Yantai City, a rapidly developing
area. The bay is one of the most intensive culture areas
in China, or indeed in the world. Suspension aquacul-
ture activity in the bay has been practised for over 2
decades, with an estimated standing stock of 30 000 t of
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Fig. 1. Sishili Bay and experimental sites for this study. Stn S4
was a reference site where no scallops were cultured;
the remaining stations are scallop culture sites
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scallops. The Zhikong scallop Chlamys farreri is the
main cultured bivalve species. In Sishili Bay, average
water depth is 8 to 9 m (max. 20 m), with a tidal range
of 1.66 m. Along the bay there are 78 km? of cropland
and 2 km? of mountain and forest. There are several
small rivers flowing into the bay; the longest one is
Xinan River with a length of 48.5 km and a maximum
floodwater flux of 1160 m® s'. Substantial eu-
trophication occurred in the bay in 1998 as a conse-
quence of anthropogenic inputs, including nutrient
enrichment due to activities such as urban industrial
and domestic effluent discharge and agricultural fertil-
izer runoff from growing human populations and
urban development in coastal areas (e.g. Wu et al.
2001). Scallop culture is carried out in almost the entire
bay, accounting for ca. 70 % of the bay area. Scallops
are mainly cultured at a depth of 1.5 to 3 m below the
surface in lantern nets suspended from longlines. A
lantern net is generally divided into 10 cells by plastic
perforated plates (30 cm diameter). C. farreri is cul-
tured at a density of 300 to 400 individuals per lantern
net. Growout of the cultured scallop is achieved in 1.5
to 2 yr. More information on the physical and biologi-
cal conditions of Sishili Bay is available elsewhere
(Yang et al. 1999). The bay has been extensively stud-
ied to evaluate the ecosystem processes and carrying
capacity for scallop culture in the bay.

Biodeposition and natural sedimentation. Experi-
ments to estimate the filtering-biodeposition process by
Chlamys farreri were conducted in summer (June-July)
1999. Eight stations, located inside different scallop
farming sites, were chosen to represent the various
shellfish farming environments of the whole bay. Of
these, 4 stations, labeled S, were arrayed along the
coastline (5 to 12 m in depth), and 4 stations, labeled D,
along the islands (9-14 m in depth). One additional sta-
tion (9 m in depth; S4), where no culture activities were
practised and which was located ca. 100 m from the
nearest scallop farming zone, was chosen as the refer-
ence site. It was very difficult to find more non-culture
sites to be used as reference sites because of the large
scale of bivalve aquaculture in the bay. During this ex-
perimental period, the primary production (509 mg C
m~2 d!) was at the highest of the year (Wu & Zhang
2001). Rates of natural sedimentation and biodeposition
by the scallops were examined using PVC cylindrical
biodeposit traps (30 cm I.D., 80 cm in length; Fig. 2), to
which no preservatives were added, following other
studies on bivalve biodeposition (Kautsky & Evans
1987, Jaramillo et al. 1992, Hatcher et al. 1994, Klerks et
al. 1996, Peterson & Heck 1999, Norkko et al. 2001). For
accurate determination of biodeposition by lantern-net-
cultured scallops we modified the traditional bio-
deposit-trap design, in that the inner diameter of the
cylinders was enlarged to the same as that of the plastic
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Fig. 2. PVC cylindrical
trap for collection of
biodeposits produced
by scallops. The trap
was attached to and
suspended under the
longline that is used for
scallop culture. The
inner diameter of the
trap was 30 cm and the
height 80 cm; 2 dashed
lines indicate 2 nets.
The experimental scal-
lops were placed on the
lower net

SE 3

PVC trap
80cm
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tray of scallop lantern nets, so that deposits from a tray
of scallops could be examined in a trap.

The experiment involved 3 treatments with 3 or 4
replicates each. One treatment was designed for 1-yr-
old scallops (18 ind.; ca. 10 mo old), the second for 2-yr-
old scallops (12 ind.; ca. 22 mo old), and the third for a
control without scallops. Control traps contained
empty scallop shells. The density of the experimental
scallops was consistent with that of scallops cultured
on a plastic tray of a lantern net. The top of each cylin-
der was covered by 2 nets (20 mm mesh; Fig. 2), 30 mm
apart for 1-yr-old scallops and 50 mm apart for 2-yr-old
scallops. Natural sedimented material was collected in
all the traps, while in those containing scallops, bio-
deposits produced by scallops were also collected.
Biodeposition rate (BDR; mg ind.”! d"!) was determined
based on the amount of material collected from each
trap holding scallops and that from the control traps. At
the beginning of the experiment, scallops from a cul-
ture site in Sishili Bay were randomly selected, cleaned
of any fouling epibiota and other material, and placed
evenly between the nets. The shell height of 1-yr-old
scallops was 41.1 + 4.2 mm (soft tissue dry weight 0.48
+ 0.06 g ind.™), and for 2-yr-old scallops was 60.9 *
6.2 mm (soft tissue dry weight 1.91 + 0.22 g ind.™).

All sediment traps were hung from a longline (no
scallops cultivated within a radius of 10 m) so that the
experimental scallops were at a depth of ca. 2 m, corre-
sponding to routine culture depth of scallops in lantern
nets. For determination of sedimentation rates, 3 or 4
traps were deployed on the bottom under scallop lines.
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At Stn S4 (reference), only natural sedimentation at the
bottom was determined. After the sediment traps had
been deployed for ca. 3 d, they were carefully retrieved
from a boat, where the supernatant water in the cylin-
ders was siphoned off. The cylinders were taken to the
laboratory where excess water in the sediment was
removed by centrifugation and the collected material
was rinsed several times with distilled water to remove
salts. The sedimented material was then dried at 60°C
for 4 d and weighed, and then crushed to a fine powder
(100 mesh) with a mortar and pestle. Scallops in each
trap were collected and measured (shell height +
0.01 mm) and dry weight of soft tissue was determined
by drying at 60°C to constant weight (+ 0.01 g).

Subsamples of the dried sediment were used to esti-
mate organic material (OM) by combusting (500°C for
4 h) dried and pre-weighed samples. Subsamples were
treated with 0.2 mol "' HCI to remove carbonates for
analyzing organic carbon (OC) and total nitrogen (TN)
with a Perkin Elmer Model 240c CHN analyzer stan-
dardized with acetanilide. Subsamples were also ana-
lyzed for total phosphorus (TP) and organic phospho-
rus (OP). TP was determined with our modified method
after Solérzano & Sharp (1980) for particulate total P
determination (Zhou et al. 2003). Briefly, ca. 200 mg of
dry sediments was accurately weighed with a 30 x
50 mm weighing bottle, to which 2 ml of 0.1 mol 1"
MgCl, was added. The weighing bottle was then dried
in an oven at 95°C and ignited at 500°C for 3 h. After
cooling, 10 ml of 0.2 mol 1" HCl was added; the weigh-
ing bottle was capped and then transferred to an oven
at 80°C for 30 min. After extraction of the ignited sedi-
ment, the mixture was transferred into 15 ml test-tubes
and centrifuged at 540 x g; the clarified extracts were
then diluted 10 times and analyzed by the molybde-
num blue colorimetric method (Grasshoff et al. 1983).
Organic phosphorus in the sediment was estimated by
the difference in P content of 0.2 mol I"! HCI extract of
ignited and non-ignited sediment.

In addition, clearance rate (CR) and filtration rate
(FR) were indirectly estimated from biodeposition
rates, i.e. the biodeposition method (Iglesias et al.
1998), by using inorganic material (ash) content of
biodeposits as a quantitative tracer of filtered matter.

In order to eliminate variability in physiological rate
caused by size difference, the physiological rate para-
meters (BDR, CR and FR) were standardized to an
equivalent individual according to the following for-
mula: Y, = Y, (W,/W,)? where Y, = physiological rate
for a standardized individual, Y, = uncorrected (mea-
sured) physiological rate, W = standard weight (0.48 g
for 1-yr-old scallops and 1.91 g for 2-yr-old scallops),
W, = observed weight of individual, and b = weight
exponent (0.62; Hawkins et al. 2001) for the physiolog-
ical rate function.

Water column. During the experiment, water sam-
ples were collected every day (ca. 10:00 h) for 4 d at
2 m depth at each station to determine water tempera-
ture, salinity and dissolved oxygen, and were immedi-
ately filtered to determine total suspended particulate
material (TPM), particulate organic matter (POM), par-
ticulate inorganic matter (PIM), particulate carbon
(POC), particulate nitrogen (PON), phosphorus (PP)
and chlorophyll a (chl a, ug 1'!). For POM and PIM
determination, 2 1 of each water sample was filtered
through pre-weighed and pre-combusted (450°C for
6 h) GF/C glass fiber filter. After filtration, the filter
was rinsed with 50 ml distilled water to remove salts
and dried at 60°C for 48 h, and weighed. Later on, the
filter was combusted at 450°C for 6 h. For POC and
PON determinations, 21 of each water sample was also
filtered through GF/C filters. The filters was then dried
at 60°C for 48 h and analyzed with a Perkin Elmer
Model 240c CHN analyzer. PP was determined with
our modified method after Solérzano & Sharp (1980)
for particulate total P determination (Zhou et al. 2003).
In the modified method, MgCl, was used as an ashing
auxiliary instead of the MgSO, by Solérzano & Sharp
(1980). Chl a was determined with a Turner fluoro-
meter (Parsons et al. 1992).

Biogeochemical characteristics of bottom surficial
sediments. Bottom surficial sediment (triplicates) at
every scallop culture site was collected by grab sam-
pler (0.010 m?) for determination of concentrations of
organic matter (OM) and acid-volatile sulfide (AVS).
For AVS determination, 20 to 30 g of homogenized
sediment from each culture site was fixed with 5 ml
10% (w/v) zinc acetate immediately after collection.
The sampled sediments were immediately frozen and
transported to the laboratory. OM was determined as
described above. AVS was determined in the labora-
tory: the sulfide produced from the sediment in HCI
was removed by an N, stream and trapped in 20 ml
10 % (w/v) zinc acetate and the sulfide concentration in
the traps then determined by an iodimetric method
(Grasshoff et al. 1983, Zhou 2000).

Sediment cores were also collected at Stns S3 (scal-
lop culture site) and S4 (non-culture site) by divers
using SCUBA. The cores (60 mm diameter; 200 mm
long) were collected by gently pushing open-ended
Perspex tubes into the sediment to preserve the sedi-
ment horizons. The sampled sediments were frozen
immediately and transported to the laboratory. The
cores were sliced at intervals of 2 cm. Porewater of
every slice sample was extracted by centrifugation at
1200 x g for 15 min. After dilution 10 times, pore water
was determined for the nutrients NH,-N, NO3;-N, NO,-
N and PO,-P using standard methods as in Grasshoff et
al. (1983). NH4-N was measured by the indophenol
blue method, NO3-N by the cadmium-copper reduc-
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tion method, NO,-N by the Griess-Ilosvay method, and
PO,-P by the phosphomolybdenum blue method.
Nutrients were analysed with a continuous flow ana-
lyzer (Skalar San Plus System). Slice samples were also
determined for AVS as described above.

Statistical analysis. Data were analysed using analy-
sis of variance (ANOVA). A 2-way mixed-model
ANOVA (site x age) was used to determine differences
in biodeposition rate, clearance rate and filtration rate.
Also, a 2-way mixed-model ANOVA (site x sediment
source) was used to determine differences in chemical
composition of scallop biodeposit and naturally sedi-
mented material. If a significant interaction term was
found, then a separate 1-way ANOVA was conducted.
Prior to analysis, data were examined for homogeneity
of variances (F-test). Heterogeneous data were trans-
formed and evaluated using ANOVA. A statistical
significance level of 0.05 was used.

RESULTS
Water column characteristics

During the study period, salinity in Sishili Bay
changed little, ranging from 30.25 to 30.65 ppt, as did
surface-water temperature (17.8 to 20.9°C), pH (7.96 to
8.36) and oxygen concentrations (5.06 to 6.07 ml I'}).
Seston and chl a concentrations varied markedly
among stations, with TPM ranging from 2.02 to
5.03 mg I"! and chl a from 1.57 to 4.02 pg 1! (Table 1).
The variations could be due to differences in environ-
mental conditions, such as geographic location, cur-
rent flow, water depth and culture activity. Generally,
seston concentrations along the coastline of Yantai
City were relatively high. Food availability, expressed

as POM, also exhibited a great variation among culture
sites, ranging from 1.12 to 2.55 mg 1!, At Stn S2, with a
shallow water depth of 5 m, the TPM averaged 5.03 +
1.24 mg 1! and was the highest; while at Stns D1, D2
and D3, the TPMs (<3 mg 1"!) were significantly lower
(1-way ANOVA, p < 0.01). Percentage of organic mat-
ter (%Org.), however, remained fairly constant, rang-
ing from 50.6 to 55.2%. Seston C/N ratios in scallop
culture sites ranged from 8.8 to 11.5 (mean 10.3), and
N/P and C/P ratios averaged 9.8 and 101, respectively
(Table 1). At Stn S4, the reference site, the C/N, N/P
and C/P ratios were slightly lower than at the culture
sites.

Biodeposition and natural sedimentation

A 2-way mixed-model ANOVA showed that scallop
biodeposition rates were influenced significantly by
both culture site and scallop age (p < 0.01), whereas
the interaction term was non-significant (p > 0.05). The
biodeposition rates of 1-yr-old scallops at 8 culture
sites ranged from 33.8 to 133.0 mg dry material ind.™}
d!, with a mean of 77.6 (SD = 33.0) mg ind.”* d!
(Table 2). The means of OC, ON, TP and OP biodepo-
sition rates for 1-yr-old scallops were 4.00 + 1.80, 0.51 +
0.19, 0.11 + 0.05 and 0.028 = 0.012 mg ind.”! d°},
respectively. The biodeposition rate at Stn S2 was the
highest (133.0 + 25.5 mg ind.”! d°!), while , rates at Stns
D1, D2 and D3 (<50 mg ind.”! d™!) were significantly
lower than those at other culture sites (p < 0.01). Fig. 3
indicates that the biodeposition rates of 1-yr-old scal-
lops (BDR; mg ind.”* d°!) were correlated positively
with seston concentrations (TPM; mg 1‘1), and their
relationship can be expressed as follows: BDR =
101.11Ln(TPM) - 41.311 (R? = 0.950; n = 8; p < 0.01).

Table 1. Total suspended particulate matter and its chemical composition in the water column at scallop culture sites in Sishili Bay
(means + SD; n = 4). TPM.: total suspended particulate matter; POM: particulate organic matter; POC: particulate organic carbon;
PON: particulate organic nitrogen; PP: particulate phosphorus; %Org.: percentage of organic matter; chl a: chlorophyll a

“Reference site where no scallops were cultured
"Only calculated for culture sites

Station ~ TPM POM POC PON %0rg. C/N N/P c/p Chl a

(mgl™")  (mgl?) (mg 1) (mgl™)  (pglh (ngI'")
D1 2.02+043 1.12+0.20 0.41+0.06 54.6+9.2 122+21 552+104 8815 9.9+24 87+15 1.71+0.32
D2 2.58+0.55 1.38+0.26 0.53+0.10 54.4+9.8 153+28 534x105 11.5+19 7.8+1.5 90+14 2.23+0.47
D3 225049 1.18+0.21 0.44+0.07 55.6+94 113+2.0 52.3x10.3 9.2+14 10923 101x15 1.57+0.37
D4 3.55+£0.72 1.83+0.37 0.65+0.13 72.6+14.5 152+3.1 51.6=10.8 10.4x2.0 10.6+3.0 110£22 2.40=0.43
s1 3.90+0.83 2.06+0.43 0.84+0.19 108.2+22.5 21.0+4.5 529+11.1 9.0+2.0 11.4+3.4 103+23 4.02+0.94

S2 5.03+1.24 2.55+0.56 1.01+0.23 104.0+22.9 24.9+56 50.6+11.9 11.4+25 9.2+3.1 105+24 3.64+0.98
S3 4.04+1.01 2.07+0.44 0.83+0.18 89.6+19.2 20.3+4.4 51.2+11.6 10.8+2.1 9.8+29 106+22 3.15+0.79
S4¢ 3.86+0.87 2.05+0.40 0.82+0.16 99.5+20.7 22.3+4.9 53.1x11.2 9.6x1.7 9.9+1.8 9519 2.97+0.65
S5 3.70+0.77 2.00+0.42 0.70+£0.15 70.8+x14.5 17.6+3.8 54.1+11.3 11.5+x1.5 8.9+2.2 102+21 2.90+0.68
Mean® 3.39+1.02 1.77+0.49 0.68+0.21 76.2+21.9 17.2+4.6 52.7+11.0 10.3+1.1 9.8+1.2 101+8 2.71+0.84
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Table 2. Chlamys farreri. Biodeposition rates (mg ind.”! d!; means = SD) at different scallop culture sites in Sishili Bay. OM:
organic material; OC: organic carbon; ON: organic nitrogen; TP: total phosphorus; OP: organic phosphorus

Station  Scallop Dry material OM ocC ON TP OoP
age (y1)
D1 1 33.8+3.4 4.74+0.54 2.26+0.24 0.33+0.04 0.07+0.01 0.012+0.002
2 84.6+11.1 9.01£1.13 3.35+0.42 0.49+0.06 0.12+0.01 0.020+0.003
D2 1 47.9+5.9 4.97+0.59 2.15+0.25 0.28+0.04 0.06+0.01 0.019+0.003
D3 1 45.3+6.0 5.16+0.70 1.88+0.23 0.30+0.04 0.06+0.01 0.013+0.002
2 94.3+114 10.83+1.38 4.13+0.51 0.68+0.07 0.12+0.01 0.028+0.003
D4 1 93.3+14.8 9.29+1.38 4.01+£0.63 0.65+0.11 0.11+0.02 0.035+0.006
2 181.5+31.6 18.32+3.13 7.29+1.21 1.08+0.18 0.22+0.04 0.062+0.010
S1 1 88.6+13.1 9.22+1.43 4.19+0.64 0.49+0.07 0.10+0.02 0.036+0.005
2 166.4+26.1 17.28+2.61 6.97+1.11 0.95+0.15 0.22+0.03 0.051+0.008
S2 1 133.0+25.5 16.39+3.18 6.68+1.24 0.77+0.16 0.17+0.04 0.039+0.008
S3 1 95.6+12.8 12.64+1.63 5.86+0.80 0.68+0.10 0.21+0.03 0.036+0.006
S5 1 83.5+11.5 9.50+1.27 4.97+0.67 0.58+0.08 0.13+0.02 0.037+0.005
2 175.8+21.3 20.84+2.63 9.26+1.15 1.05+0.13 0.28+0.04 0.098+0.013
Mean 1 77.6+33.0 8.99+4.10 4.00+1.80 0.51+0.19 0.11+0.05 0.028+0.012
2 140.5+47.1 15.25+5.09 6.20+2.42 0.85+0.26 0.19+0.07 0.052+0.031

Biodeposition rates of 2-yr-old scallops also exhibited a
marked variability among culture sites (Table 2, Fig.
3). At Stns S1, S5 and D4, the biodeposition rates of 2-
yr-old individuals (166.4 + 26.1, 175.8 + 21.3, and 181.5
+ 31.6 mg ind.”! d’!, respectively) were significantly
higher than those at Stns D1 and D3 (84.6 + 10.9 and
94.3 + 11.4 mg ind.” d7}, respectively). The biodeposi-
tion rates of the 2-yr-old scallops were approximately
twice those of 1-yr-old individuals (Table 2).

At scallop culture sites, sedimentation rates ranged
from 16.5 to 36.7 g dry material m2 d™! (mean 24.1 *
7.3 g m2d!) and were significantly higher than at the
non-culture site (9.8 + 2.1 g m2d}; 1-way ANOVA,
p < 0.01; Fig. 4), by a factor of 1.68 to 3.74 (mean 2.46).
Sedimentation rates among culture sites exhibited a
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Fig. 3. Chlamys farreri. Relationship between biodeposition

rates (mg ind.”! d"!; means + SD) of the Zhikong scallop and

concentrations of total suspended particulate matter (TPM;
mg I"}; means + SD) in the water column in Sishili Bay

TPM (mgl ™)

considerable variability, with rates at Stns D1, D2 and
D3 generally lower than other culture sites (p < 0.05).
The chemical composition (OM, OC, ON and OP) of
scallop biodeposit and sediment is shown in Fig. 5.
Although the mean OM (11.54%; Table 3) in bio-
deposits of 1-yr-old scallops was slightly higher than in
the control sediment, there was no statistically signifi-
cant difference in the chemical composition between
scallop biodeposit and sediment (2-way ANOVA, p >
0.05). In general, scallop biodeposit contained signifi-
cantly more organic matter and C, N and P than sedi-
ment (2-way ANOVA, p < 0.05; Fig. 4, Table 3). OP
percentage in TP in scallop biodeposit (mean 25.8 %)
was significantly higher than that in natural sediment
(19.8%; Table 3; p < 0.05). OM, OC, ON and OP in
sediment at culture site bottoms were generally higher
than those at the non-culture site (Fig. 4, Table 3).

Sedimention rate (g m=2 d-7)

D1 D2 D3 D4 S1 S3 S4 S5

Station

Fig. 4. Sedimentation rates (g m™ d™'; means + SD) at the
culture sites and at the reference site (S4)
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Fig. 5. (a) Organic matter (OM), (b) organic carbon (OC), (c)

organic nitrogen (ON) and (d) organic phosphorus (OP) con-

tents in sediments collected in the traps, including the control

(without scallops) and the traps with 1-yr-old scallops or 2-yr-
old scallops. Values are means + SD

Scallop clearance rates (CR) and filtration rates (FR)
were influenced significantly by both culture site and
scallop age (2-way mixed-model ANOVA; p < 0.01),
whereas the interaction term was non-significant (p >
0.05). Table 4 shows that clearance rates of 1-yr-old
scallops among 8 culture sites ranged from 1.33 to
2.041ind.” h™! (mean 1.72 + 0.23 1ind.”' h™'), and were
positively correlated with seston concentrations (CR =
0.1961TPM + 1.0531; R? = 0.6916; n = 8; p < 0.05). Fil-
tration rates of 1-yr-old scallops exhibited a great vari-
ability among culture sites, ranging from 2.70 to
9.84 mg ind.”! h™! (mean 5.99 + 2.26 mg ind.”! h™%;
Table 4). Fig. 6 clearly shows that FR had a positive
correlation with seston concentration, which could be
expressed as follows: FR = 2.327TPM - 1.883 (R? =
0.974; n = 8; p < 0.01). For 2-yr-old scallops, CR ranged
from 3.24 to 3.96 1 ind.”' h™! (mean 3.57 1 ind. ' h™};
Table 4), and FR from 7.03 to 14.07 mg ind.”! h™! (mean
11.13 mg ind.”' h™?). Both CRs and FRs were markedly
higher than those of 1-yr-old scallops.

Sediment biogeochemical characteristics

Generally, sediments under scallop cultures (espe-
cially at Stns S1, S2, S3, S5) showed finer texture and
darker color than at the adjacent reference station (S4).
Organic matter in all sediments was generally low,
ranging from 1.03 to 2.24 % (Fig. 7). Sediments at cul-
ture sites contained more organic matter that at the
control site. Especially at Stns S1, S2, S3 and S5,
organic matter percentages were markedly higher
than that at the control station (S4; 1-way ANOVA, p <
0.05).

Acid-volatile sulfides (AVS) were generally at low
levels at all sites (Fig. 7), with AVS-S ranging from 45.8
to 186.5 ng g . There was a positive relationship be-
tween OM (%) and AVS-S (ug g~}) in sediments (AVS-

12 r FR =2.327 TPM - 1.8831
—~ 10 F (R2 = 0.9735)
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Fig. 6. Chlamys farreri. Relationship between filtering rates

(FR; mg ind.”* d7!) of the Zhikong scallop and concentrations

of total suspended particulate matter (TPM; mg 1°!) in the
water column
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Table 3. Means of C, N and P contents in scallop biodeposits and sediments from traps deployed on the botttom. OM: organic

matter; OC: organic carbon; ON: organic nitrogen; TP: total phosphorus; OP: organic phosphorus

Sediments OM (%) OC (%) ON (%) TP (%) OP (%) C/N C/0OP N/OP OP/TP (%)
Biodeposit traps

Control (no scallops) 11.33 4.98 0.71 0.129 0.035 8.19 371 53.4 27.3
1-yr-old scallops 11.54 5.13 0.69 0.144 0.036 8.72 368 50.1 26.0
2-yr-old scallops 10.99 4.47 0.63 0.135 0.034 8.26 351 50.9 25.3
Bottom sediment traps

Under culture sites 8.23 3.24 0.47 0.113 0.022 8.09 386 59.6 19.8
Under non-culture site 8.12 3.21 0.45 0.098 0.019 8.25 432 61.1 19.6

S = 187.8 Ln OM + 27.482; R? = 0.876; n = 8; p < 0.05).
At the shallow culture sites, Stns S1, S2, S3 and S5,
AVS-S concentrations were >100 pg g~!, and were sig-

Table 4. Chlamys farreri. Clearance rates (means + SD) and
filtration rates (means + SD) of Zhikong scallops suspension-
cultured in Sishili Bay

Station Scallop CR FR
age (yr) (lind. "' h™?) (mg ind."' h™Y)
D1 1 1.33+0.24 2.70+£0.51
2 3.46+0.66 7.03+1.5
D2 1 1.49+0.28 3.83+0.77
D3 1 1.56+0.29 3.561+0.61
2 3.24+0.54 7.29+1.4
D4 1 2.04+0.41 7.24+1.59
2 3.96+0.83 14.05+3.1
S1 1 1.80+0.40 7.02+1.47
2 3.38+0.74 13.19+3.0
S2 1 1.96+0.45 9.84+1.92
S3 1 1.75+0.33 7.08+1.61
S5 1 1.81+0.38 6.71+1.54
2 3.80+0.87 14.07+3.4
Mean 1 1.72+0.23 5.99+2.26
2 3.57+£0.27 11.13+3.25
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Fig. 7. Content of organic matter (OM;%) and acid-volatile
sulfide (AVS-S; ng g°!) in the sediments at scallop culture
sites and the reference site (Stn S4). Values are means

nificantly higher than that at the control site (47.6 ng
g p < 0.01), indicating a partial shift toward anaero-
biosis at these culture sites. However, the concentra-
tion of AVS-S in the top 4 cm of the cores from both the
culture site Stn S3 and the control site Stn S4 was rela-
tively low, 30 to 60 ng g~*, indicating that surface sedi-
ments were oxic, even under scallop culture sites.

Fig. 8 shows the mean nutrient (NH;-N, NO;-N,
NO,-N and PO,-P) concentrations in porewaters of the
core samples from a culture site (S3) and the control
site (S4). NH,-N at Stn S3 (366 + 150 pmol I"!) was sig-
nificantly higher than that at Stn S4 (163 + 69 pmol 1°};
1-way ANOVA, p <0.01); and NO3-N, NO,-N and PO,-
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Fig. 8. Nutrient concentrations (NH;-N, NO3-N, NO,-N and

PO,-P; ymol 1) in sediment porewaters at a scallop culture

site (Stn S3) and the reference site (Stn S4). Values are
means + SD
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P at Stn S3 were also significantly higher than those at
the control site Stn S4 (p < 0.05).

DISCUSSION

The biodeposition rates of Chlamys farreri varied
greatly among culture sites in Shishili Bay. The spatial
variations can be mainly attributed to the spatial varia-
tions in food availability. The positive correlation
between scallop biodeposition rate and seston concen-
tration was in agreement with previous laboratory-
experimental studies (Haven & Morales-Alamo 1966,
Tenore & Dunstan 1973, Klerks et al. 1996). Tenore &
Dunstan (1973) showed that the biodeposition rates of
Mytilus edulis, Crassostrea virginica and Mercenaria
mercenaria increased logarithmically with increased
seston concentration. Likewise, Klerks et al. (1996)
showed a positive relationship between biodeposition
rate and seston concentration for the zebra mussel
Dreissena polymorpha. Our recent study in field flow-
through systems (10 m® biotanks) conducted in Shishili
Bay also showed that the biodeposition rate of C. far-
reri was positively correlated to seston concentration
(Zhou et al. 2006a).

Most forms of bivalve shellfish cultures contribute to
enhanced sedimentation of organic material proximal
to the culture units (Dahlback & Gunarsson 1981,
Tenore et al. 1982, Kaspar et al. 1985, Hatcher et al.
1994, Grant et al. 1995). This work showed that sus-
pension-cultured scallops could also greatly increase
the deposition. Sedimentation rates in scallop culture
sites were 1.68 to 3.74 (mean 2.46) times that in the ref-
erence site with no scallop cultured; and the carbon,
nitrogen and phosphorus inputs via sedimentation in
the culture site were approximately 2.66, 2.72 and 3.04
times, respectively, that at the reference site. Results
also demonstrated that scallops had more influence on
their local environment than on surrounding sites.
Strong filtering-biodeposition process by the inten-
sively cultured Chlamys farreri significantly increased
sedimentation of suspended particulate organic matter
and particulate-bound nutrients, indicating that the
suspended scallops could enhance pelagic-benthic
coupling. A study with oysters Crassostrea virginica
reported biodeposition rates that were 6 times the nor-
mal sedimentation rates (Haven & Morales-Alamo
1966). Ahn (1993) reported a rate of biodeposition by
the bivalve Laternula elliptica that roughly equaled
normal sedimentation rate. Grant et al. (1995)
observed that sedimentation rate under mussel
(Mpytilus edulis, M. trossulus) lines averaged 2.4 times
that in an adjacent reference site.

The enhancement of sediment organic matter con-
centration by scallops was not consistent. Grant et al.

(1995) observed that bottom sediments at a mussel cul-
ture site and a reference site had similar carbon con-
tent, and suggested that organic loading does not con-
note sediment enrichment in the sense of organically
enhanced deposits but in terms of greater absolute car-
bon deposition, driven in this case by bulk sedimenta-
tion. Although the enrichment in mussel biodeposits
has been reported in previous studies (Kaspar et al.
1985), the increase in sediment organic matter concen-
tration is not always a consistent result (Jaramillo et al.
1992). Grenz et al. (1990) found that the effects of mus-
sel biodeposition on sediment organic matter were
confounded by deposition of bloom phytoplankton.

In Sishili Bay, biodeposition rates of 2-yr-old scallops
were almost twice those of 1-yr-old scallops (Table 2).
The scallop biodeposition rates fall well within the
ranges reported previously for other filter-feeding
bivalves (Table 5). Results could be used to estimate
biodeposition rates of total scallops cultured in the
whole bay. In Sishili Bay, Chlamys farreri was cultured
at a density of ca. 350 ind. lantern net™! (covering 0.6 x
5 = 3 m? lantern net™!) in culture sites, or ca. 120 ind.
m~2. Based on the result of the mean biodeposition rate
of 1-yr-old scallops (41.1 + 4.2 mm shell height), the
daily biodeposit production by the Zhikong scallops in

Table 5. Comparision of bivalve biodeposition rates (modified
after Table 3 in Zhou et al. 2006a)

Species Biodeposition rate Source
(mg (g tissue dry wt)t d!)
Mytilus Dry wt 42.4 Kautsky &
edulis C 3.88 Evans (1987)
N 0.505
P 5.49 x 1072
Choromytilus  Dry wt 689 Jaramillo et
chorus C 44.1 al. (1992)
N 2.07
Mytilus Dry wt 595 Jaramillo et
chilensis C 35.7 al. (1992)
N 2.38
Modiolus N 1.2 Jordan &
demissus Valiela (1982)
Modiolus Dry wt 2.25x 10°  Peterson &
americanus C 24.8 Heck (1999)
N 2.47
P 8.16 x 1072
Chlamys Dry wt 173.1 Zhou et al.
farreri C 6.8 (2006a)
N 0.86
P 0.22
Chlamys Dry wt 122.3 Present study
farreri C 6.3
N 0.80
P 0.17
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summer amounted to 9.05 g m~?, and daily C, N and
P biodeposition rates were 4.67 x 107!, 5.95 x 1072,
1.32 x 1072 and 3.30 x 10~ g m™?, respectively; for total
scallops cultured in the bay (ca. 2.7 x 10° individuals),
the daily biodeposition rate was 210 t dry material, or
10.8t C, 1.38 t N, and 0.31 t TP. Biodeposits enriched
by organic matter and nutrients provide a valuable
food source for benthic deposit feeders, which often
rely on sedimentary material for their diets (Lopez &
Levinton 1987). In Sishili Bay, the deposit feeder Sti-
chopus japonicus (sea cucumber) is relatively abun-
dant on the seabed under longlines, and the biode-
posits produced by cultured scallops can serve as an
important food source (Zhou et al. 2006b). In Sishili
Bay, abundant commercial benthic animals, such as
the Japanese stone crab Charybdis japonica (A. Milne-
Edwards) and the starfish Asterias amurensis Litken
(Zhou 2000) may also benefit from the enhanced ben-
thic-pelagic coupling. Also, the enrichment of nitrogen
and phosphorus in sediments may promote the growth
of micro- and macrophytobenthos. In fact, macrophy-
tobenthos, such as the brown algae Sargassum pal-
lidum, appeared in large quantities (~2 kg m2) in shal-
lower parts of the bay (<5 m) in summer. Therefore,
the filtering-biodeposition by the suspension-cultured
filter feeders not only delivered N and P nutrients from
water column to bottom, but also reduced water col-
umn turbidity by removing both phytoplankton and
inorganic particles from the water column, and
thereby increased light penetration to the seabed for
benthic plants that are light dependent.

Sediment traps are widely used in oceanic and
coastal environments to measure the vertical flux of
particulate material in the water column. Various kinds
of poisons or preservatives are often used inside the
traps to inhibit microbial decomposition. However, it
has been observed that when these substances are
used, contamination by planktonic swimmers (zoo-
plankton which swim into the trap and die there from
contact with the poisons) can be a serious problem as
they may constitute a major part of the measured set-
tling flux (Hedges et al. 1993). It is likely that, during
short-time deployments, sediment trap measurements
are more biased due to contamination by planktonic
swimmers when preservatives are used than they are
due to microbial decomposition when no preservatives
are used (Hedges et al. 1993). In the present study, no
preservatives were used; scallop biodeposits accumu-
lated in the sediment traps for ca. 3 d before the traps
were retrieved. Also in other studies (Kautsky & Evans
1987, Jaramillo et al. 1992, Hatcher et al. 1994, Klerks
et al. 1996, Peterson & Heck Jr. 1999, Norkko et al.
2001), preservatives were not used when sediment
traps for determination of biodeposition by wild
bivalves in various aquatic systems were moored on

the seabed/lakebed for several days, a week, 2 weeks
or a month. Because no preservatives were used, the
organic composition of the deposited material will
have changed somewhat. This would make conclu-
sions about the effects of the bivalves on the ecosystem
conservative, i.e. it would somewhat underestimate
the role of bivalves in biogeochemical processes. In
order to estimate the microbial decomposition of
organic matter in the biodeposits collected in traps, the
experimental 1-yr-old scallops in each trap from 5 sta-
tions (S3, S5, D1, D2, D3) were placed in a container
with 10 I clean seawater, and fresh biodeposits pro-
duced by the scallops within 2 h were collected and
analyzed. Results suggest that the reduction of biode-
posit organic matter within 3 d was minor (<10%),
based on the difference in organic matter content
between the trap biodeposits and the fresh biodeposits
(OM 12.0 £ 1.1 % and 13.2 + 1.0 %, respectively).
Clearance rates (CR) of Chlamys farreri estimated by
the biodeposition method in this study were in agree-
ment with a recent report on this species (Hawkins et
al. 2001). The filtration rates (FR) of 1-yr-old scallops
exhibited a great variability among culture sites, rang-
ing from 2.70 to 9.84 mg ind.”! h™! with a strong posi-
tive correlation with seston concentrations (Fig. 6).
Based on the mean CR of 1-yr-old scallops (1.72 1ind.™!
h™1), the total Sishili Bay water column could theoreti-
cally be filtered by these scallops in ca. 12 d (assuming
that this entire water column is within their reach). In
previous studies in shallow bays with dense mussel
populations, estimates of total filtering rate were ex-
tremely high. In Laholm Bay (Kattegat, Sweden), the
dominant bivalves Cardium edule and Mya arenaria
can filter the water column of 0 to 10 m (accounting for
20% of the bay) in 3 d (Loo & Rosenberg 1989). The
effects of scallop filtering-biodeposition on the water
column in Sishili Bay can be extrapolated based on the
1-yr-old scallops' filtration rate measured in this work.
The daily removal of suspended matter by scallops
from a 1 m? water column amounted to 17.3 g, or a rate
of 2.16 g m™® d7}; thus, the scallops' daily removal of
suspended matter from the water column in the bay
was estimated to be as high as 64 %. Our recent study
in field flow-through systems conducted in the bay
(Zhou et al. 2006a) showed that the presence of
Zhikong scallops can strongly decrease seston and chl
a concentrations, and increase sedimentation rates. It
has been suggested that the filtering-biodeposition
process by bivalves can improve water quality by
removing seston from the overlying water column, thus
reducing the concentrations of suspended particles,
detritus, and particulate-bound nutrients in aquatic
systems (Haamer 1996). Reduction of seston concen-
trations in the water column by bivalves has been well
documented (Riemann et al. 1988, Dame et al. 1991,
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Klerks et al. 1996, Cressman et al. 2003). The impor-
tance of this top-down pressure exerted by bivalves in
coastal ecosystems is being increasingly recognized.
For example, oyster reef habitat areas are now becom-
ing an important conservation issue (Coen & Lucken-
bach 2000). The role of oyster reef habitat in coastal
ecosystems is likely mimicked by commercial bivalve
operations. The present study indicates that the aqua-
culture of scallops in coastal waters with high nutrient
loadings would be advantageous, serving as a eutro-
phication control, as seston level would be controlled
and nutrients would be removed from the ecosystem
whilst generating valuable products.

In Sishili Bay, substantial eutrophication has
occurred as a result of increasing urban effluent and
agricultural fertilizer runoff. It is estimated that yearly
N and P inputs to the bay are 1910 and 150 t, respec-
tively (Wu et al. 2001). A HAB event of Gymnodinium
sangnineum occurred in the bay on a relatively large
scale (ca. 100 km?) in early September 1998 (Zhou
2000, Wu et al. 2001). Because mass mortality of cul-
tured scallops occurred widely in the bay in August
before the occurrence of the red tide, it was suggested
that at least part of the eutrophication might have
resulted from losing the top-down control on phyto-
plankton biomass exerted by scallop filtering-biodepo-
sition process. There is evidence that wild dense popu-
lations of filter-feeding bivalves can have a significant
impact on basin-wide water quality and phytoplankton
dynamics (Cloern 1982, Dame 1996); thus, disappear-
ance of bivalve filter feeders may subsequently cause a
substantial increase in phytoplankton biomass (Newell
2004). Some investigators, however, have suggested
that bivalve populations may not be able to exert long-
lasting top-down control on phytoplankton popula-
tions, due to high levels of nutrient regeneration (direct
excretion plus regeneration from biodeposits on the
seabed). By contrast, in the Sishili Bay ecosystem, the
following phenomenon could point to the occurrence
of top-down control induced by the scallop filtering-
biodeposition process. Although anthropogenic N and
P inputs to the bay have increased due to activities
such as industrial and urban effluent discharge and
agricultural fertilizer run-off, chl a level and phyto-
plankton biomass in the bay have increased only
slightly. During the experimental period, chl a aver-
aged 2.71 pg 1! in scallop culture sites (Table 1); basin-
wide average chl a was 2.22 pg 1! and phytoplankton
biomass was 1.73 x 10° cells m™® in summer 1997,
which were almost at the same levels as in 1982 and
1987, and much lower than in other eutrophic bays in
Shandong Province, such as Jiaozhou Bay where chl a
averaged 6 pg I'! and phytoplankton biomass 5 X
10° cells m™3 in summer (Wu & Zhang 2001). Some
shellfish farmers even added N and P nutrients to the

scallop culture sites artificially for several years to
increase food concentration and thereby scallop
growth; however, the result was not satisfactory, i.e.
the phytoplankton biomass and scallop growth did not
change markedly. We conclude that the suspension-
cultured scallops in Sishili Bay ecosystem do induce a
strong long-lasting top-down grazing control on phyto-
plankton biomass. The top-down control implies that
bottom-up control on phytoplankton development (e.g.
nutrient loading) is less important. Another phenome-
non related to the loss of the top-down control by scal-
lops was the occurrence of a jellyfish bloom (Eirene
ceylonensis Browne; Zhou 2000) on a large scale in
August 1998. The decline in scallop populations may
have resulted in an increase in microplankton, fol-
lowed by an increase in microzooplankton-feeding
gelatinous macrozooplankton and a predominantly
pelagic food web. A similar ecosystem change has
been observed where decreases in oyster stocks in
Chesapeake Bay during the past century were suffi-
cient to cause a substantial increase in phytoplankton
biomass (Newell 1988). Indeed, it has been estimated
that the oysters living in Chesapeake Bay were once so
abundant that they could filter the entire volume of the
bay in just a few days, but they have declined so much
that it would now require a year to filter the same vol-
ume of water (Newell 1988). The present study indi-
cates that intensively suspension-cultured scallops
could control phytoplankton biomass through grazing
and control stocks of gelatinous zooplankton through
competition.

Since the scallops in the present study significantly
enhanced sedimentation, the intensive culture may
have affected the benthic environment. The NH,-N
concentration in porewater in sediment under scallop
longlines was extremely high (Fig. 8), in agreement
with previous studies (Kaspar et al. 1985, Grant et al.
1995) in which the sediment under suspended bivalve
cultures had a large ammonium pool, from which
ammonium release rates were high. The microbially
mediated denitrification of organic nitrogen trans-
ferred to sediment surface in bivalve biodeposits may
have a beneficial effect of permanently removing N in
the form of N, gas from the ecosystem (e.g. Kaspar et
al. 1985, Prins et al. 1998, Newell 2004). Bivalve culture
could thus function as a sink of nitrogen, removing
nitrogen from the aquatic environment not only
through the harvesting of the bivalves, but also due to
the loss of nitrogen to the atmosphere. In the present
study, sediment biogeochemical characteristics in scal-
lop culture sites indicated that the adverse impact of
suspended scallop culture on the benthic environment
was not heavy, although scallop culture could some-
what increase contents of organic matter and acid-
volatile sulfides (Fig. 7). This is in agreement with
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other studies (Grant et al. 1995, Chamberlain et al.
2001, Crawford et al. 2003). Although a shift toward
anaerobic metabolism at bivalve culture sites may
exist, the impact of the build-up of discarded cultured
organisms, and fouling algae or ascidians beneath
longline culture sites, is more noticeable than any
impacts from bivalve biodeposition (Grant et al. 1995,
Zhou 2000, Stenton-Dozey et al. 2001). In some cases,
however, the accumulation of biodeposits in suspen-
ded cultures may result in a locally anoxic environ-
ment and faunal impoverishment (Haven & Morales-
Alamo 1966, Dahlback & Gunnarsson 1981, Stenton-
Dozey et al. 2001, Waite et al. 2005). In Sishili Bay,
surface sediments at 2 scallop culture sites were also
anoxic in August, with AVS-S as high as 590 pg g~}
(Zhou 2000). Thus, bivalve stocking density should be
constrained in the warm season to prevent local
overenrichment of the sediments by biodeposits that
can lead to anoxic conditions in the sediment.

In summary, suspended scallop aquaculture may
have a significant impact on coastal ecosystems
through the filtering-biodeposition process. Compared
with wild bivalve filter feeders, whose distribution may
be constrained by water depth and food supply, the
bivalves intensively suspension-cultured in the water
column in deeper coastal bays are potentially efficient
processers of seston particles on a basin scale. Sus-
pended scallop aquaculture in coastal waters with high
nutrient loadings may be ecologically advantageous,
functioning as biofilters or recyclers and mitigating
eutrophication pressures on coastal ecosystems,
through controling the seston level via the filtering-
biodeposition process and removing nutrients from the
ecosystem whilst generating valuable products. How-
ever, intensively cultured scallops may also deplete
ambient water of particulate food, which may nega-
tively influence the scallop growth.
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