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Abstract — Increased suspended sediment in the water column has been recognized as a significant environmental stressor. To 
provide a systematic research on suspended sediment effects in mussels, Mytilus edulis were exposed to two concentrations (250 
and 1000 mg/L) of suspended sediment from Yellow River estuary for 28 days. Sampling collected after 7, 14, 21 and 28 days of 
exposure. Clearance rate (CR) and absorption efficiency (AE), tissue condition index (TCI) and water content (WC) were 
calculated according to the standard method. Hemolymph was extracted for analyses of haemocyte numbers, phagocytosis, reactive 
oxygen species (ROS) level and superoxide dismutase (SOD) activity，and gill tissues were excised for scanning microscopy. 
Exposure to suspended sediment caused a significant decrease (p<0.05) in CR, AE, TCI and WC at the end of 28d. Suspended 
sediment could modulate the immune system of mussels through increased the haemocyte numbers, phagocytosis, ROS level and 
SOD activity. However, when exposure is prolonged, decreased immunity function was observed. The reduction of body condition, 
after 28 days of exposure, reflects a significant negative energy budget (metabolic costs <energy assimilated) as demonstrated by 
TCI and WC. 
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I. INTRODUCTION 

Suspended sediment (SS) are increasing in marine waters 
worldwide，primarily due to coastal development, surface 
runoffs, agriculture activities and other activity. In china, 
Water–Sediment Regulation Scheme (WSRS) project was 
implemented by the Yellow River Conservancy Committee 
(YRCC) from June 2002. In this program, a controlled 
release of flood was used to expel sediments deposited in 
river bed within about 20 days. As a result of this procedure, 
large amounts of river sediment were transported to the 
estuary within a short period. Drastic change of sediment 
input influenced water quality and hydrological 
characteristics in Yellow River estuary. The Yellow River 
estuary and adjacent waters are an important ecological 
function area of Bohai sea with many rare species and rich 
fishery resources, and it serves as an important spawning 
grounds, habitat and feeding grounds. It was predicted that 
increased suspended sediment could be a significant 
environmental stressor for aquatic animal health.  

Increased suspended sediment concentrations have raised 
concerns about detrimental effects on the marine 
environmental and marine organisms [1]. Impacts of 
suspended sediment on fish was widely researched and 
include behavioral responses, gill damage, metabolic 
changes and other physiology [2]. However, the relevant 
researches of suspended sediment on invertebrates has 
received comparably little attention.  

Bivalves are considered efficient indicators to the 
environmental contaminants owing to their semi-sessile 
behavior and open circulatory system. In addition, due to 
their filter-feeding capability, bivalves may concentrate 
particles, making them especially vulnerable to suspended 
sediment. While current research work have shown that 

suspended sediment can affect physiological condition of 
bivalves, such as growth rate, oxygen consumption and 
feeding activity as well as gill damage [3], little is known 
about relationship between gill damage and physiology 
characteristic changes. Furthermore, no studies have been 
conducted on the subacute suspended sediment responses, 
which could include bivalve immunity, body condition and 
energy 

balance. In our study, blue mussel Mytilus edulis were 
selected as an indicator species for investigating the effects 
of suspended sediment due to their great commercial 
importance and wide distribution in china. 

The gill of mussel was considered a primary target for 
suspended sediment. Cilia depletion due to sediment 
exposure have been described, studies examining the 
potential influence of cilia depletion on the physiological 
activity, however, are lacking. The distal cilia of gill 
filaments form the last line to capture the food particles and 
serve to transport food particles to the food groove. We 
measured the depletion of distal cilia of gill filaments, which 
can affect food-carrying capacity and corresponding 
physiological parameters. 

The immune system of bivalve are widely used to 
evaluate environmental risk ascribed to the sensitivity for a 
number of environmental pressure. Bivalves have a relatively 
simple circulatory system in which the hemocytes are 
responsible for cell mediated immunity [4]. Phagocytosis is 
the major mechanisms for hemocytes to destroy foreign 
material by lysosomal enzymes and reactive oxygen species 
(ROS). To counteract the adverse effects of ROS, cells have 
evolved a complex array of specific antioxidant enzymes, 
such as superoxide dismutase (SOD), glutathione peroxidase 
(GPx). In our study, we measured haemocyte numbers, 
phagocytosis, ROS level and SOD activity following the 
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high level suspended sediment exposure and explore the 
relationship between gill damage and immunoreaction. 

The current study is the first systemic investigation of 
suspended sediment effects in blue mussel (Mytilus edulis) 
using levels found on the Yellow River estuary. Our aim was 
to determine (1) whether exposure to suspended sediment is 
stressful to mussel as indicated by various physiological 
variables, (2) whether suspended sediment caused the change 
of gill morphology (cilia depletion),and (3) whether immune 
responses related to gill damage, but also to body condition, 
food deprivation or a stress response. 

II. MATERIALS AND METHODS 

A. Experimental Suspended Sediment and Animals  

Suspended sediment used in this experiment was 
collected from the Yellow River estuary after water and 
sediment discharge regulation. Triplicate sediment samples 
were taken with a 0.05 m2 grabber at three sample stations
（37°51′10″N ,119°19′01″E；37°45′51″N , 119°18′32″E; 
37°47′40″N ,119°30′28″E）. The sediment was mixed and 
wet sieved through a 250μm mesh to obtain the < 250μm 
fraction, oven dried at 80℃before use in exposure 
experiment. The lab analysis showed that sediment 
composed mainly of sand and silt and have lower 
concentrations of PAHs and metals. 

Health mussels (5-7 cm in body length) were collected 
from a beach resort with no industrial inputs in Rizhao, 
Shandong Province, China (35°34′16.57″N, 
119°39′28.96″E). Mussels were acclimated for 10 days 
before the experiment and fed with Platymonas helgolandica 
twice a day. 

B. Experimental Setup 

To maintain particles in a homogeneous suspension, 
water current was generated by installing a blender (500 
r·min-1) in the test tank (30 cm·30 cm·25 cm) with 20 L of 
filtered seawater. The water flow is blocked by four slender 
piece of glass to avoid generating the whirlpool. 30 Mussels 
were distributed randomly to net cage which attached to the 
inner wall of tank. 

In the experiments, the water temperature was 20-22℃, 
pH 7.8-8.0, dissolved oxygen (DO) was 7.5-8.5 and salinity 
was 32-33‰. Mytilus edulis was exposed to <250μm 
suspended sediment (SS) with concentrations of 0 (control), 
250(low) and 1000(high) mg/L for 28 days. During the 
exposure periods, mussels were fed with Platymonas 
helgolandica by gravity feed, maintained 10mg dry 
weight .mussel-1.day-1. Three replicates for each of 
treatments were used. Over the 28 days exposure, mussels 
were collected on day 7, 14, 21 and 28 from each replicate. 

C. Clearance Rate and Absorption Efficiency 

The clearance rate (CR) in the present study were defined 
as the volume of seawater cleared of Platymonas 
helgolondica per mussel of time. In this experiment, 400ml 
of the microalgae with an initial concentration of 1×104 cells 
mL−1 were placed into 500ml glass chamber. Then, 5 mussel 
were put in and start timing from shell closure. CR was 

determined at 25℃and calculated according to the formula
（Coughlan, 1969; Schulte,1975）: CR=V(㏑ C0-㏑ Ct) /Nt. 
V ( L ) is the volume of the water，N is the number of 
mussel，t(h) is the duration of the experiment, C0(cells ml-1) 
is the initial concentration of algae, Ct(cells ml-1) is the final 
concentration of algae.  

Absorption efficiency (AE) was calculated from the 
proportion of organic matter in the algal cells and in the 
faeces. Algal food samples were collected on 
washed(distilled Water), ashed (450℃) and pre-weighed 40 
mm GF/C filters. These filter papers were oven dried at 110℃
for 24 h, weighed, ashed (450℃ for 6 h) and re-weighed. 
Faeces were collected by a pipette from the experimental 
chamber 12 h after the clearance rate measurements, and the 
organic content of the faeces was determined using the same 
method as described above. Absorption efficiency (AE) was 
measured using the Conover ratio: AE = (F−E) / [(1−E) * F]. 
Where AE is the absorption efficiency (%), F is ash-free dry 
weight of food, and E is the ash-free dry weight of faeces. 

D. Tissue Condition Index and Water Content 

At each setup time（7,14,21 and 28 days），2 mussels 
were collected from each tank and wet tissue was removed. 
Individual tissue and shell were dried (60℃for 72h) and 
weighed. Tissue condition indices (TCI) was calculated 
according to the following ratio：TCI=（DWM/DWS）
×1000. Where DWM is dry weight of meat and DWS is dry 
weight of shell 

The water content of the mussels（WC）was determined 
by the ratio of the wet tissue weight/dry tissue weight. 

E. Haemocyte Numbers and Phagocytosis 

Hemolymph samples were collected from the adductor 
muscle sinus of mussels and cell density of circulating 
hemocytes was calculated. Phagocytosis in M. edulis was 
assessed according to the method of He´garet et al. (2003b). 
Briefly, 800μl hemocytes were mixed with 20μl of 1/10 
dilution of FluoresbriteTM Yellow Green (YG) microspheres, 
which had a diameter of 1.00μm, at a ratio of hemocytes to 
beads was 1:100. For the phagocytosis analyses, a flow 
cytometer was used. 

F. The ROS Level and SOD Activity in Haemocytes 

Hemolymph samples were centrifuged at 700g for 12 
min to collect the haemocyte pellet. ROS production in 
haemocytes was measured using the ROS Assay kit 
(Beyotime Institute of Biotechnology, Haimen, China). 
Harvested haemocytes were suspended by diluted 10mM 
dichlorofluorescein diacetate (DCFH-DA)with sterile 
seawater at 37℃for 20 min. DCFH-DA passively diffuses 
into cells and is deacetylated to form DCFH. DCFH reacts 
with ROS to form the fluorescent product DCF. Cells were 
subsequently washed twice with filtered seawater. DCF 
fluorescence was recorded by a fluorescence microplate 
reader with 485 nm for excitation wavelength and 530 nm 
for emission wavelength. 

The SOD activity in haemocytes was measured using the 
SOD Assay kit (Nanjing Jiancheng Bioengineering Institute). 
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Harvested haemocytes were suspended by PBS again and 
used optimum ultrasonic cell disruption method. After 
centrifuged at 10,000g for 10 min，the supernatant was 
collected for enzymes activity assay.  

G. Data Processing 

All values were expressed as means±standard deviation. 
Date sets were analyzed using general linear model (GLM) 
univariate (ANOVA). Duncan's Multiple Range Test 
(DMRT) to determine the significant differences (p<0.05) 
among the concentrations, between the days, and the 
difference between the concentrations and days on each 
parameter. 

III. RESULTS 

A. Mortality and General Effects  

All mussels have a good byssus production and fixed on 
the net cage. On day 28, no mortality was observed at control 
and low dose group. However, the high dose group had a 
high mortality (20.15%, p<0.05) compared to the control. 
Experiment found that mussels produced a large amounts of 
pseudofeces if suspended sediment was added to the 
seawater in all treatments, whereas there was no pseudofeces 
production in mussels of control group at this time point.  

B. Clearance Rate and Absorption Efficiency 

At the end of 7 and 14 d, no significant effects on CR 
were observed (Figure 1.) between all treatments and the 
control. But the values had an apparent decrease at day21 in 
high dose group. The minimum mean CR was reported in 
mussels exposed for 28 days to 1000 mg L-1, with more than 
a 65.72% decrease compared to the control mussels. 

The AE exhibited the same trend as the CR (Figure 2.). 
The impact of SS on the AE was obvious, with a marked 
inhibition at the end of 21 and 28d. The final AE in the 250 
and 1000 mg L-1 group was 81.82% and 70.69% of that 
found in the controls，respectively. 

Time

7d 14d 21d 28d

C
le

ar
an

ce
 r
at

e 
(L

.h
-1
)

0.0

.2

.4

.6

.8

1.0

1.2

* *
*

*

Control Low High

 

Figure 1. The effect of exposure to suspended sediment on clearance rate in 

mussels. Date are presented as means ±SE (n=6). * indicate significant 
differences (P<0.05) with respect to controls. 
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Figure 2. The effect of exposure to suspended sediment on absorption 
efficiency in mussels. Date are presented as means ±SE (n=9). * indicate 

significant differences (P<0.05) with respect to controls. 

C. Tissue Condition Index and Water Content 

At the end of 7d, the TCI of mussels exposed to 250 and 
1000 mg L-1 of SS was lower in relation to the respective 
control groups (Figure 3). WC was increased in all the 
concentrations at the end of 14d (Figure 4). A significant 
difference (P<0.01) in TCI and WC was observed among 
time. However, both TCI and WC value was found to be not 
significant among the concentrations. 
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Figure 3. The effect of exposure to suspended sediment on Tissue 
Condition index in mussels. Date are presented as means ±SE (n=9). * 

indicate significant differences (P<0.05) with respect to controls. 
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Figure 4. The effect of exposure to suspended sediment on water content in 

mussels. Date are presented as means ±SE (n=9). * indicate significant 
differences (P<0.05) with respect to controls. 

D. Haemocyte Numbers and Phagocytosis 

The effects of suspended sediment on hemocyte numbers 
were calculated by blood cell counters and the results are 
reported in Figure 5. Haemocyte numbers was significant 
decreased in 250 and 1000 mg L-1 at the end of 28d, 250 mg 
L-1 at the end of 21d. However, haemocyte numbers was 
increased in 500 and 1000 mg L-1 at the end of 7d. SS 
induced a marked change in haemocyte numbers in mussels 
between treatment group end exposure time (p<0.01).  
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Figure 5. The effect of exposure tosuspended sediment on hemocyte 
numbers in mussels. Date are presented as means ±SE (n=9). * indicate 

significant difference (P<0.05) with respect to controls. 

Phagocytosis in haemocytes was affected by both 
exposure time and concentration with a significant 
interaction between these two factors (p<0.01). 7 days 
exposure to 250 and 1000 mg/L suspended sediment resulted 
in a 33.08% and 65.05% increase in phagocytic activity, 
respectively. However, the phagocytosis was inhibited at all 
tested SS concentrations after longer exposure periods. 
Phagocytosis was reduced to 20.48% and 41.76% of the 
control group after 28 days exposure to 250 and 1000 mg/L 
SS. 
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Figure 6. The effect of exposure to suspended sediment on phagocytosis in 

mussels. Date are presented as means ±SE (n=9). * indicate significant 
differences (P<0.05) with respect to controls. 

E. ROS Level and SOD Activity 

During the initial 7 days, there were no significant 
differences between all treatments and the control (P＜0.05). 
Results ROS levels in the1000 mg/L  experimental groups 
was significantly higher than that in the control group 
(P<0.001) following 14 , 21 and 28 days exposure；the ROS 
levels was 173.5% of the control at day28. The higher level 
of ROS was also observed in mussels exposed to 250 
suspended sediment at the end of 21 and 28 day，but no 
induction was observed in the 14 days before . 
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Figure 7. The effect of exposure to suspended sediment on ROS levels in 
mussels. Date are presented as means ±SE (n=9). * indicate significant 

differences (P<0.05) with respect to controls. 

There was a significant increase in the SOD activity of 
mussels after 7 d of suspended sediment treatment as 
compared to control group (Figue 8, nearly 1.40- and 1.38-
fold, respectively). In addition, 250 mg/L suspended 
sediment appeared to have a continuous induction on the 
SOD activity in haemocytes. However the SOD activity was 
significantly inhibited by 74.4% after 28 days exposure to 
1000 mg/L suspended sediment compared with the control 
group.  
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Figure 8. The effect of exposure to suspended sediment on SOD activity in 
mussels. Date are presented as means ±SE (n=9). SOD activity expressed 
as U mgprot-1. * indicate significant differences (P<0.05) with respect to 

controls. 

IV. DISCUSSION 

Body condition can be described using related indices 
such as TCI and WC. In mussels, energy reserves depends on 
the balance between energy acquisition and energy expenses. 
A high TCI and low WC implies that surplus energy is 
available for growth and reproduction whereas a low TCI 
and high WC indicates that energy gain is less than energy 
expenses so energy reserve has to be used for survival. In 
this study, M. edulis from the treatments had the low TCI and 
high WC and therefore these mussels had a bad condition. 
This suggests depleted energy reserves seemed to occur after 
7 days. 

Filter-feeding bivalves（e g. oysters and mussels）can 
exert strong impact on the suspended particulate matter 
including suspended solids，and produce pseudofeces to 
remove the solids in coastal waters. Production of 
pseudofeces by filter-feeding bivalves is regarded as a 
cleaning mechanism and choosing food from inorganic 
particles [5]. It's sure that filter feeders plays an important 
role to remove small suspended solids in coastal ecosystems. 
In our study, mussels exposure to SS induces a higher 
production of pseudofaeces which embedded in mucus. The 
high efficiency of particle rejection and mucous production 
reduces the contact between gill cilia and suspended 
sediment which protects the gill surface [6]. The mucus 
secretion contributes significantly to the energy budget, 
representing 13% to 32% of absorbed energy. In our study, 
increased mucus production thus contributing to a decreased 
energy reserves compared with the control group. 

Our data indicated that the SS exerted a rapid influence 
on immune parameters. The immune system of M. edulis 
including cellular（hemolymph）and humoral immunity 
[7]. As an important component of the non-specific immune 
system in M. edulis, haemocytes is the first line of defence 
against viral stress [8]. Many studies suggested that the 
number of haemocytes is sensitive to environmental stress 
and have a positive correlation with stress levels [9]. The 
number of haemocytes and phagocytosis following sublethal 

exposure to suspended sediment is demonstrated by a 
significant increase during the first 7 days. The increased 
haemocyte and phagocytosis indicates the efficient immune 
system in mussel when animals are under stress [10]. But the 
further extension of exposure time and higher levels of 
suspended sediment can cause circulating cells to decline. 
Hemocytes are primarily responsible for the defence against 
invaders by phagocytosis. Phagocytic response is primarily 
involved in the defense against bacterial infection. Damage 
of gill caused by suspended sediment in M. edulis can 
increase the probability of bacterial infection which may lead 
to increased levels of phagocytosis (Labreuche et al. 2006).  

During phagocytosis, lysosomal enzymes was released 
and combine phagosomes to destroy the bacterial [11]. The 
reduction in haemocytes may be a result of haemocyte lysis 
which destroyed by lysosomal enzymes.  

Reactive oxygen species (ROS) generated in all aerobic 
cells as an unavoidable consequence of their metabolism. 
Low concentrations of ROS could be a compensatory 
mechanism for the immune system to against invaders and 
stressful condition [12]. However, the generation of ROS 
may lead to oxidative stress. To protecte against oxidative 
stress, cells evolved a complex array of antioxidant defenses 
by an interacting network of chemical antioxidants and 
antioxidant enzymes. Among the antioxidant enzymes, 
superoxide dismutase (SOD) is widely distributed in mussels 
and is essential to the defense mechanism of organism. This 
study indicated that suspended sediment exposure elevates 
the SOD level in mussel in a dose-dependent manner, 
indicating the environmental stress. However, excessive 
production of ROS can suppress antioxidants and exert 
negative effects on organism which further aggravate the 
toxicity of ROS. In this study more prolonged and excessive 
ROS not be cleared in time accumulated, so that SOD 
activity declined rapidly at day 21. Besides, high 
concentrations of ROS may have direct or the indirect cell 
toxicity, which eventually led to apoptosis or necrosis. The 
results also implied that the haemocytes numbers and 
phagocytosis could be affected by the high ROS level. Our 
results suggest that the immune system of mussels was 
efficient in early stages of exposure, but it became less 
efficient with the increase of time elapsed demonstrated by 
haemocyte numbers and ROS level. The energy consumption 
caused by immunoreaction was also contributed to a 
decreased energy reserves. 

After prolonged exposure to elevated SS for 28 days, 
cilia depletion further increased. So we infer that the 
reduction of immunity function may cause by cell layers 
damage and the bacterial infection. AE was also reduced 
when SS increased. This indicated that this stresses affected 
the secretion or activities of digestive enzymes. Although, 
mussels could reduce their metabolic rate to maintain weight, 
the compensation mechanism may not be effective when 
starvation is combined with environmental pressure, such as 
high temperature and hypoxic. Through a lowering of CR 
and AE under stresses, food acquisition was greatly reduced. 
This indicates that M. edulis failed to compensate its energy 
demand. Therefore, the reduction in energy reserves is 
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attributed primarily to the reduction in energy acquisition in 
later period of exposure. 

V. CONCLUSIONS 

This is the first study that has combined body condition, 
ciliary damages and immune response to determine the 
effects of the suspended sediment on the mussel M. edulis. 
Very low mortality was observed in the low dose group, even 
through 28 days of treatment. This indicated that M. edulis 
tolerant to low concentration SS stresses. The reason being 
that there may be enough energy to cope with the additional 
costs for low dose exposure (28d) to SS but if the exposure is 
enhanced, decreased immunity function and high mortality 
may be observed. In this study, even low concentration SS 
significantly reduce energy reserves of M. edulis. It could be 
a comprehensive effect through 3 aspects: energy 
consumption caused by immunoreaction, the cost of mucus 
production and the decrease of feeding caused by cilia 
damage. 
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