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ABSTRACT: To evaluate the feasibility and capability of using filter-feeding bivalves as biofilters for
organic waste derived from fish faeces and feed wastage in marine fish culture activities, a polyculture system comprising fish and green-lipped mussels Perna viridis was developed by transplantation of mussels into fish cages. As a control, mussels from the same population were simultaneously
transplanted to a distant reference site free of effects from fish farming activities. After 3 mo acclimation, samples of mussel tissue, particulate organic matter (POM), fish feed and fish faeces were
collected for measurements of carbon and nitrogen isotopic ratios and fatty acid profiles. Enrichment
of 13C and 15N in mussel tissue collected inside the fish cages as compared to those at the reference
site indicated the uptake and assimilation of isotopically heavier fish feed and fish faeces. Compared
with mussels from the reference site, the pattern of fatty acid profiles and single fatty acids of
mussels in fish cages also tended to be closer to fatty acid profiles of fish feed from fish farms. Based
on the concentration-weighted isotope mixing model, the proportions of mussel biomass assimilated
from POM, fish feed and fish faeces to mussel dietary consumption were 68.3, 27.5 and 4.2%, respectively. The direct uptake of organic waste from fish farms by filter-feeding mussels is different to their
consumption of phytoplanktonic biomass, because the nutrient flux is shifted between these 2 distinct
pathways.
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Studies have demonstrated that fish farming activities in coastal waters can result in marine pollution,
owing to the release of organic and inorganic waste
from uneaten feed, faeces and dissolved excretory
products (Wu et al. 1994, Karakassis et al. 2000). In
Europe, North America and South America, intensive
salmonid fish culture using artificial feed is common.
However, non-salmonid species (such as groupers, sea
breams and seabass) are traditionally reared in Asian-

Pacific waters and fed trash fish (mainly anchovies
Thryssa spp.). While modern fish feed becomes more
closely aligned with the dietary requirements of fish
culture and produces less feed wastage, trash fish feed
is inherently wasteful and causes organic pollution
because of its high protein content and tendency to
break up and shed small unconsumed particles during
feeding (Leung et al. 1999). Gowen & Bradbury (1987)
showed that 40% of feed provided to fish could
become organic waste in the form of uneaten pellets
and faeces.
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Filter-feeding bivalves take up particulate matter
with considerable efficiency owing to the nature of
their high filtration rate and high population density
(for reviews see Dame 1993, 1996). Potential utilization
of the large amount of nutrients in excess suspended
trash fish feed by filter-feeding bivalves has not been
documented; however, Yokoyama et al. (2002) reported that mussels could efficiently take up the
uneaten fish meal and flour in shrimp ponds. Thus, in
an integrated polyculture system combining fish and
filter-feeding mussels, mussels can function as a selfregulator for cycling of particulate matter (Folke &
Kautsky 1989). Based on the pumping rate, Taylor et
al. (1992) estimated that 3 min were sufficient for
1.2 million mussels attached on salmon culture nets to
filter the entire volume of water in the fish pen (5 × 5
× 6 m). Through filter feeding, mussels may utilize
organic waste from the fish culture cages as food
sources and reduce pollution (Folke & Kautsky 1989,
Shpigel et al. 1997).
Studies of fish culture effluents on the physiological
status of bivalves in an integrated polyculture system
have drawn much attention, as they may offer a means
of enhancing commercial bivalve production and
financial benefits. For example, cultured mussels
might be used to recycle excess algal biomass that
results from fish farming and hence improve production (Larsson 1985, Jones & Iwama 1991). Stirling &
Okumus (1995) compared growth and production of
the blue mussel Mytilus edulis suspended at salmon
cages with those at shellfish farms, and found significantly increased growth and production of mussels
in the salmon farms. Multiple regression models
indirectly revealed that the increment of mussel
growth was due to elevated particulate organic matter
(POM) at fish farms. All these studies concerning the
effects of fish farming on bivalve performance were
focused on indirect factors, i.e. changes in primary production due to fish farming and subsequent effects on
cultured bivalves. Information regarding the direct
contribution of farming waste as food sources (i.e. feed
residues and faecal pellets) to bivalves within polyculture systems was limited (Mazzola & Sará 2001,
Yokoyama et al. 2002).
Utilization of various food sources by bivalves has
traditionally been evaluated by means of direct gut
content analysis (Kamermans 1994, Lehane & Davenport 2002). However, trophic models based on dietary
observations can only represent an instant snapshot of
food ingested by the bivalves. The application of stable
isotopes may overcome such limitations. Carbon and
nitrogen stable isotopes change in a predictable way
when transferred along trophic pathways (Peterson &
Fry 1987). Moreover, the stable isotope approach offers
distinct advantages over conventional dietary tech-

niques because (1) evaluation of food sources is based
on assimilated instead of ingested food, and (2) assimilated matter represents time-integrated utilization of
food (Hobson & Welch 1992). This method may be
particularly useful in revealing the food sources of
bivalves because the recognition of gut content is
difficult, sometimes even impossible, due to the small
size of food particles. There has been increasing application of stable isotopes as tracers to follow the flux of
organic matter or pollutants along food chains or food
webs in both terrestrial and aquatic environments (e.g.
Fry 1988, Yamamuro 1999, Bearhop et al. 2000, Collier
et al. 2002, Vizzini et al. 2002).
Fatty acid profiling is another potential trophic
marker technique for tracing food sources. The feasibility of using fatty acids as trophic markers to trace
predator-prey relationships is based on the observation that marine primary producers develop certain
fatty acid patterns that may be transferred conservatively to, and hence can be recognized in, primary
consumers (Dalsgaard et al. 2003). The simultaneous
use of stable isotopes and fatty acids as trophic markers may mutually confirm the information obtained
from single marker technique alone. Multiple marker
techniques may also complement each other by the
elimination of ‘blind spots’ that may arise from using
certain single marker techniques alone. In particular,
overlap of single markers between diverse target food
compartments frequently occurs under natural conditions (Nichols et al. 1985, Canuel et al. 1995, Kharlamenko et al. 2001). However, microalgae, bacteria and
animals contain different unique fatty acids despite
the possible overlap of stable isotope signatures. The
presence of these specific fatty acids in consumer
tissues may thus indicate the source of food items.
Green-lipped mussels Perna viridis are widely distributed in the Indo-Pacific region (Siddall 1980) and
are 1 of the 5 mussel species cultured commercially in
Guangdong and other southern provinces in China
(Guo et al. 1999). In Hong Kong, P. viridis is distributed
widely from oceanic to estuarine waters and is a dominant subtidal species with highest densities recorded
from Victoria Harbour (246 ind. m–2) and Tolo Harbour
(>1000 ind. m–2) (Huang et al. 1985). Although this
species is not intentionally cultured in Hong Kong, its
abundance on fish cages is so great that it is collected
by fish farmers as a by-product. Its high growth rate
(8 to 10 mm mo–1) and natural abundance demonstrate
the potential of P. viridis as an aquaculture species
(Cheung 1991). The objectives of our present study
were to identify the potential food sources of P. viridis
reared in a polyculture system with fish, and to quantify the contribution of respective food sources to
assimilation in mussels using dual carbon and nitrogen
stable isotopes and fatty acid profiles as tracers. Based
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on this quantification, the feasibility and capability
of mussels as biofilters to reduce pollution from fish
farming were evaluated.

MATERIALS AND METHODS
Study area and sampling scheme. The study area
was a marine fish culture zone located in Kau Sai Bay,
which is a semi-closed embayment in the eastern
waters of Hong Kong (22° 21’ N, 114° 19’ E). There are
no riverine inputs into the bay. The fish raft area,
which is confined within the inner part of the bay, is
approximately 4.6 ha with water depth ranging from
11 to 16 m. Each fish cage is approximately 4 × 4 × 4 m.
The total fish stock is ~500 t with an average density
of 4.5 kg m– 3. Cultured species are mainly grouper
Epinephelus awoara, snapper Lutjanus russellii
and seabream Acanthopagrus latus. Small trash fish
(mainly anchovies Thryssa spp.) are used as fish feed.
Daily feed supply is 3 to 5% of the total stock, i.e. 15
to 25 t d–1.
An experimental site and a reference site were
selected within the bay for mussel transplantation. The
experimental site (~12 m depth) was located within the
fish raft area, whereas the reference site (~14 m depth)
was positioned at the mouth of the embayment, 1 km
away from the experimental site. Our previous baseline investigation showed that the reference site was
not affected by the fish farming activities in terms of
water and sediment characteristics (Gao et al. 2005).
Green-lipped mussels Perna viridis collected from
Cheung Chau in southern waters of Hong Kong in
September 2003 were attached to 3 m polyethylene
ropes with a density of 100 ind. m–1 and cultured in the
laboratory for 2 wk so that the mussels could produce
enough byssus to adhere tightly on the ropes. Thirty
pieces of mussel ropes were simultaneously transplanted to both the experimental and reference sites.
After 3 mo in the field, triplicate mussel samples that
each contained 10 individuals of 50 to 60 mm shell
length were randomly collected from the experimental
and reference sites (in December 2003). The 3 mo period was assumed to be long enough for the mussels to
acclimatize to the environment and completely turn
over their body reserve (Freites et al. 2002, Wong &
Cheung 2003). The epibionts on the collected mussel
shell surface were removed and the mussels were
cultured in filtered seawater (Whatman, GF/C) for
more than 24 h until no more faeces were produced, so
as to evacuate the gut content. The shells were removed and tissue was rinsed with distilled water to remove salts. The tissue was dried at 40°C for more than
72 h to constant dry weight. For each sample, 10 mussels were pooled, homogenized and sieved through a
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0.5 mm mesh size sieve. The tissue powder was tightly
sealed in glass sample bottles and stored in an ultralow temperature freezer (–80°C) for future analyses.
POM was sampled in water after supply of feed to
the cultured fish at the experimental site was ceased
for 3 d, so that the uneaten feed fragments could completely settle on the sea bottom. The presence of any
uneaten feed in water samples was first checked by
microscopic analysis. Major constituents in the particulate matter included phytoplankton and detrital
particles. POM samples were obtained by means of
filtration and treatment with HCl. About 30 l seawater
were collected 1 m beneath the surface adjacent to the
mussel ropes from the experimental and reference
sites with acid-treated and pre-rinsed Nalgen sample
bottles. The water samples were sieved with a 200 µm
stainless screen prior to filtration to remove large
particles, and filtered with pre-combusted (450°C for
6 h) 0.45 µm Whatman GF/C glass fiber filters under
vacuum suction of less than one-third atmospheric
pressure. The residue on filter papers was rinsed with
distilled double deionized water to remove salt adsorbed on the particle surface. To avoid chemical contamination to the collected particulate matter, distilled
double deionized water was used instead of isotonic
salt solution, and the short flushing time (<1 min) with
distilled water ensured that no obvious cell rupture
would occur (Currin et al. 1995, Wong & Cheung 1999).
For fatty acid analysis, filtered samples were dried and
stored following the same method used for processing
mussel tissue. For stable isotope measurements, the
particulate matter was treated with 1.2 N isotonic HCl
to remove carbonates until no more CO2 bubbles produced prior to drying and storage (Yokoyama et al.
2002).
Ten trash fish (anchovies Thryssa spp., ca. 100 g)
used as fish feed were taken from the fish raft. According to direct observations, only muscle of trash fish
could be crushed to small particles by the cultured carnivorous fish and thus be suitable for uptake by greenlipped mussels. Hence, fillets removed from 3 to 4 trash
fish were used as 1 replicate for analysis. The fish
muscle was treated and stored in a similar manner to
the mussel tissue for future analyses. To collect fish
faeces, 5 ind. of the yellow grouper Epinephelus
awoara in the culture stock were taken from fish cages
where mussels were cultured. The fish were separately
maintained in fiber glass tanks with circulated seawater in situ for 24 h and the egested faeces were
collected with a pipette. Depending on the production
amount, faeces collected from 1 or 2 groupers were
treated as 1 replicate for analysis. After collection, the
fish faeces were dried and homogenized following a
method similar to that used for preparation of mussel
tissue. The powdered samples were divided into 2
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parts for separate fatty acid and stable isotope analyses. The aliquot for stable isotope analysis was acidtreated prior to measurement of isotopic ratios. In the
present study, 3 replicates of trash fish feed and fish
faeces were collected and analyzed.
Measurements of environmental conditions. Three
replicates of 1 l water samples were collected from 1 m
below the water surface at the experimental site in the
fish culture zone and at the reference site. Magnesium
carbonate (1 ml, 1%) was added to each replicate and
filtered through Whatman GF/C glass fiber filter
paper. The remains retained on the filter paper were
extracted with 90% acetone under refrigeration for
20 h and centrifuged. The extinction of the resultant
solution was measured with a spectrophotometer at
wavelengths of 665, 645 and 630 nm, and the chl a concentration was calculated with the Richards formula
(Strickland & Parsons 1972). At both the experimental
and reference sites, current speed and direction in the
surface layer (top 2 to 3 m of the water column), where
fish cages and mussel ropes were deployed, were continuously monitored for 2 tidal cycles once a month
with a current meter (SonTek Argonaut).
Measurement of stable isotope and elemental concentrations. After pretreatment, carbon and nitrogen
isotope ratios were determined using an elemental
analyzer coupled with an isotope ratio mass spectrometer (EA-IRMS, ThermoFinnigan MAT Delta-plus).
Results of isotope ratios were expressed in standard
δ-unit notation, which is defined as follows:
δX = [(Rsample /Rstandard)–1] 1000 ‰
where X = 13C or 15N, and R is either 13C:12C ratio for
carbon or 15N:14N ratio for nitrogen. The values were
reported relative to the Vienna Pee Dee Belemnite
standard (PDB) for carbon and to air N2 for nitrogen. A
laboratory working standard (glycine) was run for
every 10 samples. Analytical precision was ± 0.1 ‰ for
both carbon and nitrogen. Carbon and nitrogen concentrations of all samples were determined using a
CHNS/O Analyzer (PE2400 Series II, PerkinElmer).
Fatty acid extraction and determination. Lipid of
pre-weighed samples was extracted by a 2 :1 chloroform-methanol solvent mixture (v/v) overnight following a slightly modified method of Bligh & Dyer (1959).
The crude extract was then washed with 0.04% CaCl2
solution (0.2 of the crude extract’s volume). The organic and aqueous layers were separated by centrifugation. The upper layer was removed and the extract
was rinsed 2 times with 0.02% CaCl2 solution in
methanol (0.15 of the crude extract’s volume). The
lower layer was dried with a stream of nitrogen and the
extracts were further dried overnight in a vacuum desiccator. After extraction, 0.01% butylated hydroxyl
toluene (BHT) was added as an antioxidant. Fatty acid

methyl esters (FAMEs) of lipids were prepared and
determined as follows: 2% H2SO4 in methanol was
added to the lipid extract, and the solution was incubated in an oven at 80°C for 2 h for esterification. After
cooling, 1 ml distilled water and 2 ml petroleum ether
were added to the tube and mixed in vortex. The upper
organic layer was transferred to a vial and dried by a
nitrogen stream. FAMEs were analyzed by gas
chromatography (GC) on a fused silica column for
polyunsaturated fatty acid (Supelco SPB-PUFA, 30 ×
0.32 mm ID, 0.20 µm film) in a Hewlett Packard model
6890 Series GC system fitted with an autosampler
(Agilent 6890 Series Injector) and equipped with flame
ionization detector (GC-FID). Authentic methylated
fatty acid standards were purchased from Supelco and
Alltech. Under our GC conditions as described below,
the FAME peaks on the GC graph were well separated
and easily identified: non-FAME impurities did not
interfere with the identifications. Hence, no post-transesterification purification by thin-layer chromatography (TLC) was carried out. The peak identifications of
the standard fatty acids were checked by GC-MS for
confirmation. Methyl nonadecanoate (19:0) was used
as internal standard and the carrier gas was helium
with speed of 25 cm s–1. The operating conditions for
the GC-FID were as follows: initial column temperature was 50°C for 2 min, and was then increased to
210°C at 4°C min–1. The detector was held at 260°C,
the injector temperature was 250°C, and the split ratio
was 1:50. The fatty acids were identified by their retention time with reference to those of the standards.
Statistical analysis and isotope mixing model. Differences in environmental conditions, carbon and nitrogen
stable isotope ratios and fatty acid markers between the
experimental site in the fish culture zone and the reference site were compared with Student’s t-test. ANOVA
with Tukey’s test for multiple comparisons was used to
compare the isotopic values of potential food sources, i.e.
POM, fish feed and fish faeces (Zar 1999). Prior to analysis, raw data were diagnosed for normality of distribution and homogeneity of variance with KolmogorovSmirnov test and Levene’s test, respectively. Fatty acid
profiles of mussel tissue and corresponding potential
food sources were analyzed using multivariate principal
component analysis (PCA). All statistical analyses were
performed with the software SPSS for Windows, Release
9.0 (SPSS 1999a,b).
In the present study, potential food sources of the
mussels at the experimental site in the fish raft area
included POM, fish feed residues and fish faeces.
Hence, a 3 end-member concentration-weighted isotope mixing model (Philips 2001, Philips & Koch 2002)
was used to evaluate the respective contribution of the
food sources to the diet of the mussels that were cultured in fish cages, as follows:
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(δ13C’X – δ13CM)[C]XfX,B + (δ13C’Y – δ13CM)[C]YfY,B
+ (δ13C’Z – δ13CM)[C]Z fZ,B = 0
(δ15N’X – δ15NM)[N]XfX,B + (δ15N’Y – δ15NM)[N]YfY,B
+ (δ15N’Z – δ15NM)[N]Z fZ,B = 0

Table 1. Comparison of environmental conditions between
the experimental site in the fish culture zone and the reference site. Values are mean ± 1 SD
Chl a (µg l–1) Current speed (cm s–1)

Parameter

fX,B + fY,B + fZ,B = 1
where fX,B, fY,B, and fZ,B represent the fractions of
assimilated biomass (B) of sources X, Y, and Z, respectively, in the mixture M. [C]X, [C]Y, [C]Z, [N]X, [N]Y, and
[N]Z represent the C and N concentrations in food
sources X, Y, and Z. Isotopic signatures for the sources
were corrected for trophic fractionation as designated
by the prime (’) symbol. Average fractionation effects
of 1 and 3 ‰ for carbon and nitrogen isotopes, respectively, were used to correct stable isotope shifts for
each trophic level (Peterson & Fry 1987, McClelland &
Valiela 1998).

RESULTS
Environmental conditions
A comparison of environmental conditions at the experimental and reference sites, including chl a and current speed in the surface 2 to 3 m of the water column,
are summarized in Table 1. All parameters recorded at
the experimental site in the fish culture zone were
significantly lower than those at the reference site
(Student’s t-test, p < 0.05). Current speed ranged from
0.4 to 5.6 cm s–1 and 2.3 to 51.5 cm s–1 at the experimental and reference sites, respectively, with an
average residual current velocity of 0.35 cm s–1 at the
experimental site and 8.62 cm s–1 at the reference site.
In general, the current flowed in a main direction from
east to west from the inside of the embayment towards
open waters during both flood and ebb tides.

Isotopic compositions of mussel tissue and
food sources
δ13C values of mussel tissue from the experimental
site in the fish raft zone and the reference site were
–19.3 ± 0.3 ‰ (n = 3) and –20.6 ± 0.3 ‰ (n = 3), respectively. For δ15N, the values from the experimental and
reference sites were 10.5 ± 0.3 ‰ (n = 3) and 8.6 ± 0.2 ‰
(n = 3), respectively. For the potential food sources that
we investigated, i.e. POM, fish feed residue and fish
faeces, δ13C and δ15N values as well as results of
ANOVA among the food sources are listed in Table 2.
Isotopic signatures of the 3 potential food sources from
the experimental site in the fish raft zone were significantly different, except for the δ13C values of fish feed
and fish faeces.

Experimental site
Reference site
df
t
p

1.88 ± 0.19
2.48 ± 0.11
4
–4.73
< 0.01

1.32 ± 0.63
23.33 ± 2.47
18
–27.32
< 0.001

Enrichment of heavy stable carbon (13C) and nitrogen (15N) isotopes in mussel tissue at the experimental
site in the fish culture zone relative to the reference
site was significant (Student’s t-test: for δ13C, –19.3 ‰
vs. –20.6 ‰, t4 = 7.02, p < 0.005; for δ15N, 10.5 ‰ vs.
8.6 ‰, t4 = 10.34, p < 0.001). However, δ13C and δ15N
values of POM from the experimental site in the fish
raft zone and the reference site were statistically similar. For δ13C, values from the experimental and reference sites were –21.8 and –21.6 ‰, respectively (t4 =
–2.4, p = 0.08). For δ15N, respective values were 5.5
and 5.6 ‰ (t3 = –0.4, p = 0.70). A dual isotope plot
(Fig. 1) clearly demonstrated the incorporation of the 3
potential food sources into the mussel tissue. Taking
into account the carbon and nitrogen concentrations of
the food sources (Table 2), results calculated with the 3
end-member concentration-weighted dual isotope
mixing model estimated that the contribution of POM,
fish feed and fish faeces to the mussel dietary consumption was 68.3, 27.5 and 4.2%, respectively.

Fatty acid profiles of mussel tissue and
food sources
The fatty acid profiles of mussel tissue and food
sources are summarized in Table 3. Results of the PCA
ordination plot (Fig. 2) showed that the fatty acid pro-

Table 2. Carbon and nitrogen content and δ13C and δ15N
values of potential food sources (particulate organic matter
[POM], fish feed residue and fish faeces). Values are mean ±
1 SD (n = 3). δ13C and δ15N values of food sources compared
using ANOVA with Tukey’s test for multiple comparisons;
Within columns, values with the same superscript letter are
not significantly different (p < 0.05)
Food
sources

C content
(%)

N content
(%)

δ13C
(‰)

δ15N
(‰)

POM
23.52 ± 1.56 4.50 ± 0.32 –21.8 ± 0.1a 15.5 ± 0.3a
Fish feed 41.35 ± 1.89 9.02 ± 0.33 –18.6 ± 0.0b 19.8 ± 0.2b
Fish faeces 28.06 ± 0.86 2.93 ± 0.13 –18.1 ± 0.7b 11.3 ± 0.2c

δ15N (‰)
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fish faeces
fish feed
mussel
POM

–21.0

–20.0

–19.0

–18.0

–17.0

–16.0

δ13C(‰)
Fig. 1. Dual isotope plot of mussel tissue and potential food
sources at the experimental site. Average fractionation effects
of 1 ‰ and 3 ‰ for carbon and nitrogen, respectively, were
used to correct stable isotope shifts between trophic levels

files of POM from the experimental site in the fish raft
zone and the reference site largely overlapped with
each other. However, the fatty acid profiles of mussel
tissue from the experimental and reference sites were
classified into 2 separate groups in the PCA plot. More-

over, when comparing with mussels from the reference
site, the centroid of fatty acid data for mussels collected
from the experimental site in the fish raft zone was
nearer to those data derived from fish feed. The fatty
acid profiles of fish faeces were further away from
those of mussel tissue.
The proportions of fatty acids that are known to be
important for energetic requirements in marine organisms were compared between mussels collected from
the experimental site and those from the reference site
(Table 3). For 14:0, 18:0 and 18:1n9, the concentration
of these 3 fatty acids in fish feed was higher than that
in POM at the 2 sites (ANOVA: for 14:0, F2,22 = 80.3, p <
0.01; for 18:0, F2,22 = 119.5, p < 0.01; for 18:1n9, F2,22 =
1036.2, p < 0.01), and the corresponding concentration
in mussel tissue collected from the experimental site
was accordingly higher than that of mussels from the
reference site (Student’s t-test: for 14:0, t16 = 14.1, p <
0.01; for 18:0, t16 = 14.2, p < 0.01; for 18:1n9, t16 = 3.0,
p < 0.01). In contrast, the concentration of 20:5n3 in
mussel tissue from the experimental site was lower

Table 3. Fatty acid profiles (%) of mussels at experimental and reference sites, and of potential food sources (n = 3 to 9). MES =
mussels at experimental site; MRS = mussels at reference site; PES = POM at experimental site; PRS = POM at reference site;
FFD = fish feed; FFC = fish faeces
Fatty acid

MES

MRS

PES

PRS

FFD

FFC

Saturated fatty acids
11:0
0.00
12:0
0.00
14:0
7.55 ± 0.51
15:0
0.90 ± 0.22
16:0
30.31 ± 3.82
18:0
10.59 ± 0.78
17:0
1.73 ± 0.55
20:0
0.97 ± 0.08
21:0
0.13 ± 0.01
22:0
0.00
Subtotal
52.18 ± 1.85

0.00
0.01
5.96 ± 0.45
0.71 ± 0.03
35.04 ± 3.22
7.53 ± 0.46
2.36 ± 0.55
0.55 ± 0.06
0.76 ± 0.05
0.00
52.92 ± 1.66

0.00
0.00
3.41 ± 0.35
0.24 ± 0.02
29.41 ± 2.33
2.48 ± 0.30
0.46 ± 0.03
0.49 ± 0.07
0.00
0.24 ± 0.01
36.72 ± 1.58

0.00
0.00
3.06 ± 0.22
0.42 ± 0.09
24.34 ± 2.15
4.26 ± 0.48
0.90 ± 0.08
0.00
0.02
0.00
33.00 ± 1.55

0.01 ± 0.00
0.17 ± 0.02
5.27 ± 0.88
0.72 ± 0.06
32.70 ± 1.66
9.16 ± 1.10
1.01 ± 0.05
0.83 ± 0.07
0.00
0.00
49.87 ± 1.34

0.00
0.00
1.17 ± 0.68
0.23 ± 0.01
8.80 ± 1.11
7.72 ± 0.35
0.41 ± 0.02
0.75 ± 0.06
1.24 ± 0.16
0.00
20.32 ± 1.22

Monounsaturated fatty acids
15:1n5
0.00
17:1n7
0.21 ± 0.01
16:1n7
10.65 ± 0.68
18:1n9
4.66 ± 0.16
18:1n7
3.85 ± 0.11
20:1n9
2.35 ± 0.08
22:1n9
0.45 ± 0.05
Subtotal
22.16 ± 1.55

0.00
0.68 ± 0.02
8.47 ± 0.56
2.27 ± 0.09
3.52 ± 0.15
3.21 ± 0.18
0.61 ± 0.03
18.75 ± 1.63

0.84 ± 0.03
3.16 ± 0.16
17.76 ± 1.23
2.38 ± 0.09
7.67 ± 0.22
0.00
0.00
31.80 ± 2.15

1.79 ± 0.01
7.25 ± 0.22
17.73 ± 1.33
2.11 ± 0.11
9.78 ± 0.36
0.00
0.00
38.66 ± 2.30

0.04
0.60 ± 0.03
8.28 ± 1.02
12.75 ± 1.35
3.89 ± 0.11
0.16 ± 0.02
0.00
25.71 ± 2.10

0.00
0.64 ± 0.03
8.67 ± 0.89
24.86 ± 1.88
3.55 ± 0.15
0.00
0.39 ± 0.05
38.11 ± 1.59

Polyunsaturated fatty acids
18:2n6
1.46 ± 0.12
18:3n6
0.20 ± 0.01
20:2n6
0.72 ± 0.03
20:3n3
0.14 ± 0.01
20:4n6
3.30 ± 0.22
20:5n3
8.24 ± 0.22
22:2n6
0.00
22:6n3
11.59 ± 0.98
Subtotal
25.66 ± 1.52

1.50 ± 1.08
0.00
0.48 ± 0.05
0.20 ± 0.01
2.97 ± 0.36
12.21 ± 1.23
0.92 ± 0.05
10.04 ± 0.88
28.32 ± 2.21

1.58 ± 0.15
0.00
0.21 ± 0.02
0.21 ± 0.01
0.77 ± 0.05
16.06 ± 1.25
0.25 ± 0.02
12.41 ± 1.23
31.48 ± 3.32

0.35 ± 0.01
0.00
0.00
0.00
0.00
14.37 ± 1.36
0.00
13.62 ± 1.33
28.34 ± 2.35

0.91 ± 0.09
0.05
0.00
0.00
3.42 ± 0.25
7.00 ± 0.79
0.00
13.07 ± 1.56
24.45 ± 2.01

1.47 ± 0.12
0.28 ± 0.01
0.00
0.00
5.26 ± 0.26
7.74 ± 0.88
0.00
26.84 ± 2.32
41.59 ± 3.32
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sult, the concentrations of 17:0 and 17:1n7 in mussels
from the reference site were higher than those in mussels from the experimental site (Student’s t-test: for
17:0, t16 = 4.8, p < 0.01; for 17:1n7, t16 = 4.8, p < 0.05),
while the concentration of 15:0 in mussels from the experimental site was not significantly different to those
from the reference site (Student’s t-test, t16 = 1.9, p =
0.08). The fatty acid 15:1n5 was undetectable in mussel
tissue from both the experiment and reference sites.

2.5

PC1 (34.9%)
Fig. 2. PCA ordination plots of fatty acid profiles from mussel
tissue and potential food sources. Inserted diagram is
enlargement of the framed area of the PCA plot, showing
relationships between fatty acid profiles of mussel tissue from
both sampling sites and fish feed. Bracketed numbers are percentages of variance in fatty acid profiles explained by Principle Components 1 (PC1) and 2 (PC2). MES = mussels at
experimental site; MRS = mussels at reference site; PES =
POM at experimental site; PRS = POM at reference site;
FFD = fish feed; FFC = fish faeces

than that in mussels from the reference site (Student’s
t-test, t16 = –5.1, p < 0.01) as a result of ‘dilution’ by fish
feed, which contained a lower concentration of 20:5n3
than the POM (ANOVA: F2,22 = 40.5, p < 0.01).
It appeared that 16:0 and 18:1n7 concentration in
mussel tissue did not show a significant difference
between the experimental and reference sites (Student’s t-test: for 16:0, t16 = –1.7, p = 0.11; for 18:1n7,
t16 = 1.2, p = 0.24) despite the different concentration of
these 2 acids in fish feed and POM. The 22:6n3 concentration in fish feed and POM did not show a significant
difference (ANOVA: F2,22 = 0.7, p = 0.51). Consequently, the concentration of this fatty acid in mussel
tissue collected at both the experimental and reference
sites was similar (Student’s t-test, t16 = 1.0, p = 0.33).
For the odd carbon numbered fatty acids 15:0, 17:0,
15:1n5 and 17:1n7, the concentrations of these 4 acids
in POM at the reference site were all higher than those
at the experimental site (Student’s t-test: for 15:0,
t15 =2.2, p < 0.05; for 17:0, t15 = 2.2, p < 0.05; for 15:1n5,
t15 = 2.3, p < 0.05; for 17:1n7, t15 = 2.4, p < 0.05). As a re-

In the present study, isotopic signatures of the 3
potential food sources for mussels at the experimental
site in the fish raft zone were significantly different,
except for the δ13C values of fish feed and fish faeces.
Such isotopic differences implied the feasibility and
possibility of tracing the combinations of these food
sources taken up by mussels (Peterson & Fry 1987).
The δ13C and δ15N values of POM, which is the principal food source of mussels, were within those of marine
source POM reported by other studies (Fry 1988,
Yokoyama & Ishihi 2003). It is widely accepted and
shown that while there is little or no shift in 13C content
when nutrients are transferred through food chains
(Fry & Sherr 1984), there is significant enrichment of
15
N in the tissue of predators with a δ value ca. 3 ‰
relative to their diet acquisition (Owens 1987 and references therein). The dispersion of fish farming waste
is quite localized around fish cages, and generally does
not exceed 100 m (Ye et al. 1991, Wu et al. 1994).
Therefore, at the reference site in the present experiment, where the main diet of mussels was exclusively
assumed to be POM, the average δ13Cmussel – δ13CPOM
and δ15Nmussel – δ15NPOM were 1.0 ‰ and 3.0 ‰, respectively. This confirms the assumption of 1 ‰ carbon and
3 ‰ nitrogen isotopic shifts used in the isotope mixing
model.
At the experimental site in the fish raft zone, the cultured fish are fed with small trash fish, which are isotopically heavier than POM due to their planktotrophic
foraging habit (Focken 2001). Relative to fish feed, 13C
of faeces egested by the cultured fish is slightly, but not
significantly, enriched (–18.6 ‰ vs. –18.1 ‰); in contrast, 15N in fish faeces is significantly enriched relative
to fish feed due to the preferential absorption of
isotopically light 14N during the digestion process
(Checkley & Entzeroth 1985, Peterson & Fry 1987).
Therefore, the distinct isotope signatures resulting
from isotopic fractionation along the pathway from
POM to planktivorous fish and then to fish faeces provide an opportunity to quantify the contribution of
these potential foods to mussels using stable isotopes
as trophic markers. Since the mussels in this study
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were transplanted from the same population, the
assumption of homogeneity of initial isotopic value
would be valid. Moreover, statistical test results
showed that POM did not differ significantly between
the experimental and reference sites in terms of carbon
and nitrogen isotopic ratios.
It might be speculated that the enrichment of 13C and
15
N in mussels collected from the experimental site relative to those from the reference site resulted from the
consumption of isotopically heavier fish remains and
faeces, provided that other potential food sources were
excluded. Grey et al. (2004) studied the availability of
fish farm waste to the zooplanktonic and pelagic communities with carbon and nitrogen isotope analyses.
Their results, derived from a simple isotope mixing
model, revealed that the contributions of salmonid
farm waste to cladoceran, roach and chironomid larvae
might be as much as 65, 80 and 50%, respectively.
In an experiment similar to our present study, Yokoyama et al. (2002) quantified that the contribution ratio
of shrimp feed (the main components of which were
fish meal and flour) to the diet of epibenthic greenlipped mussels might reach 90%. In the experiment of
Yokoyama et al. (2002), shrimp were reared by feeding
dry pellets made of fish meal and flour. Their setup
increased the accessibility of shrimp farming waste to
the mussels through direct deposition, and the use of
powdered fish meal enhanced the digestibility of the
waste. As a result, the contribution of shrimp farming
waste to the mussel ration was higher than that
reported in our present study.
Fatty acid composition of animal tissue can reflect
the diets of the animals if they are fed in relatively
stable food aliquots to satiation (Sargent et al. 1987).
This also applies to bivalves, which assimilate fatty
acids in proportion to the fatty acid composition in their
diet (Budge et al. 2001). Hence, potential trophic
sources could be traced through the comparison of
fatty acid profiles of mussels between different food
conditions. In the present study, the fatty acid profiles
of POM from the experimental site in the fish raft zone
and the reference site were quite similar, indicating
the identical nature of POM derived from these 2 sites.
However, the points representing the fatty acid profiles of fish faeces were located further away from
those of mussel tissue and POM in the PCA plot, which
suggested that there were considerable changes in
fatty acid composition during the digestion process in
cultured fish. Moreover, the clear separation of the
fatty acid profiles of fish faeces from those of mussel
tissue and POM in the PCA plot implied that the contribution of fish faeces to mussel dietary consumption
was relatively minimal. This is consistent with the
small contribution of 4.2% from fish faeces to uptake
by the mussels evident from stable isotope data.

Because the fatty acid profiles of POM and fish feed
were quite different, the comparison of fatty acid profiles (in terms of both the overall pattern and single
fatty acids) between mussels from the experimental
and reference sites indicated that mussels at the experimental site in the fish culture zone did acquire their
fatty acid signature from uneaten fish feed. The comparison of fatty acids important for energetic requirements of marine organisms further confirmed that fish
feed influenced the fatty acid composition of mussels
from the experimental site. For example, 14:0, 18:0 and
18:1n9 in mussel tissue from the experimental site
were in significantly higher concentrations than in
tissue from the reference site, and such high levels
corresponded to those in fish feed as compared to
levels in POM.
Generally, the composition of POM is dominated by
phytoplankton, bacteria and sedimentary matter
resuspended from seabed. It is technically difficult to
separate specific POM components for isotopic or
fatty acid measurements. However, fatty acids with
odd numbers of carbon atoms may act as bacterial
markers (Dalsgaard et al. 2003), and thus provide evidence for the consumption of bacterial matter by
mussels (Budge et al. 2001). In our study, elevated
concentrations of odd-numbered-carbon fatty acids
17:0 and 17:1n7 in POM and mussel tissue were
noted at the reference site. In view of faster current
flow at this site relative to that at the experimental
fish farm site, such high concentrations might reflect
consumption of resuspended sedimentary bacteria in
the water column by the mussels over the study
period. Resuspension of the seabed sediment was
also demonstrated by the elevated level of particulate
inorganic matter in winter due to the strong monsoon
effects (Gao 2005).
The present study did not examine feeding physiological processes of filter-feeding bivalves at the
experimental site. Considerable work on feeding,
digestion and absorption processes of bivalve mussels
has been intensively documented (e.g. Bayne 1976,
Bayne et al. 1993, Wong & Cheung 1999, 2001, 2003,
Gao et al. 2002). Results from conventional gut content
analysis (Berg & Newell 1986) or stable isotope and
fatty acid trophic marker methods (Freites et al. 2002,
Page & Lastra 2003) suggest that feeding by mussels is
opportunistic in nature, and is dependent on food
availability. In turn, food availability is subject to seasonal or spatial fluctuations. Furthermore, the rapid
acclimation of physiological and enzymatic activities of
mussels to new food conditions demonstrates the regulation and flexibility of feeding modes in these bivalves
(Kreeger & Newell 2001, Wong & Cheung 2003).
Generally, mussels are regarded as herbivorous
feeders (Page & Hubbard 1987). However, mussels can
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be carnivores or omnivores under some circumstances
(Wong & Levinton 2003). Studies showed that mussels
could utilize non-phytoplankton matter as food sources
to meet part of their energy requirements, particularly
when phytoplankton concentration was too low to provide an adequate food ration (Langdon & Newell 1990,
Page & Lastra 2003, Wong & Levinton 2004). In addition, omnivorous bivalves usually exhibit a better
growth performance and metabolism than exclusively
herbivorous bivalves (Baldwin & Newell 1991, Wong &
Levinton 2004). Fish farms do not always enhance
phytoplankton production relative to adjacent waters.
For example, Taylor et al. (1992) observed that chl a
levels fluctuated with distance from fish farms in a
pattern that totally contrasted with predicted hypothesis: chlorophyll concentration became gradually
elevated with increasing distance from fish farms, and
resulted in a lower condition index (ratio of dry tissue
weight to dry shell weight) in mussels at a sampling
site 3 m from the fish cages relative to sites that were
15 m and 75 m away. Taylor et al. (1992) speculated
that phytoplankton production inside fish cages was
not noticeably augmented due to rapid flushing.
Widdows et al. (1979) found that the minimum maintenance ration of Mytilus edulis was ~2.4 µg l–1 chl a,
above which food availability could support positive
growth in bivalves. The results of Widdows et al. (1979)
implied that a chl a level of 2.4 µg l–1 was too low to
meet the dietary requirements of this species. In our
study, the topography of the embayment and presence
of fish rafts considerably reduced water exchange and
inhibited allochthonous nutrient inputs as well as
autochthonous nutrient upwelling from seabed sediments in the fish raft area (Pearson & Black 2001). As a
result, the phytoplankton concentration was reduced
at the fish culture zone, as indicated by a chl a level
that was lower than that at the reference site (1.88 vs.
2.48 µg l–1); this value from the fish culture zone was
lower than Widdows et al. (1979)’s threshold value of
2.4 µg l–1.
Our experiment was conducted in September to
December, i.e. during the dry, winter season, prior to algal blooms that occur from spring to summer (Hodgkiss
& Lu 2004). This may have further reduced the availability of phytoplankton (POM) as a food source in the
fish raft zone during our study. As a strategy to combat
a shortage of food supply, mussels may consume fish
feed or fish faeces as alternative nutrition sources,
through either active acquisition or passive force-feeding when exposed to potential food sources. In addition,
the reduced current velocity in the fish culture zone
(owing to the presence of fish rafts and associated facilities) enhances the residence time of coarse trash fish
particles within fish cages and increases the opportunity for mussels to take up such particles.
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