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Abstract

Ž 13 .Stable carbon isotope d C analysis was used in a fish-farming impacted Mediterranean area
Ž .the Gulf of Gaeta, Central Tyrrhenian to determine the predominant carbon sources available to
bivalve molluscs cultivated around fish cages. Whether the organic matter generated by fish
farming was taken up by the bivalve molluscs was also investigated. Stable carbon isotope values

Ž .were measured in the particulate organic carbon POC of samples from potential organic matter
sources such as fish-pelleted feed, mollusc faecal waste and bivalve flesh. The sources of organic
matter affecting the study area water column and benthic communities appeared to be

Ž .terrigenous-continental, autochthonous phytoplankton and anthropogenic inputs due mainly to
fish-farming and bivalve mollusc activities. The POC was dominated by organic waste isotopic
signatures, while the bivalve mixed diet was composed of organic matter with different isotopic

Žsignatures phytoplankton, waste material from the bivalves themselves and surplus uneaten
.pelletted feed . Organic waste appears to be the dominant trophic resource in the deeper-cultivated

clam diet, while phytoplankton organic carbon plays a more important role in the diet of the
mussel. We propose that bivalve organic matter uptake may play an effective role in reducing the

Ženvironmental impact of fish organic waste. The organic matter produced by bivalves faecal
. Ž .material under these hydrodynamic conditions low current velocities can be recycled through

the filtration activities of the bivalves themselves, together with most of the organic matter
Ž .produced by fish-farming activities uneaten feed and faecal material . Bivalve cultivation around
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cages may reduce the environmental impact of organic waste from fish-farming activities and
increase the profitability of fish culture activities. q 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

In the Mediterranean, as in the rest of the world, it is common practice to couple fish
farming with shellfish cultivation, particularly of bivalve molluscs. Intensive cultivation
in open-sea fish cages produces considerable amounts of particulate organic matter
Ž .POM in the form of suspended detritus, which is mainly composed of uneaten feed and

Ž .faecal material Ye et al., 1991 . This organic waste disperses in the water column and
may be a food source for bivalve molluscs such as mussels, oysters and clams. Bivalve

Ž .filter feeders are essentially generalist consumers Dame, 1996 of POM and it has been
Ždemonstrated that they can exploit organic matter from several sources autochthonous,

.terrigenous natural allochthonous or anthropogenic as a function of its availability
ŽLangdon and Newell, 1990; Stirling and Okumus, 1995; Riera and Richard, 1997; Sarà

. Žet al., 1998; in press . Therefore, for bivalves, which filter seston Dame, 1996; Wildish
. Žand Kristmanson, 1997 in fish-farming impacted areas organic waste uneaten pelletted

.feed, fish and bivalve faeces represents a potential food source. The direct use of the
Žwaste organic matter by bivalves could reduce its impact on the environment Shpigel

.and Blaylock, 1991; Shpigel et al., 1991, 1993b , increasing the cultivated edible
Žbiomass and, potentially, the profitability of farming activities Jones and Iwama, 1991;

.Shpigel et al., 1993b; Lefebvre et al., 2000 . Several authors have demonstrated that´
organic carbon originating from uneaten feed and faecal material produced by cultivated
fishes represents a source of available food for shellfish. Shellfish may thus act as

Žbiological filters, being environmental cleaner Neori et al., 1998, 2000; Shpigel et al.,
.1991, 1993a,b; Shpigel and Neori, 1996 . However, to our knowledge, none of these

authors have tested this hypothesis using the natural stable carbon isotope tracer.
Consequently, we have designed a study involving the use of the stable carbon isotope

Ž 13 . Žcomposition d C, ‰ of organic matter sources channelled into food webs Peterson et
.al., 1985 and in particular through bivalves cultivated around fish cages. At present, this

analytical method is considered one of the best tools for identifying the original food
Žsources of benthic consumers Riera and Richard, 1996; Peterson et al., 1985; Peterson

and Fry, 1987; Fry, 1988; Kreeger et al., 1988; Michener and Shell, 1994; Hwey-Lian et
.al., 2000 . The stable carbon isotopic composition is a characteristic of every organic

13 Žmatter source and the average d C of consumers relates to that of their food De Niro
.and Epstein, 1978 through well-known metabolic isotopic fractionation processes.

Ž .Harrigan et al. 1989 have defined metabolic fractionation as the difference between the
isotopic composition of a consumer and that of the food source. Thus, the carbon isotope

Žratios of animals reflect those of their food resources plus a slight enrichment the
. Žaverage for marine invertebrates is about 1–1.5‰ De Niro and Epstein, 1978; Fry and

.Sherr, 1984 .
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Ž .The aims of the present study were i to identify the main sources of organic matter
Ž .in a Mediterranean-sheltered fish-farming area; ii to investigate whether the organic

matter generated by fish farming is taken up by bivalve molluscs, by analysing their
somatic carbon isotopic composition and whether it represents an effective food resource

Ž .for them; and iii to investigate whether faecal material produced by bivalves cultivated
near cages re-enters the bivalve food chain or whether it represents a further, unutilised
organic matter load for the near-the-cage environment.

2. Materials and methods

2.1. The study area

ŽSampling was carried out seasonally in the Gulf of Gaeta Mediterranean Sea; LAT N
X Y X Y . Ž51814 21 ; LONG E 13835 12 , an area, which is sheltered from dominant winds data

source: Forecast Weather Airforce Service, Gaeta Meteorological Station reported in Lá
.Rosa, 1999 . The study area is characterised by low current velocities with an average

y1 Ž . Žyearly range of 1–5 cm s La Rosa, 1999 . No significant bottom current as´
. Ž .measured by current meter was present La Rosa, 1999 . The area is seasonally´

constrained by terrigenous-continental inputs, which originate from two nearby streams
Ž .at about 15 km distance . The sand–muddy sediments of the Gulf are generally

Ž .unvegetated and no primary macro-producers such as algae or phanerogames were
present. The depth of the sampling sites was about 10 m.

Ž .Intensive fish cultivation Dicentrarchus labrax and Sparus aurata represents an
Ž y1 .important commercial activity 250 t year in the Gulf of Gaeta, which is also the

most important area in the central Tyrrhenian for the commercial production of bivalve
Ž . Ž .molluscs. Mussels Mytilus galloproÕincialis and clams Tapes sp. are cultivated in

long lines around cages and in suspended baskets, with an annual production of
approximately 400 t yeary1.

2.2. Sampling, sample preparation and analytical technique

The study was designed to investigate the carbon isotopic composition of POM, of
the principal OM sources and the relative isotopic signature of the two bivalve molluscs
throughout 1 year. The stable carbon analysis of the POM was carried out seasonally

Ž w x.from March 1997 to February 1998 at two depths sub-surface and bottom 10 m in
two sampling stations inside the Gulf. Both sites are constrained by anthropogenic inputs
Ž . Ž .i.e. fish organic waste . The first station hereafter called Cage station was positioned

Ž .near the fish cultivation cages, while the second hereafter called Shellfish station was
Ž .between the suspended long lines about 200 m from the cages . Two stations were

Ž .taken as controls: the first, called Internal Control I-CTRL , was positioned inside the
ŽGulf at about 1 km from the cages and shellfish plants at the same depth this station

w x .was not considered in the ANOVA design see below as only one site was sampled .
This station was representative of the area but without organic waste inputs. The second

Ž .station was called External Control E-CTRL . In this case, data were extrapolated from
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a data set taken from a monthly environmental study carried out at the same depth in
another unvegetated Mediterranean area outside the Gulf. This area has a low frequency

Žof terrigenous and no anthropogenic inputs of organic matter Mazzola et al., 1999c;
.Sara et al., 1999 . In the present study, it was assumed that the POM signatures`

Ž .determined in this station at one depth only 5 m; area depth 10 m were representative
of a trophic situation in which organic matter was affected by autochthonous production
Ž . Ž .i.e. phytoplankton Mazzola et al., 1999c; Sara et al., 1999 in the absence of other`
extreme carbon signals such as phanerogames or constant terrigenous-continental inputs.

Ž w x.Water samples were collected monthly at two depths surface and 10 m i.e. bottom
from the sampling sites using Niskin bottles. The samples were then immediately
screened through a 200-mm mesh net to eliminate larger zooplankton and debris. They
were then filtered under moderate vacuum and within 2 h of collection onto pre-washed,

Ž . Žprecombusted 4508, 4 h and pre-weighed Whatman GFrF filters 0.70 mm nominal
.pore size and then stored frozen until laboratory analysis.

Ž y1 . Ž 13 .Particulate organic carbon POC, mg C l , its isotopic composition d C,‰ , the
elemental CrN ratio of the particulate matter, the biopolymeric particulate organic

Ž y1 .carbon BPC, mg C l ; Fabiano and Pusceddu, 1998 and phytoplankton carbon
Ž y1 .calculated from suspended chlorophyll-a C-CHLa, mg C l concentrations were

determined. The CO produced by combustion of the tin capsule containing the sample2
Ž . Ž .in a Carlo Erba Italy elemental analyser model EA1110 was analyzed in a mass

Ž .spectrometer Delta Plus, Finnigan MAT . The results expressed in the usual d units
Ž . Ž .‰ were reported against the PDB international standard Craig, 1953 and the
reproducibility of the d13C determination was "0.2‰.
The biopolymeric fraction of the POC was determined as the sum of the carbon

equivalents of the three main biochemical components of POM: particulate carbo-
hydrates, particulate proteins and particulate lipids. Particulate carbohydrate concentra-

Ž y1 . Ž .tions CHO, mg l were measured according to Dubois et al. 1956 and reported as
Ž y1 .glucose equivalents. Particulate proteins PRT, mg l were determined according to

Ž . Ž .Hartree 1972 and reported as bovine serum albumin BSA equivalents. Particulate
Ž y1 . Ž .lipid concentrations LIP, mg l , measured according to Bligh and Dyer 1959 and
Ž .Marsh and Weinstein 1959 , were reported as tripalmitin equivalents. Carbohydrates,

proteins and lipids were converted into carbon equivalents using the coefficients 0.40,
Ž y1 .0.49 and 0.75, respectively. CHLa mg l was determined according to Lorenzen and

Ž . Ž .Jeffrey 1980 . Phytoplankton carbon C-CHLa was calculated by converting CHLa
Ž . Žconcentrations to carbon content C-CHLA using a conversion factor of 52 Nival et al.,

.1972 .
Analysis of the isotopic composition of the bivalves and their faecal material and

Ž .pseudofaeces was carried out in two seasons spring 1997 and winter 1998 . We
Žmanually sampled adult specimens of M. galloproÕincialis sample sizes25; average

. Žlength 45"0.5 mm cultivated on suspended long lines rope height was about 3 m
. Žfrom the surface near the fish cages and adults of Tapes sp. sample sizes25; average

. Žlength 20"0.3 mm cultivated in baskets suspended 1 m over the sea bottom at about
. Ž .9 m depth . The sampled organisms pooled ns7 were cleaned of epibionts and kept

Ž .alive overnight in filtered sampling site water GFrF, 0.7 mm to allow evacuation of
Ž . Ž .their gut contents Riera, 1997 . Bivalve flesh after dissection from the shell , faeces
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Ž .and pseudofaeces the latter for mussels only were collected separately using pipettes,
Ž .ground using a mortar and pestle, acidified with 1 M HCl and stored frozen y808C

Ž .until laboratory carbon isotope analysis as described above .
Ž wSamples of different types of commercial feed of four different sizes RD 97r15 size

x w x Ž . w x w x Ž . w x2 BioMar France P1 , Perla Plus size 3.0 Hendrix Italy P2 , RD 97r15 size 4.5
w x Ž . w x w x Ž .BioMar France P3 and Aqualife size 6.0 BioMar France P4 commonly used to

Žfeed fish in cages were also treated as described above grinding, acidification and
.freezing . These samples were then analysed for their stable carbon isotopic composition

Ž .as above. As the diet of the cultivated fish was mono-specific pellet only , no isotopic
analysis was carried out on the fish faeces because its isotopic value and variability

Ž .could be predicted to undergo a slight enrichment ;1‰ with respect to the food
Ž .source viz. pellet; Ye et al., 1991 .

ŽThe isotopic signatures of the other two potential organic matter sources terrigenous
. Žinput from streams and mixed phytoplankton were taken from the current literature Fry

.and Sherr, 1984; Dauby, 1989; Jennings et al., 1997; Riera, 1997; Sara et al., 1999 . To`
assess the contribution of the different carbon sources entering the POM and available to

Ž .molluscs, the mixing model was used Fry and Sherr, 1984; Dauby, 1989 .

2.3. Statistical analyses

To test the hypothesis that POM features varied as a function of time and space and
Žwere constrained by organic waste, a four-way ANOVA was used mixed design;

. ŽUnderwood, 1997 . Three factors were treated as fixed and orthogonal: station cages
. Žand bivalvess two levels; STAT , season spring, summer, autumn and winters four

. Ž . Žlevels; SEAS , and depth surface and 10 ms two levels; DEP . Sites two for each
. Ž .station were treated as random two levels; SITE and nested in STAT, SEAS and DEP.

Two replicates were effected randomly at each site. In addition, a further ANOVA
Ž .three-way was performed in order to verify whether the patterns observed in the Gaeta
Gulf were similar to those of the External control site. In this case, two factors were

Ž wtreated as fixed and orthogonal: area External control and Gaeta averaged data between
x . Žcages and bivalves s two levels; AREA and season spring, summer, autumn and

. Ž . Žwinters four levels; SEAS . Sites two for each area were treated as random two
.levels; SITE and nested in AREA and SEAS. In all analyses, the heterogeneity of

variances was tested using Cochran’s test prior to the analysis of variance and the
Ž . Žappropriate means compared using Student–Newman–Keuls SNK tests Underwood,

. Ž . Ž .1997 . The GMAV 1997 statistical package University of Sydney, Australia was
used to perform ANOVA, while other statistics were assessed using STATISTICA
Ž .Statsoft statistical package.

3. Results

3.1. The isotopic composition and CrN elemental ratio of the major organic carbon
sources in the study area

The carbon isotopic composition of the main carbon sources as determined in the
study area near the fish and shellfish culture locations are summarised in Table 1. The
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Table 1
ŽCarbon isotopic signatures of the main organic matter sources and consumers in the study area. Obssnumber

of observations; d13C, ‰scarbon isotopic values; CrNscarbon by nitrogen ratios; "s.e.sstandard errors
.for means

13Ž .Substratum Obs n d C "s.e. CrN "s.e.

Feed 1 3 y21.1 0.1 20.2 0.1
Feed 2 3 y23.1 0.2 13.6 0.2
Feed 3 3 y22.8 0.1 17.2 0.1
Feed 4 3 y23.2 0.1 14.8 0.1
Average feed 12 y22.6 1.0 16.4 2.9
Mussel 5 y20.5 1.2 16.3 1.2
Faeces 5 y23.3 0.1 27.4 0.1
Pseudofaeces 5 y23.1 0.1 28.2 0.1
Clam 5 y21.4 0.7 14.5 0.7
Faeces 5 y23.2 0.1 34.1 0.1

Ž .POM around cages Stat 1 32 y22.7 0.7 22.3 0.7
Ž .POM around bivalves Stat 2 32 y22.7 0.8 22.4 0.8

POM internal control 10 y22.6 0.9 22.5 0.9
POM external control 8 y21.3 2.5 5.9 2.5

first source of potential POM isotopic variability was the fish feed, with an isotopic
Ž .composition, which ranged between y21.1‰ and y23.2‰ average y22.6"1.0‰ .

The elemental CrN ratio of the feed averaged 16.4"2.9 and varied with respect to the
relative isotopic composition, following a significant linear relationship described as

13 Ž .follows: d Csy27.6q0.31 CrN ns12; rs0.91; P-0.05 . Another potential
source of POM variability was faecal material from the cultivated bivalves. The average
isotopic signature of the mussel faecal material was y23.3"0.1‰ and elemental CrN
27.4"0.1, while that of the clams averaged y23.2"0.1‰ and the elemental CrN
34.1"0.1. Since the clams did not produce pseudofaecal material in either sampling
period, the isotopic composition was determined only on the mussel pseudofaeces,
which was on average y23.1"0.1‰ and the elemental ratio 28.2"0.1.

3.2. Changes in the features of POC

The statistics of the variables in the study area are reported in Table 2A. Seasonality
seemed to be the main effect on the features of suspended organic matter in the study
area. ANOVA demonstrated that, apart from POC, d13C and the CrN ratio, BPC and

Ž .C-CHLa varied primarily as a function of time see Tables 3 and 4; Fig. 1 . The isotopic
composition of organic carbon was significantly enriched in 13C in summer and winter,
while as shown in Fig. 2, d13C was more depleted in spring and autumn. No significant
differences were observed as a function of station and interaction terms.
Elemental CrN varied with the station, as that measured in the cage sites was higher

Ž . Ž .23.2"0.41 than that in the bivalve sites 21.7"0.8 . A seasonal effect was also
evident for the CrN ratio, as it was significantly higher in summer and autumn than in
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Ž 13 .Fig. 1. Seasonal averaged trend of POC stable isotopic composition d C and elemental CrN ratio in the
Gulf of Gaeta. Standard errors are reported.

Ž .spring and winter Fig. 2 . BPC values were similar in each station studied, while
changes were observed with the interaction between seasons and depths. Indeed, BPC
values were more variable at the surface than at deeper sites, showing significant peaks

Ž y1 . Žin BPC concentration in winter 0.25"0.05 mg C l and spring 0.20"0.03 mg C

Ž . Ž .Fig. 2. Seasonal averaged trend of biopolymeric organic carbon BPC and chlorophyll-a carbon C-CHLa in
the Gulf of Gaeta. Standard errors are reported.
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y1 . Ž y1 .l and the minimum in summer 0.07"0.01 g C l . This trend was not followed at
Ž y1 .10 m depth, where concentrations were lower 0.15"0.01 mg C l than at the surface

Ž y1 .depth 0.08"0.01 mg C l . At 10 m depth, winter concentrations were significantly
Ž y1 .higher 0.16"0.02 g C l than in other seasons, which did not show differences

Ž y1 . Ž .between them 0.06"0.01 g C l . POC varied with space stations , with higher
Ž y1 . Žconcentrations 0.41"0.06 mg C l around bivalves than cages 0.31"0.04 mg C

y1 .l , but did not vary as a function of season or depth.
Ž .Suspended carbon CHLa showed a seasonality effect only Table 4 , with a signifi-

cant peak of 0.96"0.13 mg C ly1 in winter, while values measured in the other seasons
were more similar and no significant differences were detected between them. This trend
was followed in both stations and depths. Similar values were also obtained in the
Internal control station, which showed the same patterns overall as the cage and bivalve

Ž . Žstations Table 2a . In contrast, ANOVA performed on the comparison matrix External
.control vs. Gaeta data showed large differences for most of the variables measured,

Žwhich were basically maintained in all seasons see Table 2b for averaged values and
. 13Table 4 for ANOVA . The y-intercept calculated from linear regressions between d C

and POC was a useful tool for identifying the main origin in the POC, as revealed by its
isotopic composition in the POC. The intercept calculated from the POC–d13C relation-

Ž 13ship was y22.9 the entire equation was d Csy22.9q0.07=POC; ns84; Ps
. 13 Ž0.05 , while that from the BPC–d C relationship was y23.1 the entire equation was

13 .d Csy23.1q0.02=BPC; ns84; Ps0.05 . The results of the mixing equations
Ž . ŽTable 5 indicate that the mean relative contribution of organic wastes fish feedq

Table 5
Percentage incidence of each main carbon source constraining the seasonal carbon isotopic signatures of the

Ž .POC in the study area, estimated using the mixing isotope model Fry and Sherr, 1984; Dauby, 1989 .
Ž .Reference signatures were: y21.4‰ for phytoplankton Dauby, 1989; Jennings et al., 1997 , y26.0‰ for

Ž .terrigenous-continental carbon Riera, 1997 and the measured isotopic value of y23.0‰ for organic waste
Ž . Ž 13averaged value of rejection and uneaten pelletted food . d CsPOC isotopic value measured seasonally in
this study; Terrig Cspercentage value of terrigenous carbon; Waste Cspercentage value of waste carbon;

.Phyto Cspercentage value of phytoplankton carbon
13Season Depth d C %Terrig C %Waste C %Phyto C

Spring 0 y23.5 32.0 30.0 37.0
Summer 0 y22.1 10.0 75.0 15.0
Autumn 0 y22.8 17.0 46.0 37.0
Winter 0 y22.4 12.0 60.0 28.0

Mean 17.8 52.8 29.3
"s.d. 9.9 19.2 10.4

Spring 10 y23.6 22.0 30.0 48.0
Summer 10 y23.1 20.0 32.0 48.0
Autumn 10 y23.2 22.0 30.0 48.0
Winter 10 y22.6 15.0 54.0 31.0

Mean 19.8 36.5 43.8
"s.d. 3.3 11.7 8.5

Annual means of Mean 18.8 44.6 36.5
water column "s.d. 6.9 17.1 11.7
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. Ž .bivalve faecesqmussel faeces to POC was markedly higher 45% than that of
Ž . Ž .phytoplankton 36% and terrigenous inputs 19% . Phytoplankton carbon contributed

Ž . Ž .more at deeper sites 44% than at the surface 30% . The terrigenous contribution was
Ž .similar at both depths about 18% , while organic waste was much more abundant at the

Ž .surface 53% at the surface vs. 36% near the bottom .

3.3. Somatic and biodeposition isotopic composition of biÕalÕes

There were no marked differences in the somatic isotopic composition of mussels
Ž . 13throughout both sampling periods spring and winter . The average d C was y20.5"

1.0‰ and the elemental CrN ratio 16.3"1.1. The isotopic composition of the mussel
Ž .biodeposition material faecesqpseudofaeces; Table 1 was more depleted than the

Ž .somatic composition and the CrN ratio was much higher 27.8"0.1 . The somatic
Ž .composition of the clams was more depleted y21.4"0.7‰ than that of the mussels

Ž .and the clam faeces was more depleted y23.2"0.1‰ than its somatic signature. In
Ž .addition, the CrN ratio of faecal material was higher 34.1"0.1 than that of the

Ž .mussels approximately 27.5"0.1 .

4. Discussion

4.1. The organic carbon sources in the study area as reÕealed by d13C analysis

The Gulf of Gaeta is a typical Mediterranean area constrained by several types of
suspended organic matter, which may be included in the diet of cultivated filter feeders

Ž .molluscs Fig. 3 . The sources of organic matter affecting the study area water column
Žand benthic communities appeared to be terrigenous-continental, autochthonous phyto-

.plankton and anthropogenic inputs due mainly to fish-farming and bivalve mollusc
Ž .activities Favaloro, 1999 . In this context, identifying the relative contribution of each

organic matter source and in particular that originating from terrigenous inputs and
primary production was not a straightforward matter. Firstly, the role of terrigenous-con-
tinental input was difficult to evaluate because, at these latitudes, these inputs are
characterised by their low frequency and are closely correlated with seasonal rain
Ž .spring and autumn . Although on a yearly basis the terrigenous POC contribution does

Ž .not exceed an average of 18–20% of the total carbon inputs Table 5 , the isotopic
mixing model results substantiate that terrigenous POC may play an important role in
spring and autumn, constraining the POC isotopic signatures during these periods. On

Žthe other hand, the CrN values in the study area were quite high and significantly
.different from the external control , particularly in correspondence with the main

terrigenous inputs from streams. This suggests that refractory terrigenous organic matter
was present seasonally in the water column. It is likely that in spring and autumn mainly
the terrigenous detritus-attached bacteria represent a potential spot trophic source for

Žbenthic organisms Langdon and Newell, 1990; Riera, 1997; La Rosa, 1999; Sara et al.,´ `
.1999 .
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Fig. 3. Schematic diagram of ultimate carbon sources for bivalves in the Gulf of Gaeta. The height of each
item along the y-axis is arbitrary.

ŽSecondly, the difficulty of isolating phytoplankton accurately Sara, unpublished`
.observation in the present study prevents a definitive assessment of its relative

contribution to the Gaeta POC and its role in the food web. However, at these
Tyrrhenian latitudes, primary production is generally scant and the waters oligotrophic,
with CHLa concentration below 1 mg ly1, rarely exceeding the mesotrophic level
Ž .Margalef, 1985; La Rosa, 1999; Sara et al., 1998 . The low CHLa concentrations´ `
measured in the study area fit well into this Tyrrhenian pattern and the isotopic signal in
the POC may reflect a relative phytoplankton contribution, which rarely exceeded

Ž .40–50% of the total Table 5 . The comparison with the External control station
confirms that phytoplankton represents a secondary trophic input with respect to the

Ž .other inputs see CrN values; Table 2 . The allochthonous nutrient inputs represent
increasing factors of primary production indicating, in some localised situations and
periods, an enhancement in the contribution of phytoplankton organic carbon to the filter

Ž .feeder diet Dame, 1996; Wildish and Kristmanson, 1997 . Indeed, the phytoplankton
Ž .organic matter is highly labile with respect to that coming from streams terrigenous ,

Žwhich is mainly composed of highly refractory lignocellulosic compounds Valiela,
.1984; Mann, 1988; Langdon and Newell, 1990 .

It has been hypothesised that in the study area, fish-farming waste represents a
primary source of organic matter, which is diluted in the water column and potentially
available to the suspension feeders cultivated around the fish cages. A similar suggestion

Žhas been put forward for other fish cultivation systems in the Mediterranean Shpigel et
. Ž .al., 1993b , the Atlantic Stirling and Okumus, 1995; Lefebvre et al., 2000 and the´

Ž .Pacific Jones and Iwama, 1991 . The mixing of carbon from these sources was
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quantitatively constant throughout the year, while phytoplankton and terrigenous-con-
Ž .tinental organic carbons followed seasonal trends Table 5 . The POC isotopic signature

in the Gulf was mainly dominated by organic waste signals, as demonstrated by the
Ž .results of the mixing isotope equations Fig. 3 . This fact could substantiate the

hypothesis that organic waste represents the most important source of organic matter in
the Gaeta water column available to filter feeders. The mean intercept value from the

13 Ž .POC–d C relationship y22.9‰ suggests that the isotopic signatures of POC may
Žeffectively reflect the averaged signature of the different organic wastes mean carbon

isotopic value of biodepositssy23.2‰; mean carbon isotopic value of fish feeds
. 13y22.6‰; mean value of the twosy22.9‰ . Instead, the intercept from the BPC–d C

Ž . Ž .relationships y23.1‰ leads us to propose that the POC labile fraction BPC may
originate primarily from a mixed detritus in which the isotopic signal of bivalve faecal
material dominates.

4.2. The role of the different carbon sources in the diet of cultiÕated biÕalÕes

13 wThroughout the study period, the bivalve flesh d C y20.5‰ and 21.4‰ for mussel
xand clams, respectively reflected the isotopic signature of organic waste plus a slight

enrichment. More precisely, we envisage a mixed diet composed of organic matter with
Ž . Ž wdifferent isotopic signatures Fig. 3 phytoplankton ;y21.0‰; Dauby, 1989; Jen-

x w xnings et al., 1997 , biodeposition material from the bivalves themselves y23.2‰ and
w x .uneaten fish feed y22.6‰ ; mean isotopic signature of this mixingsy22.3‰ . In

such a mixed diet, organic waste appears to be the dominant organic source, remaining
Ž .constant throughout the year see also Table 5 . If we apply the mixing model equations

Ž .to the bivalve isotopic composition Harrigan et al., 1989 , the results confirm the
dominant role of faecal and uneaten feed in the diet of the study area bivalves. Fish feed
carbon may represent the main trophic resource in the deeper-cultivated clam diet,
accounting for about 80% of the diet, biodeposition carbon the secondary source
Ž .4–20% and, lastly, the phytoplankton carbon providing 0–15% of the diet.
In contrast, phytoplankton organic carbon may play a more important role in the diet

Žof the mussel, although its role seems to vary seasonally see the large standard
.deviation of the mean somatic isotopic composition of mussels . Phytoplankton carbon

makes a contribution to the mussel diet, which varies seasonally from 5% to 100%, fish
feed carbon contributes on average 50% and biodeposition carbon between 3% and 40%.
These differences between the two bivalves may be explained by a species-specific

Ž .response, which reflects their different food preferences Dame, 1996 and depths of
cultivation. These results lead us to exclude 13C depleted terrigenous carbon as a trophic

Žresource for bivalves. In addition, the mean fractionation schemes 0.9‰ and 1.8‰ for
.clams and mussels, respectively; mean fractionation value for both bivalvess1.3‰ of

the Gaeta bivalves with respect to their food sources fall well into the fractionation
Žranges reported for other bivalves Peterson et al., 1985; Riera, 1997; Riera and Richard,

.1997; Hwey-Lian et al., 2000 and described widely for other marine invertebrates
Ž .Dauby, 1989; Harrigan et al., 1989 . Nevertheless, the highest isotopic fractionation

Ž .measured in the mussels about 2‰ was too high to be explained only by the metabolic
13 Ž .C enrichment occurring during the assimilation of food ;1‰ . Thus, we hypothesise
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the presence of an additional carbon source, which is more enriched in 13C and
seasonally available to these organisms. Indeed, it has been observed that in many

Žcoastal areas the more enriched carbon from microphytobentic algae about y16ry
. Ž18‰; Couch, 1989 can also actively contribute to the diet of some filter feeders e.g.

.Crassostrea gigas, Riera, 1997 . However, we would exclude that benthic diatoms
AnormallyB enter the diet of suspended mussels because throughout most of the study

Ž)period the bottom current velocity of the study area u; Ward et al., 1984; Smaal and
. Ž .Haas, 1997 was below the resuspension threshold Sara, unpublished data . Further`

investigation is needed to resolve and fully understand this apparent discrepancy.
However, such an isotopic picture substantiates well the hypothesis that under the
hydrodynamic conditions of the study area organic waste represents the main trophic
source of cultivated near-the-cage bivalves. The results of the POC seasonal mixing

Ž .model Table 5 lead us to suppose that the contribution of each source varied as a
function of the season and that phytoplankton carbon played a primary role in the diet,
above all during spring and autumn. In addition, the intercept of the BPC–d13C

Ž .relationships y23.2‰ suggests that most of the labile fraction in the POC available to
bivalves may originate from bivalve faecal detritus and very likely also from fish faeces.
It has widely been demonstrated that, apart from phytoplankton carbon, the mu-
copolysaccharides contained in the pseudofaecal capsules abundantly produced by

Ž .mussels Dame, 1996 also represent a rich organic matter source, which is highly labile
and available to suspension feeders. Assuming that fish somatic composition was similar

Ž .or slightly enriched with respect to the fish feed Ye et al., 1991 , metabolic processes
Žlead fish faeces to assume isotopic values, which are slightly depleted about y23‰ in

.this study . Consequently, it is also likely that fish faeces represent a further depleted
carbon source, which would justify the isotopic composition of bivalves.

4.3. Concluding remarks: enÕironmental impact amplifiers or reducers?

Although our experiments were not designed to specifically test whether bivalves
Ž .cultivated around fish cages play a role either positive or negative in the recycling of

organic matter, the results of our isotopic analysis seem to substantiate such a hypothe-
sis. Many authors have suggested that that bivalves cultivated in fish-farming areas may

Ž .represent a biological filter Shpigel and Blaylock, 1991 and that detrital waste from
Žintensive fish farming can contribute to bivalve growth Jones and Iwama, 1991; Stirling

.and Okumus, 1995; Lefebvre et al., 2000 . By using the information from the carbon´
isotopic analysis of sources and consumers, we can tentatively estimate the relative
contribution of the main components of the organic waste originating from the cultiva-

Ž .tion. In the study area 250 t of fish D. labrax and S. aurata are cultivated and if we
Ž .adopt a conversion factor of 1.6 Favaloro, 1999; Mazzola et al., 1999a , about 500 t of

feed per year may enter the cultivation system. About 85–90% of feed should be
Ž .transformed into fish biomass Favaloro, 1999; Lopiano, 2000 , while the remainder

Ž .approximately 50 t of surplus feed should disperse in the water column around the
Ž .cages. In addition, from field and laboratory experiments Lopiano, 2000 , it has been

estimated that cultivated species produce on average approximately 0.4 mg gy1 wet-OM
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diey1 of faeces. Consequently, on a yearly basis, the faeces dispersed in the water
column should not exceed 5 t.
We can also estimate the mussel biodeposition input to the water column, taking into

consideration that about 400 t of bivalves are cultivated yearly in the study area. If we
consider a mean production rate of faecal and pseudofaecal material of 3 mg hy1 g of

Ž .mussel Widdows et al., 1979; Dame, 1996 , about 1–3 t of organic matter could
disperse yearly in the environment around the cages. Thus, we can hypothesise that

Žapproximately 55–58 t of organic matter originating from waste surplus feedq faecal
.material from musselsq fish faeces may disperse in the water column around the cages

per year and potentially accumulate in the sediments. Consequently, we can say that
Žsuspension feeders are able to exploit suspended organic matter from waste which our

isotopic analysis suggests may represent overall the ultimate trophic resource in the diet
.of cultivated bivalves . About 86% of this matter is represented by surplus feed from

fish cultivation, about 9% bivalve faecal and pseudofaecal material and about 5% fish
ejection.

Ž .If we assume that i the waste organic matter components have a similar degree of
Ž .availability with respect to the bivalve nutritional needs, ii bivalve somatic isotopic

Ž .signatures ultimately reflected that of organic waste and iii mean isotopic signatures of
Ž .sediments range between y18‰ and y20.5‰ Sara, unpublished data , then it is`

feasible to propose that bivalve organic matter uptake may play an effective role in
reducing the environmental impact of fish organic waste. It seems that the organic

Žmatter produced by bivalves under these hydrodynamic conditions low current veloci-
.ties can on the whole be recycled through the filtration activities of the bivalves

themselves, together with most of the organic matter produced by fish farming activities
Ž .uneaten feed and faeces . However, further information is needed on the role of
sedimentation and on the quantity of organic matter, which accumulate in sediments, as

Ž .Mazzola et al. 1999b observed changes in sediments beneath fish cages, which
determined modifications in the total meiofaunal density.

ŽIn conclusion, we believe that in oligo-mesotrophic waters such as most of the
. ŽMediterranean and several areas at the same latitudes and fairly calm waters with low

y1 .current velocities; -10 cm s bivalve cultivation around cages may produce at least
Ž .two economic benefits: i it may reduce the environmental impact of organic waste

from fish-farming activities, with the bivalves functioning as ArecyclersB of al-
lochthonous organic matter and contributing to Aenvironmentally cleanB aquaculture
Ž . Ž .Shpigel et al., 1993a and; ii it may increase the profitability of fish cultivation,

Žproducing new edible biomass in coastal areas Sara and Mazzola, 1997; Sara et al.,` `
.1998; Mazzola et al., 1999a where these activities are seldom practised.
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