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Abstract Fluxes of dissolved oxygen and ammo-
nium across the water sediment interface were
measured in a control and in an experimental
area farmed with the clam Tapes philippinarum.
Young clams were seeded in March 2003 at mean
(=500 ind m™) and high (~1500 ind m™?) densi-
ties in a sandy area (2100 m?) of the Sacca di
Goro Lagoon, Italy. Approximately every two
months, until October 2003, intact sediment cores
were collected and incubated in the light and in
the dark and surface sediments (0-2 cm) were
analysed for organic matter and nitrogen content.
Clams farming induced pronounced changes in
sediment characteristics and metabolism. Oxygen
consumption and ammonium production at the
high density area were, on average, 3 to 4 and 1.9
to 4.9 folds higher than those measured in the
control field respectively; rates were positively
correlated with clams biomass. Experimental
fields resulted “Net and Total Heterotrophyc”
in 3 out of 4 sampling dates and clams were the
major factor shifting the benthic system towards
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this status. In only one occasion the appearance of
the macroalgae Ulva spp. pushed the system
rapidly towards hyperautotrophic conditions. Our
results indicated that clams have the potential to
drive benthic metabolism in farmed areas and to
sustain macroalgal growth through regeneration
of a limiting nutrient for seawater as inorganic N.

Keywords Clam farming - Tapes philippinarum -
Surficial sediment metabolism - Oxygen and
ammonium benthic fluxes.

Introduction

In the last 20 years aquaculture production has
experienced a rapid expansion due to progressive
impoverishment of natural fish stocks and ever
increasing seafood demand (Naylor et al., 2000
and references therein). Among aquaculture,
shellfish farming represents a major fraction
accounting for 23.5% of total production with an
annual yield of 10.7 million tonnes (FAO, 2003).

The impressive growth of this activity gives rise
to increasing concern with respect to its environ-
mental impact and long term ecological sustain-
ability (Kaiser et al., 1998). Several authors have
highlighted that high densities of filter feeders
affect the environment directly due to their
metabolic activity (i.e. oxygen consumption,
ammonium regeneration) and indirectly modifying
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rates and processes at the sediment-water inter-
face (Doering et al., 1987; Baudinet et al., 1990;
Magni et al., 2000). Intense filtration in the
farmed areas leads to the processing of large
amounts of water, produces a net retention of
particulate matter within lagoon systems and a
huge, localized input of labile organic matter due
to the production of faeces and pseudo-faeces
(Dahlbdck & Gunnaersson, 1981; Jie et al., 2001).
These high organic matter loads fuel mineraliza-
tion processes, stimulating both aerobic and
anaerobic metabolism, and nutrient recycling
back to the water column (Kaspar et al., 1985;
Baudinet et al., 1990). Indeed, stimulation of
oxygen demand and nitrogen release has been
reported in areas used for oysters, mussels and
clam farming (Dahlback & Gunnarsson, 1981;
Kaspar et al., 1985; Baudinet et al., 1990; Mazo-
uni et al., 1996; Kaiser et al., 1998; Bartoli et al.,
2001b).

In Italy, bivalve filter feeders aquaculture is a
highly important industry both socially and
economically. The introduction and the large-
scale farming of the indo-pacific clam Tapes
philippinarum, represents the most important
event for the Italian shellfish production of
the last decades. Italy has become the largest
producer of clams within the European
Community with an estimated crop comprised
between 50,000 and 60,0007, mainly concen-
trated in shallow coastal areas and in coastal
lagoons (MacAlister, 1999).

Up to now the research mainly focused on
T. philippinarum eco-physiology, trophic charac-
teristics and demographic models in order to
improve farming techniques and crops (Sorokin
& Giovanardi, 1995; Nakamura, 2001; Melia
et al., 2004); but very few studies are available
on the overall environmental effect of cultivation
of this species. However, some preliminary inves-
tigations suggested a potential strong impact of
this activity at different ecosystem levels, from
lagoons particulate and dissolved nutrient bud-
gets to very localised disturbance during crop
harvesting. For example, Magni et al. (2000), in a
study conducted in Seto Inland Sea (Japan),
found that benthic nutrient fluxes, extrapolated
from single 7. philippinarum individual incuba-
tions, were one order of magnitude higher
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compared to diffusive fluxes modelled from sed-
iment profiles. Additionally, Bartoli et al. (2001b)
estimated that T. philippinarum farming in the
Sacca di Goro, Italy, stimulated whole lagoon
dark oxygen consumption and ammonium recy-
cling by a factor of 1.8 and 6.5, respectively.
Despite these evidences, with such preliminary
data a generalisation of the effect of clam farming
is difficult to achieve. In fact in none of the
previous studies an entire farming cycle has been
simulated in situ and studied on a seasonal basis.

In this work, the effect of the short-necked clam
T. philippinarum cultivation on light and dark
benthic fluxes of oxygen and ammonium was
evaluated in the Sacca di Goro (Po River Delta,
Italy) in an experimental farming field at two
different clam densities. Seasonal evolution of
benthic oxygen metabolism in relation to different
rearing densities is discussed in order to analyse
possible feedbacks of different farming regimes on
the trophic status of the system. Results are
discussed in order to evaluate interactions and
eventual feedback mechanisms between the com-
partments (sediments, molluscs, micro and mac-
roalgae) that are dominant in the licensed areas
and consequently in 30-35% of the lagoon surface.

Materials and methods
Study site

The present study was carried out in the Sacca di
Goro (44°82" N, 12°27" E), a shallow, micro-tidal,
coastal lagoon located in the southernmost part of
the Po River Delta (Northern Italy) (Fig. 1). The
lagoon has a total surface area of ~26 km?, a
mean depth of 1.5 m and receives freshwater
inputs from the Po di Volano and Po di Goro
deltaic branches. The mix of fresh and seawater
inputs results in complex hydrodynamics and in a
mosaic of sandy, silty and clayey zones (Simeoni
et al., 2000). In the last decades the Sacca di Goro
suffered intense eutrophication which caused
extensive growth of the seaweed Ulva spp. and
the occurrence of summer distrophic events due
to the mass mortality and decomposition of the
macroalgae (Viaroli et al., 2001). At present,
approximately 10 km? of the lagoon surface
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Fig. 1 Map of the Sacca
di Goro lagoon indicating
the position of the
experimental farming
field (o) and the areas
exploited for Tapes
philippinarum farming
activity (left panel).
Schematic representation
of the experimental
farming field (C = control
area; M = mean density
field; H = high density
field) (right panel)

(about 30%) are licensed for clam farming
(T. philippinarum). In the most intensively
farmed areas, clams are generally found at den-
sities between 500 and 1000 ind m~, although
higher densities are also common (Castaldelli
et al., 2003; Melia et al., 2004). Clams production
peaked in the early 1990 (~16000 tonnes year ')
but massive summer mortality in the following
years, resulted in a sharp production decline
(down to ~10000 tonnes year ') (Bartoli et al.,
2001b; Viaroli et al., 2006).

The appearance in the lagoon of the macroal-
gae Ulva spp. and the occurrence of dystrophic
events have been indicated as one of the main
factors determining summer clam mortality. Con-
siderable efforts have been made by local admin-
istrations in order to control the macroalgal
blooms like biomass mechanical harvesting,
reduction of fresh water input, opening of new
connections with the sea and dredging of tidal
channel for improving water circulation (Simeoni
et al., 2000).

Experimental set up

The effect of clam farming on benthic metabolism
was investigated in an experimental area where a
cultivation cycle of 8 months was simulated. The
farming field (2100 m?) was located in the central
portion of the lagoon (Fig. 1); surface sediment
was composed by a matrix of recent formation
due to the deposition of sand derived from the
dredging of tidal channels. Within this area, two
different fields were delimitated and sown at
different clam densities: 110 m* were sown at
~1500 ind m~ (high density, H) and 400 m” were

sown at ~500 ind m™? (mean density, M). The
remaining area, with a natural clam density of few
individuals per m?, was considered as a control
field (C) (Fig. 1). The clams were seeded on 13
March 2003, using wild individuals (shell length =
16.00 + 4.43 mm; fresh weight = 1.03 = 0.79 g)
previously harvested in a natural bank just out-
side the Sacca di Goro; after the seeding, the
individuals were left to acclimatise for one month.
Sediment characteristics, metabolic activity and
ammonium fluxes were measured on 16 April,
18 July, 8 August and 15 October.

Sample collection, sediment characterisation
and flux measurements

At each sampling date, 3 large sediment cores
(containing sediment and clams) were collected in
each field using transparent plexiglass tubes for
flux measurement (40 cm height; 20 cm internal
diameter); additionally, 3 cores were collected to
determine sediment characteristics (30 cm height;
5 cm internal diameter). Water samples were also
collected for NHz, NO3, NO3 and particulate
nitrogen determinations. The cores were trans-
ported within one hour from the sampling site to
the Goro hatchery (CRIM: Center for Molluscs
Reproduction) and submersed in a 3001 tank
containing in situ water. The water inside each
core was continuously mixed by a small aquarium
pump and the water in the tank continuously
renewed with lagoon water at a rate of 100 1 h™'
in order to maintain a constant supply of micro-
algae and particulate matter for the clams and the
other components of the benthic community. The
tank was placed outside under natural light and
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temperature conditions; the cores were left to
stabilise in the tank for about 12 h before the
beginning of the experiments.

Oxygen and ammonium fluxes were determined
during light and dark incubations of cores as
previously described by Bartoli et al. (2001a, b).
Fluxes across the sediment-water interface were
calculated by concentration difference before and
after the incubation according to equation 1:

(Cf— Cl') xV

f= txA

1)

where C; and C; represent the final and initial
concentrations respectively, V' the volume of the
water in the cores, f the incubation time and A the
surface of the sediment in m”. Daily fluxes were
calculated as:

(hourly dark fluxes x night length)
+ (hourly light fluxes x day length).

After the incubations the sediment in each core
was sieved through a 500 pm net in order to
determine clam densities. The collected clams
were then weighed fresh (shell+flesh) and after
drying for 24 h at 70°C (flesh).

Cores for sediment characterisation (5 cm
internal diameter) were processed within 24 h
from sampling. The upper 0-2 cm layer was sliced
and the slices homogenised; sub samples (5 cm?)
were rapidly collected using cut-off 5 ml syringes,
transferred to pre-weighed aluminium dishes and
immediately reweighed to determine sediment
density. Porosity (ml H,O ml sed™) was deter-
mined as loss of wet weight after 24 h at 70°C.
The dry sediment was then analysed for organic
matter content and organic nitrogen.

Table 1 In situ water column temperature, oxygen con-
centrations, NHZ, NO3, soluble reactive phosphorous
(SRP), particulate nitrogen (PN) and particulate phospho-

Water and sediment analysis

Dissolved oxygen was determined by the Winkler
method (A.P.H.A., 1975). Ammonium was deter-
mined with the blue indophenol method (Bower
& Holm Hansen, 1980). Nitrate was determined
via diazotation after cadmium reduction to nitrite
(A.P.H.A., 1975). Organic matter content was
measured as loss of dry weight after combustion
at 550°C for 3 h. Organic nitrogen in the sediment
was determined using a Carlo Erba CN analyser.

Statistical methods

Data were checked for normality and homogene-
ity of variances assumptions and difference of
fluxes were analysed with a two-way ANOVA
with clam biomass and temperature as indepen-
dent variables. A posteriori comparisons were
performed using Tukey tests (Sokal & Rohlf,
1995).

Results
In situ characteristics

During the period of this investigation water
temperature fluctuated between 15 and 27°C,
whereas oxygen concentrations varied between
0.16 and 0.29 mM (Table 1). DIN concentration
were highest in spring and autumn (108 and
39 uM, respectively) with nitrate being the dom-
inant fraction, and decreased markedly in sum-
mer (16 uM) with ammonium as the most
abundant ion. Particulate nitrogen concentrations
exhibited an opposite trend being highest in
summer (~10 uM) and lowest in spring and

rus (PP) concentrations measured at the farming fields in
the four sampling dates

T(C)  O,(mM)  PN(uM)  PP(M)  NHj(uM)  NO;(uM)  SRP (uM)
Apr-03 15 0.27 3.72 0.22 11.48 96.64 0.70
Jun-03 25 0.18 10.82 0.61 16.63 6.03 1.84
Aug-03 27 0.16 9.69 0.69 10.63 6.98 2.12
Oct-03 17 0.29 4.26 0.26 19.07 20.68 0.81
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autumn (~4 pM) as a probable consequence of a
summer phytoplankton bloom. In the second half
of the experiment a consistent Ulva spp. mat
developed over the farming fields (Table 2). The
growth of the macroalga started in August with
an estimated biomass between 6 and 44 gDW m™>
peaking in October when the biomass ranged
between 51 and 850 gDW m™. In August, the
highest values were measured in the field H,
whereas in October, all the experimental areas
were covered by Ulva spp. and in particular a very
dense and packed mat was present in the field M

(Table 2).
At the beginning of the farming cycle surface
sediments were sandy and well oxidised

(Table 2); organic matter and nitrogen concen-
tration in the upper 2 cm layer were low (~1 %
and below the detection limits, respectively).
Along with clam growth these concentrations
increased markedly from April to August 2003 at
all sites with no appreciable differences between
the control and sown fields (ANOVA, P > 0.05)
(Table 2). T. philippinarum average densities,
calculated from individuals recovered at the end
of the incubations inside liners, were extremely
variable (343 + 221 and 889 + 279 ind m™ in the
M and in the H fields, respectively) (Table 3).

Despite the high spatial variability, differences
between experimental fields were significant
(ANOVA, P <0.001). Some individuals of
T. philippinarum were occasionally found also in
the control field but densities were low and
comprised between 21 and 90 ind m™. In April
2003, clam biomass was approximately 0.4, 0.6
and 1.3 kg m~ in C, M and H fields, respectively.
After 8 months, values raised to 0.6, 2.3 and
9.3 kg m%. During the last sampling, as a prob-
able consequence of Ulva spp. covering the
experimental fields, surface sediments were black
and reduced, and the presence of empty shells at
the interface was evident, in particular at site M.

Oxygen and ammonium fluxes

Together with water temperature and clam bio-
mass dark sediment oxygen demand (SOD)
increased from April to August 2003 at all the
investigated stations (Fig. 2a); in this period, at
the control site, oxygen consumption varied
between 2.1 + 0.5 and 3.1 + 1.2 mmol m> h™".
Pooling data from initial 3 campaigns, SOD
values calculated for farmed sites were signifi-
cantly higher than those measured in the control
(ANOVA, P < 0.001). Highest consumption were

Table 2 Organic matter and organic nitrogen content (0-2 cm layer) and Ulva spp. biomass measured in the three
experimental farming fields during the experiment

Organic matter (% g DW)

N-org (% g DW)

Ulva spp. Biomass (g DW m™)

Control  Mean High Control Mean High Control Mean High
Apr-03 08+01 09+01 1.0+00 0.00+0.00 0.00=+0.00 0.01=+0.01 0+0 0+0 0+0
Jun-03 13+02 13+01 13+01 0.01+0.00 002+000 0.02+000 0+0 0+0 0+0
Aug-03 18+00 19+01 18+03 0.04+0.01 004001 0.04+001 6=+4 33 +39 44 + 19
Oct-03 15+00 09+02 11+02 003+001 0.02+002 0.03=+0.01 5120 850 +£590 67 18

All data are presented as mean =+ standard deviation (n = 3)

Table 3

Clam densities and biomass in the three experimental farming fields during the growing period

Clam density (Ind.m™%)

Clam Biomass Total fresh weigh (g m™~) Clam Biomass Flesh dry weigh (g m™)

Control Mean High Control Mean High Control Mean High
Apr-03 21 +18 366 = 157 807 + 615 410 =479 603 +303 1394 + 1373 21 =23 32+19 72 + 66
Jun-03 21 +37 263 +200 881 =265 276 +478 2312 +1062 6481 2566 17 +29 172 = 85 408 + 146
Aug-03 96 +0 518 +136 934 + 66 1416 +904 5173 +1694 8782 + 1017 55 +30 246 + 68 355 +30
Oct-03 42 =37 191 £331 934 + 129 658 + 767 2342 + 4056 9397 + 746 17 +19 72+124 23316

All data are presented as mean + standard deviation (n = 3)
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always measured at site H with rates ranging
between —4.6 + 2.9 and —16.8 + 4.1 mmol m2 h},
whereas at the M site the rates varied between
2.9+ 0.3 and -15.3 = 0.7 mmol m™ h™". Rates
measured in October were heavily affected by the
development of Ulva spp. mats within the exper-
imental field (Fig. 2a; Table 2); at this date
oxygen consumption was highest in the M field,
the most impacted by Ulva spp. (-33.5 =
19.5 mmol m™2 h™"), whilst rates calculated for C
and M were similar (<12 mmol m~ h™").

In the light incubations (Fig. 2b), primary
production counterbalanced only partially oxygen
demand in April, when oxygen fluxes were close
to zero at all sites. In June, the picture was
different as oxygen fluxes were negative and very
similar to those measured during dark incuba-
tions; rates were correlated with clam biomass
and values increased from site C (-3.5 + 1.2 mmol
m~ h™), to site H (-13.7 + 5.0 mmol m™~ h™"). In
August, a net production of oxygen was measured
only at site C (4.3 + 0.6 mmol m2 h™') whilst at
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Fig. 2 Dark (a), light (b) and daily (c) oxygen fluxes and dark (d), light (e) and daily (f) ammonium fluxes measured during
the farming cycle in the three experimental fields. Lines above or below bars represent standard deviation (n = 3)
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M and H rates were respectively close to zero and
negative (Fig. 2b). In October, Ulva spp. photo-
synthetic activity resulted in high oxygen produc-
tion at all sites with a maximum measured at site
M (up to 86.2 + 34.6 mmol m~ h™").

Oxygen exchanges across the sediment-water
interface, measured in dark and light incubations,
were integrated to obtain net daily fluxes
(Fig. 2¢). The experimental field was a net sink
for oxygen from April to August with the balance
calculated at site H significantly different from
those calculated at C and M (ANOVA,
P < 0.001). Where clam densities were highest,
daily oxygen demand peaked in summer
(332 + 95 mmol O, m? d™') and rates were
from 3 to 3.6 times higher compared to the
control sediments. In October, the situation was
different with Ulva spp. production largely
exceeding respiratory demands resulting in a net
daily oxygen production. Still, differences among
sites were visible with a relatively lower oxygen
production (~178 mmol m™2 d!) at site H.

At all the fields, ammonium fluxes were
directed from the sediment to the water mass
both in light and darkness (Fig. 2d, e) with the
exception of October when, during light incu-
bations, a net uptake was measured. At both
conditions, fluxes followed a general seasonal
pattern with the highest release measured dur-
ing summer (ANOVA, P < 0.001). In the con-
trol site, fluxes were not different from zero at
the beginning of the experiment and increased
in dark incubation to a mean value of 1.05 +
0.17 mmol m~? h™ in the following month. In
the light the highest efflux was measured in
June (0.7 =03 mmol m™> h™') but, following
Ulva spp. growth, NHj assimilation prevailed
over production resulting in a net uptake of
-1.3 + 0.3 mmol m2 h™" measured in October.
The presence of the clams increased the ammo-
nium recycling from April to August both in
the dark and in the light, with the dark fluxes
slightly higher compared to the light ones. From
April to August, both in the dark and in the
light, the highest ammonium regeneration was
measured in field H (ANOVA, P < 0.001).
Rates were comprised between 0.5 + 0.4 and
22 +04 (dark incubations) and between
0.3 + 0.3 and 3.0 + 1.5 mmol m2 h™! (light incu-

bations). In October, during the light incuba-
tion, a net uptake was measured in all three
fields.

The measured light and dark fluxes determined
a net daily production of ammonium in all the
fields (Fig. 2f) which followed a general seasonal
pattern with significantly higher effluxes mea-
sured in June and August, (ANOVA, P < 0.001)
whereas in October, the fluxes resulted variable
and not different from zero. Furthermore, the
presence of clams in the amended fields stimu-
lated ammonium regeneration and the fluxes
measured in field M and H were higher compared
to control ones (ANOVA, P < 0.004). However
despite a general tendency of higher fluxes in field
H compared to M the difference was not signif-
icant (ANOVA, P > 0.05). In summer ammo-
nium regeneration was on average comprised
between 38 + 11 to 57 + 29 mmol m2 d™', in July
and August, respectively. In these sampling dates,
rates measured in field H were approximately 1.9
and 4.9 times higher compared to that measured
in the control.

Discussion

The sandy area chosen for our cultivation cycle
represents an optimal substrate for 7. philippin-
arum growth and some 20-30% of the lagoon
sediments, in particular those closer to the sea
opening, have similar characteristics and are
actually licensed for molluscs farming (Melia
et al., 2004). Clam densities at sites M and H
were of the same order of magnitude of those
usually found in these intensively farmed areas of
the Sacca di Goro Lagoon (Bartoli et al., 2001b;
Castaldelli et al., 2003; Melia et al., 2004). Clam
seeding, performed by hand, results in highly
variable “local” densities due to the tendency of
these filter feeders to group: within a few square
meters, areas devoid of animals can be adjacent to
heavily colonised spots. This was evident also in
our experimental fields where cores, collected
randomly by hand, contained variable numbers of
clams within the same treatment (Table 3). Also
considering that in the time lag comprised
between April and October clams could have
moved and migrate from high to low densities
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areas, average densities at C, M and H were
significantly different. According to Melia et al.
(2004), the chosen seeding period was optimal to
maximise clam growth: accordingly, in a period of
8 months, clams biomass increased by a factor of
~6 at both M and H and clams reached the
commercial size.

Faeces and pseudofaeces produced by clams
are deposited at the very sediment surface
initially in the proximity of siphons but are then
easily distributed in the surrounding areas by
water movement (Jie et al., 2001). This probably
explains the progressive shift of the whole exper-
imental area from pure sand to more organic
muddy sand. No significant differences were
found comparing % OM and total N at the three
sites (Table 2) meaning that easily degradable
pellets probably enhance microbial metabolism
also in not farmed areas. Nonetheless, this study
demonstrates that oxygen and ammonium fluxes
were significantly higher in cultivated areas
mainly due to clams respiratory needs and direct
NH} excretion.

In April, June and August the experimental
area was net heterotrophic with negative oxygen
balances measured at C, M and H with the latter
being a significantly higher sink for oxygen.
Negative daily balances at C could in part be
explained by labile organic matter accumulation
and the associated microbial degradation and in
part due to the occurrence of a few clams, whilst
at M and H the active role of clams metabolism is
evident (Fig. 3). The literature reports oxygen
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dark fluxes for coastal lagoons, having similar
features to those of the Sacca di Goro and
measured in the same seasons, comprised be-
tween 2 and 12 mmol O, m2 h™' (Boynton &
Kemp, 1985; Barranquet et al., 1994; Bartoli
et al., 2001a, b). Highest values (> 6 mmol
O, m2 h™") refer to “whole benthic respiration”
and include chemical reoxidation processes,
microbial, meio and macrofauna metabolic activ-
ity and above all rooted macrophyte respiration
(Azzoni et al., 2001; Bartoli et al., 2001a). Before
the development of Ulva spp. mats, we measured
extremely high SOD rates (up to 16 mmol
m~ h™') but they were not counterbalanced by
any significant oxygen production. A large frac-
tion of licensed areas have muddy, organic rich
sediments in which SOD rates could probably be
in the same range of values. In the more extreme
situations (i.e. cultivation sites at the eastern
extreme of the lagoon) such oxygen demand,
coupled to slow water renewal, could represent a
serious risk of water column hypoxia (Viaroli
et al., 2001; Melia et al., 2003). In October 2003,
the development of Ulva spp. mats at the exper-
imental site acted as a switch turning daily oxygen
balances from negative to positive.

Clams also had a strong influence on benthic
nitrogen cycling and in particular on the sediment
water ammonium efflux. This ammonium produc-
tion was in part following labile, N-rich organic
matter mineralization and in part was due to direct
excretion by clams (Magni et al., 2000). Similarly
to what was reported for oxygen, the results of the
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dark incubations indicated a good correlation
between clam biomass and ammonium regenera-
tion with an increase in the efflux comprised
between 3.0 to 9.8 pmol NHZ gDW' h™!, with the
highest values measured in April and October
(Fig. 3). Reported values for N excretion by clams
measured in laboratory experiments are in the
range 3.8 to 8 pumol NH} gDW ™' h™! which agree
well with our results (Goulletquer et al., 1989; Xie
& Burnell, 1995; Magni et al., 2000).

The integration of the daily fluxes over the
entire clams growing period allows estimating
ammonium regeneration by the benthic system of
approximately 1.9 mol m™ in the control site,
whereas at mean and high density fields this value
rose up to ~4.3 and ~6.4 mol m~, respectively.
Consequently, at these densities and on a square
meter basis, the farming of 7. philippinarum had
the potential to increase the benthic ammonium
recycling of ~2.3 to ~3.4 times compared to
unexploited sediments.

This preliminary conclusion has a strong rele-
vance considering that in the Sacca di Goro
Lagoon the summer collapse of Ulva spp. pro-
duction has been addressed to nitrogen limitation
(Viaroli et al., 2001). The rapid recycling of
ammonium in the summer months, when external
nutrient loads are generally low, could in fact be
an important source of nitrogen to the primary
producers (Dame et al., 1989; Magni et al., 2000).
Our experiment was not designed to demonstrate
the existence of a possible positive feedback
between Ulva spp. growth and T. philippinarum
farming and thereby we can not say whether the
observed bloom was favoured by the seeded
clams. Nevertheless, such an hypothesis has
already been suggested by other authors and
demonstrated by Bartoli et al. (2003) in an
experimental mesocosm.

Oxygen trophic state index applied to clam
farmed area

In shallow coastal lagoons, sediment metabolism
and in particular oxygen production and respira-
tion rates can play an important role in the
regulation of the water quality. Oxygen dynamics
are the result of a number of biotic and abiotic
processes and as a consequence ecosystem

properties can be efficiently summarised with an
oxygen-based index (Rizzo et al., 1996; Viaroli &
Christian 2003). We evaluated the seasonal evo-
lution of the cultivated clam areas trophic status
by applying the Trophic Oxygen State Index
(TOSI, Viaroli & Christian, 2003) to our exper-
imental field. This index, based on the relative
magnitude of hourly maximum net light and dark
oxygen fluxes, is an extension of the BTSI
proposed by Rizzo et al. (1996). Results of the
TOSI outcome applied to our data are reported in
Fig. 4; here each plot refers to a season and each
symbol to a treatment. The co-ordinates of each
point are the net production (NP) and dark
respiration (DR) rates measured during field
campaigns. The relative positions
of the points within the scheme are indicative
of the degree of autotrophy and heterotrophy of
the system and the diagonal axes correspond to
the transitions between categories (see Viaroli &
Christian, 2003 for major details).

The net production and dark respiration at all
the three fields exhibit a well defined temporal
evolution from an almost balanced situation
at the beginning of the season (DR < NP £0)
to a hyperautrotophic condition in October
(NP >> DR), passing through an almost net
heterotrophic phase in July (NP = DR < 0). In
particular, the development of the Ulva spp. bed
strongly determine the position along the x axis
(i.e. the evolution between heterotrophy to auto-
trophy), whilst the comparison between the three
investigated fields indicates that the presence of
the clams at each sampling data is the major
factor in the determination of the degree of
heterotrophy.

Changes in trophic conditions observed be-
tween August and October reflect the appearance
and development of the Ulva spp. bed. According
to the model proposed by Viaroli & Christian
(2003) rather than a good condition, hyperautrot-
ophy represents an unstable state of the system.
In fact historical data of the Sacca di Goro
showed that hyperautrotophy precedes a sudden
shift of the system to dystropic conditions (Viaroli
& Christian, 2003). This evolution has been
explained considering that high production rates
determine a super saturation of water oxygen
concentration and that in these conditions oxygen
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Fig. 4 Graphical representation of the changes from April
to October 2003 in the Trophic Oxygen State Index
(TOSI), as Net Production (NP) and Dark Respiration
(DR), in the three farming fields. The diagonal axes
correspond to the transitions between trophic categories

tends to escape the water mass, and the accumu-
lation of organic matter is not coupled with a
parallel oxygen accumulation. Therefore, the
decomposition of the produced biomass is not
counterbalanced by stoichiometric oxygen avail-
ability and the system thus rapidly switches the
metabolism from hyperautotrophic to dystrophic
causing the onset of persistent anaerobic pro-
cesses (Krause-Jensen et al., 1999; Viaroli et al.,
2001; Viaroli & Christian, 2003).

Moreover, highly packed macroalgal beds act
as a physical barrier to water movement and are
likely to change the microcirculation of the water
overlying the bottom. In these conditions, the
high dark respiration rates lead to diurnal varia-
tions in the oxygen concentration in the water
column with persistent anoxia at the sediment
water interface. Therefore, the lower clam bio-
mass found at station M and the number of empty
shells outside the sediment could be explained by
the establishment of anoxia due to the metabo-
lism of the clams and Ulva spp. and the diffusion
of toxic free sulphide to the water-sediment
interface.

@ Springer

(Dystrophy DR = NP << 0; Total heterotrophy DR =
NP < 0; Net heterotrophy DR < NP < 0; Net autotrophy
0 < NP < IDRI; Total autotrophy 0 < IDRI < NP; Hyper-
autotrophy 0 < IDRI << NP)

Conclusions

Clam farming in coastal lagoons is undoubtedly a
favourable economic activity due to extremely
high growth rates and no expenses for feeding,
but on the other side it induces pronounced
changes in sediment characteristics and metabo-
lism. Biodeposition in a few months modifies
sediment composition and is expected in some
years of cultivation to increase organic matter
content and sediment oxygen demand. Ammo-
nium recycling via molluscs excretion represents a
source of N which must be taken into account for
lagoon mass nutrient balances, in particular in the
most heavily cultivated areas of the Sacca di
Goro. A simple index based on oxygen (TOSI)
classifies our experimental field into “Net and
Total Heterotrophyc™ categories on 3 out of 4
seasons. The appearance of Ulva spp. pushes the
system rapidly towards the Hyperautotrophy
category which is indeed a critical trophic status
due to its instability. Sudden collapse of macro-
algal production would in fact determine the
rapid consumption of dissolved oxygen resulting
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in anoxia and death of cultivated, low mobile
organisms. Intensive clam farming could have the
potential to sustain macroalgal growth through
regeneration of a limiting nutrient as inorganic N.
Farmers and managers (local authorities) should
keep in mind these risks associated with clam
cultivation, in order to preserve their crop and the
ecological quality of the exploited areas.
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