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(Received I1 March 1996; in finalform 14 March 1996) 

Water samples were collected on a fortnightly basis in the lagoon of S.  Gilla (Sardinia, 
Mediterranean Sea) in order to study seasonal nutritional fluctuations of particulate 
organic matter. The lagoon is characterized by high quantities of suspended matter 
throughout the year. Thermohaline conditions had no effect on particulate matter quan- 
tity and composition, but the quantity as well as quality of suspended particles was 
drastically affected by the wind, the major effecter of sediment resuspension. As a result of 
sediment resuspension, seston was always richer in inorganic fraction. However, through- 
out the year of investigation, most particulate organic carbon was quite appealing for 
filter feeding communities, although the best POM quality was available during phytop- 
lankton blooming. The phytoplankton pool of suspended matter was just a small fraction 
of the bulk, accounting for only 13% on average of particulate organic carbon. In terms 
of energy available in the seston, the highest amount was stored in organic matter 
heterotrophic fraction, whilst the smallest was to be found in living phytoplankton. 

Keywords: Mediterranean lagoon; particulate organic matter; nutritional value 

INTRODUCTION 

In aquatic environments short-term changes in physical (Millet and 
Cecchi, 1992, Alpine and Cloern, 1992; Ki$rboe and Nielsen, 1990) 
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22 A. PUSCEDDU et al 

and biological factors (Berg and Newell, 1986; Albertelli et al., 1994; 
Fabiano et al., 1995) may have a primary role in affecting the quantity 
and quality of suspended particulate matter. The main consequence of 
such changes is an often unpredictable high variability over time of 
food resources for consumers (Albertelli and Fabiano, 1990; Fegley 
et al., 1992). Changes of food availability may be considered as the 
main factor affecting spatial distribution, growth rates and reproduc- 
tion of suspension feeders (Fegley et al., 1992). Due to energy fluxes 
from PAR (photosynthetically active radiation) and non-PAR sources, 
coastal lagoons are characterized by high primary and secondary pro- 
duction rates (Carrada and Fresi, 1988). In these lagoons, primary 
prod,uction from phytoplankton, macrophytes and saltmarsh plants 
exceeds consumption by herbivores. This organic matter can be direc- 
tly available to other consumers but, in most cases, needs to be frag- 
mented and processed by decomposers to become rapidly digestible 
(Newell, 1982; Hansen et al., 1992). Thus, in coastal lagoons, detritus, 
more than living phytoplankton, sustains large suspension feeders bio- 
masses. In order to estimate the amount of food available to suspen- 
sion feeders, several investigations have analyzed particulate organic 
carbon and nitrogen content (Smaal et al., 1986; Berg and Newell, 
1986; Roy et al., 1991; Painchaud and Therriault, 1987; Fabiano and 
Povero, 1992) or the size of suspended particles (Muschenheim, 
1987a,b; Mayer et al., 1993; Arfi and BOUVY, 1995). Recently, an in- 
creasing number of papers has examined the biochemical composition 
of particulate organic matter in different natural environments (Poulet 
er al., 1986; Mayzaud et al., 1989; Fichez, 1991a,b; Roy et al., 1991; 
Fabiano et al., 1993; Navarro et al., 1993). However, information is 
lacking for Mediterranean lagoons. To study the seasonal fluctuations 
of seston nutritional value, its qualitative and quantitative composi- 
tion is determined in a lagoon system and related to the environment- 
al factors which may drive seasonal and unpredictable fluctuations. 

MATERIALS AND METHODS 

Study Site 

The lagoon of S. Gilla (Southern Sardinia, Italy) with a total extent of 
12.5 km2 and an average depth of 1 m is located between Mannu- 
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PARTICULATE ORGANIC MATTER IN A LAGOON 23 

Cixerri river complex and the Gulf of Cagliari (Fig. 1). The lagoon 
may be divided into two different areas (Masala Tagliasacchi et al., 
1992) owing to the presence of fixed fishing structures: an upper region 
(10 km2), characterized by low water exchanges with the open sea, and 
a pre-lagoon (2.5 km2), characterized by tidal flows and eutrophic 
water inputs from the harbour of Cagliari (Serra, 1984). The lagoon is 
already being used for aquaculture, particularly for experimental mol- 
lusc farming (Masala Tagliasacchi et al., 1992). 

Sampling 

Water samples were collected from a station located in the upper 
region of the lagoon on a fortnightly or weekly basis, between Novem- 
ber 1992 and October 1993, using 10-litre PVC bottles, previously 
washed with 0.1N HCI. Samples were carried to the laboratory within 
2 hours. For total suspended matter and chlorophyll a analyses, 100- 
1000 ml were filtered from samples under gentle vacuum on to What- 
man GF/F glass-fibre filters (0.45 pm nominal pore size); for protein, 
lipid and carbohydrate analyses, 50-1000 ml were filtered from 
samples on to Nuclepore filters (0.4 pm pore size). 

Environmental Parameters 

Temperature (accuracy + 0.2" C) and salinity (%, k 0.1 YO) were meas- 
ured using a coupled WTW LF 191 probe. Wind speed and rain data 
were provided by the meteorological station of Cagliari-Elmas Airport. 

Total Suspended Matter 

Total suspended matter (TSM) concentration was determined gravimetri- 
cally (Strickland and Parsons, 1972) after filtration through Whatman 
GFF glass-fibre filters (0.45 llm nominal pore size), previously treated in 
muffle furnace (450 C, 2h). The filters were weighed after dessication (3h, 
6OC) using a Mettler M3 balance (accuracy 1 pg). Percentage values of 
organic and - inorganic matter were measured by ignition loss (450 C, 2h). 

Phytoplankton 

Water samples (500-1000ml) were collected, fixed with formalin (2% 
final concentration) and stored in plastic bottles in the dark. Phytop- 
lankton analyses were carried out according to Sournia (1978). 
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FIGURE 1 
Cagliari; 3) sampling site; 4) location of fixed fishing structures. 

The lagoon of S. Gilla. 1)  Mannu-Cixerri river complex; 2) harbour of 

Photosynthetic Pigments 

Chlorophyll a analysis was performed in 90% acetone according to 
Lorenzen and Jeffrey (1980). Phaeopigments were determined spec- 
trophotometrically after acidification with 0.1 N HCI. 

Elemental and Biochemical Composition of Particulate Matter 

Particulate organic carbon and nitrogen were analysed using a Carlo 
Erba CHNSO-EA 1108 Elemental Analyzer after removal of carbon- 
ates by hydrochloric acid vapours in a dessicator (Hedges and Stern, 
1983). Cyclohexanone 2-4 diphenyl hydrazone was used as a standard. 
Carbohydrates were determined according to Dubois et al. (1956), 
with glucose solutions used as a standard. Proteins were assessed 
according to Hartree (1972), with albumin solutions used as a stand- 
ard. Lipids were extracted according to Bligh and Dyer (1959). Re- 
lated analyses were perfomed according to Marsh and Wenstein 
(1966), with tripalmitine solutions used as a standard. Filters for 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PARTICULATE ORGANIC MATTER IN A LAGOON 2s 

carbohydrate, protein and lipid analysis were sonicated for two hours 
in 1 ml distilled water. Carbon equivalents of lipids, carbohydrates 
and proteins were calculated using 0.75, 0.40 and 0.49 gC g- conver- 
sion factors, respectively: Conversion factors were determined from 
the standard used. The labile fraction of the particulate organic car- 
bon was determined as the sum (CPOM) of carbohydrate, protein and 
lipid carbon equivalents (Fichez, 1991a,b). 

Nutritional Value and Food Index 

The nutritional value of suspended matter was obtained by multiplying 
carbon equivalents by the factor of 11.4 kcalg-', according to Platt and 
Irving (1973). CPOM/POC (Fabian0 et a/., 1993) and POM/TSM (Na- 
varro et al., 1993) ratios were used as a food index, i.e. estimates of the 
readily available fraction of suspended matter. Phytoplankton biomass 
contribution to the carbon pool was calculated taking 40 as the conver- 
sion factor for chlorophyll u (Nival et ul., 1972). 

RESULTS 

Temperature and salinity (Fig. 2a) showed clear seasonal patterns 
ranging from 9.0C (March) to 27.4 C (August) and from 0.2%, (March 
1993) to 38.8%, (August). Other low salinity values, recorded on De- 
cember 18 (13.3%,), February 10 (7.3%,) and March 3 (0.20/,,) were 
associated with heavy rainfalls. Total suspended matter concentra- 
tions (Fig. 2b) were irregular, with ranges from 15.6 to 524.0 mgl-', 
All major phytoplankton groups showed wide fluctuations (Fig. 3). 
Diatoms had two marked peaks in February (407 x 106cell1- I )  and 
August (61.5 x 106celll - I ) .  Dinoflagellates showed highest density in 
February (26 x 106cell1-') and June (35.8 x 106celll-') while Chloro- 
phyceae had two blooms in December (205 x 106cell1- I )  and April 
(270 x 106 cell 1 - I )  Seasonal changes in chlorophyll a (Chla) and 
phaeopigments (Phe), particulate organic carbon (POC), nitrogen 
(PON), protein (PRT), carbohydrate (CHO) and lipid (LIP) concen- 
trations, are shown in Figure 4a-c. Chlorophyll ranged between 0.9 
(October) and 80.1 pgl-' (February); high chlorophyll a concentra- 
tions were also reported in December (19.2 pg1-l March (20.6 pg1-l) 
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FIGU 
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The following patterns are indicated: a) temperature (0)  and sz ... nity unit 
(+ )and  b) total suspended matter (mg I - ' )  in the lagoon of S. Gilla. 

and August (12.0 pg1-') Phaeopigment concentrations showed a simi- 
lar pattern with the highest concentrations in February (11.5 pg1-I) 
and March (23.7 and 37.4pg1-'). POC and PON concentrations 
ranged from 463 to 13569.3pgl-' and from 103.9 to 2192.9pgl-', 
with peaks coinciding with phytoplankton blooms. Carbohydrates 
(CHO), proteins (PRT) and lipids (LIP) showed a pattern similar to 
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PARTICULATE ORGANIC MATTER IN A LAGOON 27 

that of chlorophyll a ranging from 136.9 to 5687.6 pgl-' (CHO), from 
68.7 to 5046~gl - '  (LIP) and from 33.8 to 6427pgl-' (PRT). The 
caloric values of different biochemical components of particulate or- 
ganic matter (i.e. carbohydrates, proteins and lipids), phytoplankton 
(i.e. chlorophyll a) and the bulk of particulate organic carbon (POC) 
are reported in Table I. Proteins were the biochemical component 
mostly (on average 45%) contributing to the energy content of labile 
organic carbon (i.e. the sum of protein, carbohydrate and lipid carbon, 
sensu Fichez, 1991a), followed by lipids (3 1 YO) and carbohydrates 
(24%). The energy available as phytoplankton accounted only for 
13% on average of the total caloric value. 

TABLE I Caloric value (call  ~ I )  of the particulate organic carbon in the 
S. Gilla Lagoon. Reported are: the phytoplankton fraction (CHLa) the 
protein (C-PRT), carbohydrate (C-CHO) and lipid (C-LIP) fractions, the 
labile fraction (CPOM) and the bulk (POC). 

Date C H L a  C-PRT C-CHO C-LIP CPOM POC 

24-Nov 0.4 
01-Dec 0.4 
18-Dec 8.7 
22-Dec 7.8 
14-Jan 6.1 
19-Jan 1.3 
27-Jan 2.0 
03-Feb 1.2 
10-Feb 0.5 
23-Feb 36.5 
03-Mar 2.0 
10-Mar 0.6 
16-Mar 0.6 
25-Mar 9.4 
31-Mar 0.7 
06-Apr 1.3 
20-Apr 2.1 
04-May 1.1 
18-May 1.1 
02-Jun 1.3 
15-Jun 3.2 
24-Jun 0.9 

20-Jul 1.2 

22-Aug 5.5 
21-Sep 1.9 

15-Jd 1.0 

03-Aug 1.1 

05-0ct 0.9 

4.1 
3.1 

11.7 
6.4 
3.8 
5.6 
5.8 
3.3 
3.8 

35.9 
9.4 
3.1 
3.7 
2.2 
2.7 
2.6 
0.7 
0.2 
0.3 
5.2 

12.3 
7.8 
4.9 
9.8 
7.7 
9.5 

12.2 
7.5 

0.8 
0.9 
4.0 
2.5 
2.4 
1.8 
2.0 
2.3 
3.2 

12.2 
6.6 
1.1 
1.6 

25.9 
0.9 
2.7 
4.1 
2.7 
2.1 
1.6 
4.5 
2.9 
3.2 
2.8 
1.9 
2.0 
1.1 
2.4 

1.3 
0.6 
7. I 
3.9 
5.1 
1 .o 
1.5 
3.3 
2.8 

15.8 
3.1 
2.3 
0.9 

43.1 
0.8 
3.5 
3.7 
2.5 
1.8 
4.4 
2.8 
1.6 
0.9 
2.8 
1.4 
5.4 
2.6 
2.2 

6.2 
4.6 

22.8 
12.7 
11.4 
8.4 
9.3 
8.9 
9.8 

63.9 
19.1 
6.5 
6.2 

71.3 
4.4 
8.7 
8.5 
5.4 
4.2 

11.2 
19.6 
12.3 
9.0 

15.3 
10.9 
16.8 
16.0 
12.1 

9.4 
5.3 

30.6 
17.5 
17.1 
9.6 

14.8 
14.9 
12.9 

154.7 
29.3 

8.5 
10.0 

114.2 
6.1 

14.8 
43.9 
13.2 
15.2 
13.1 
18.9 
21.8 
13.0 
18.8 
12.8 
16.5 
18.0 
15.8 
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FIGURE3 The seasonal changes in: a) Diatoms, b) Dinoflagellates and c) Chloro- 
phyceae abundance during sampling period. 
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FIGURE 4 The seasonal changes in: a) Chlorophyll a; (0) and Phaeopigments ((M); b) 
particulate organic carbon (0, POC) and nitrogen ((HI, PON); c) particulate carbohy- 
drate (o), protein ((H) and lipid (A) concentrations in the S. Gilla lagoon. 
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30 A. PUSCEDDU et al. 

DISCUSSION 

The Role of Environmental Factors 

Temperature and salinity showed seasonal fluctuations and few differen- 
ces were observed in comparison with earlier investigations conducted on 
the same lagoon (Serra, 1984; Serra and Roni, 1984; Masala Tagliasacchi 
et al., 1992). Salinity was significantly affected by rainfall (Y = - 0.65; 
p < 0.01), but no significant correlations were found between thermoha- 
line conditions and particulate matter quantity and quality. 

Wind speed was positively correlated with total suspended matter 
(TSM) concentration ( r  = - 0.68, p < 0.01) (Fig. 5),  suggesting that sedi- 
ment resuspension induced by wind is the main cause of lagoon water 
turbidity. Sediment resuspension was also due to the shallow sampling 
site (average depth, 1 m). Owing to sediment resuspension, the particu- 
late matter, on a yearly average, was mainly composed of inorganic 
particles (up to 97%) as was observed in several other estuarine ecosys- 
tems (Widdows et al., 1979; Berg and Newell, 1986; Navarro et a/., 
1993). The wind also has a remarkable effect on particulate organic 
matter quality, with a significant correlation ( Y  = - 0.50, p < 0.01) (Fig. 
6) found between protein concentration and wind speed. Proteins are 
generally considered as the organic matter pool on which consumers 
preferably feed (Buchsbaum et al., 1991; Fichez, 1991a,b; Tenore, 1983; 
Tenore et al., 1984). In our study, owing to sediment resuspension, 
suspended particles rich in appealing food (ie., protein fraction) were 
available to consumers. This was due to the addition of sedimented 
material which directly enriched the suspended protein pool. Also, 
planktonic microbial growth is stimulated by resuspended sediments in 
a few hours (Wainwright, 1987, 1990). In this lagoon, the pattern in 
resuspended sediment nutritional value is different from that observed 
in several coastal ecosystems where sediment resuspension generally 
causes less favourable conditions to suspension feeders, due to a greater 
fraction of less digestible organic mat,ter (i.e., older detritus) for con- 
sumers (Albertelli and Fabiano, 1990; Fabiano et al., 1995). 

Phytoplankton Biomass Role 

The high short-term variability (hours to days) of phytoplankton bi- 
omass is typical of coastal lagoons and estuaries, where several sour- 
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FIGURE 5 Relationship between wind speed (knots) and total suspended matter con- 
centration (mg 1-') in the lagoon of s. Gilla. 

ces of 'environmental noise', like wind or rainfall, may drastically 
change the seasonal pattern of phytoplankton standing stocks (Alpine 
and Cloern, 1992; Millet and Cecchi, 1992; Serra et al., 1995). In our 
study, chlorophyll a was characterized by four major peaks: in De- 
cember (19.2 pg 1-I) as the result of a Chlorophyceae bloom; in Feb- 
ruary (80.1 pg 1-I)  due to a diatom bloom; in March (20.6 pg 1-') and 

FIGURE 6 
tration (.ug I-') in the lagoon of S .  Gilla. 

Relationship between wind speed (knots) and particulate protein concen- 
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32 A. PUSCEDDU et al 

August 12.0 pg I-'), when there was no evidence of a phytoplanktonic 
origin of pigments. Phytoplankton biomass pattern was characterized 
by several pulses in chlorophyll a concentration, which allowed no 
clear distinction of any seasonal pattern. This was due to the interfer- 
ence of pigments deriving from microphytobenthos resuspension, par- 
ticularly during late winter, when high speed winds occurred (Serra et 
ul., 1995): this 'noise' drastically contributed to fouling up the usual 
seasonal curve of phytoplankton biomass. 

Quality and Nutritional Value of the Diet Availablefor Filter Feeders 

The phytoplankton biomass, in terms of chlorophyll a concentration, 
was relatively lower than the data reported for other Sardinian la- 
goons (Cottiglia, 1984) and, on average, accounted for only 13.0% of 
the particulate organic carbon, giving a significant contribution only 
during blooms (up to 45%). Cottiglia et ul., (1983a, b) and Serra and 
Roni (1984) found that, in the lagoon of S. Gilia, a considerable 
phytoplankton biomass is rapidly intercepted by filter feeders like 
sedentary polychaetes, which may outcompete for suspended food and 
limit the energy flux to the molluscan communities. The latter are 
more likely to meet their nutritional needs with organic detritus rather 
than with living phytoplankton. Similar results were reported by 
Masala Tagliasacchi et al. (1992) in the same environment. Studying 
mussel growth rates, they found that the particulate organic matter 
pool may account for over 90% of all mussel nutritional needs. In this 
study, high amounts of suspended matter were found. Although the 
inorganic fraction was generally higher than the organic one, the latter 
appeared to be very appealing as food. POM/TSM ratio, used to 
measure the quality of the diet available to filter feeding organisms 
(Navarro et al., 1993), decreased sharply only when the highest wind 
speed was recorded and showed the highest values during phytoplan- 
kton blooms (Fig. 7). CPOM/POC ratio (Fig. 8), used as a measure of 
readily available organic carbon fraction (Fabian0 et al., 1995), was 
widely fluctuating, ranging between 19% and loo%, more than 65% 
(average). Unlike POM/TSM ratio, CPOM/POC ratio had apparent- 
ly no relation with phytoplankton biomass patterns, due to the lower 
impact of detritus on particulate organic matter quality. For a quanti- 
tative estimate of phytoplankton, nonphytoplankton (i.e., hetero- 
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10 

2 

FIGURE7 POM/TSM ratio patterns in the lagoon of S. Gilla. The black arrows 
indicate the highest wind speed, while white arrows correspond to major phytoplankton 
blooms. 

0 1m--n I 1  I I I ,  I I ,  1 I I ~ 

N D D D J  J J F F F M M M M M A A M M J  JJIJIJIAASO 

FIGURE 8 
of investigation 

CPOM!POC ratio pattern (YO) in the lagoon of S. Gilla during the period 

trophic) labile material and refractory detritus contribution to the 
energy available in lagoon waters, we chose the following formulae: 

call- phytoplankton = (CChla)* 0.01 14 cal pg- ' 
call- non-phytoplankton material = (CPOM-CChla)* 

0.0114 calpg- 
cal 1-' refractory material = (POC-CPOM-CChla)* 0.01 14 cal pg-' 
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FIGURE 9 Phytoplankton (white), non-phytoplankton (grey) and refractory material 
(black) contribution to the energy stored in the particulate organic carbon available in 
lagoon waters. 

As shown in Figure 9, non-phytoplankton material contribution to 
the bulk of available energy was constantly higher than other frac- 
tions, accounting for more than 50% on average. 

Finally, although phytoplankton contribution to the bulk of or- 
ganic carbon was relatively low, suspended food occurring naturally 
in the lagoon was of high quality. This confirms that, in the lagoon of 
S. Gilla, filter feeding communities take up heterotrophic material 
rather than living phytoplankton. 
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