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ABSTRACT: The parameters of the structure and functioning of the ecosystem in the lagoon of Venice 
(Italy) were estimated in September-October 1993 at  36 stations. Phytoplankton was dominated by its 
nano- and pico-fractions, which comprised 60 to 99":# of the total phytoplankton biomass. Phytoplank- 
ton wet biomass varied between 100 and 600 mg m-.' and its primary production between 30 and 90 mg 
C m ' d.' The nume~ical  abundance of bactel-ioplankton (3 to 6 X 10" cells ml-'l and its wet biomass 
(0.3 to 1 g m-" was 2 to 3 times greater than in adjacent waters of the Adriatic. Bacterial production was 
20 to 40 mg C m-'d.'. hdicrozooplankton was dominated by cillates with blo~nasses of 30 to 700 mg m-', 
while the density of rotifers and nauplii was low. The composition of mesozooplankton resembled that 
of the Adriatic complex only near the port entrances connecting the lagoon to the sea,  while in polluted 
areas i t  was drastically depleted. Its average wet biomass was 80 to 300 mg m-', attaming 700 to 1100 
mg m-' near the port entrances. The total plankton biomass was 0.8 to 2 g m-', and was dominated by 
microplankton. The stock of labile organic matter in the lagoon was 2 to 3 times greater than In the 
waters of the adjacent Adriatic, wlth a turnover time w h ~ c h  varled between 10 and 20 d .  The stock of 
labile sulfldes in the upper layer of the bottom sediments in the central basin of the lagoon was 1.5 to 
2 g S d m '  of wet silt. Data were generalized using the approach of energy balances and energy flows. 
The latter were used to evaluate the present state of the ecosystem of the lagoon of Venice, its changes 
due to anthropogenlc Impact, and its capability for self-purlf~cation. 
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INTRODUCTION 

The lagoon of Venice (Italy) is situated in the NW 
part of the Adriatic, north of the PO delta. It is a large 
(about 10 X 50 km) shallow marine basin with salinity 
of 32 to 36% (Fig l ) .  It stretches along the Adriatic 
coast, and is separated from the sea by 3 long islands 
with wide port entrances between them, through 
which water exchange between lagoon and sea is 
driven by wind and tidal currents. Although the depths 
over old river beds or channels in the lagoon are 3 to 
5 m, on average depths range between 1 and 3 m. 

The southern basin is still relatively ecologically 
safe, but the central basin is subjected to a high level 
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of civil and industrial pollution, receiving waste- 
waters from the cities of Venice, Marghera and 
Mestre. Industrial wastewater and oil come from the 
Marghera refineries, the port areas of Venice and 
Marghera, and from numerous cargo ships and 
tankers. The northern basin is characterized by mod- 
erate anthropogenic impact. The most important neg- 
ative environmental factor here is the high turbidity of 
the water 

In spite of significant efforts by local and interna- 
tional researchers (UNESCO 1988, Cattani & Corni 
1992, Dalla Venezia 1996), the general picture of the 
structure and functioning of the Venice lagoonal 
ecosystem still remains unclear. The current situation 
is worrisome, in view of its apparent degradation, 
with signs of anoxia in bottom layers in summer, 
degradation of zooplankton, and build-up of sulfides 
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Adriatic Sea 

Fig. 1. Locations of stations in 
lagoon of Venice (Italy). A: 
Sublagoon of Palude della 
Rosa ('northern area'); B: City 
of Venice ('central area'); 
C: Marghera industrial area 
('central area'); D: Malam- 
occo channel ('central area'); 
E: Island of Lido ('central 
area'): F: Island of Pellestrina 
('southern ared'); G: City of 

Chioggia ('southern area') 

in the upper layers of bottom sediments, accompa- 
nied by a shift in composition of bottom flora to dom- 
ination by monospecific populations of the saprobic 
alga Ulva and a clear decrease in zoobenthic density 
and variability (Sorokin 1975a, 1982a, Carbognin & 

Gatto 1981, Cescon & Grancini 1981, Perin & Gabelli 
1983, Zucchetta 1983). Separate sets of data on sev- 
eral hydrophysical, hydrochemical and hydrobiologi- 
cal parameters in the lagoon of Venice by various 
scientific bodies show many gaps, and still do  not 
give a definite holistic evaluation of its real ecologi- 
cal status. The deficiency of information on important 
and  currently prevailing components of lagoonal 
plankton such as bacterioplankton and animal 
microheterotrophs does not facilitate realistic evalua- 
tions of available suspended food for short-neck 
clams Tapes philippinarum, the farming of which has 
recently been promoted on the bottom of the lagoon. 

Available data on the density and  distribution of 
other traditionally estimated plankton fractions are 
also invalid or insufficient, not only because of their 
patchiness in space and time, but also because their 
collection and quantification use outdated, invalid or 
insufficient methodologies like the Lugol sedimenta- 
tion method for phytoplankton quantification or day- 
time net tows for collection of mesozooplankton. The 
former underestimates the fractions of small phyto- 
plankton by 50 to 90%; the latter underestimates 
planktonic crustaceans, cladocerans and copepods by 
2 to 3 times (Bernhard et al. 1967, Pavelieva & Sorokin 
1972, Sukhanova & Ratkova 1977). The latter method 

also underestimates demersal zooplankton, as its real 
biomass in lagoonal environments often exceeds that 
of the hol.oplankton daytime net mesozooplankton 
biomass by 1 order of magnitude or more (Sorokin 
1993). 

Other gaps in ecological knowled.ge about the 
lagoon of Venice regard a rather u.nstable oxygen re- 
gime in some areas and the build-up of labile sulfides 
in sediments (Sorokin 1975a, 1982a). We had the 
opportunity to investigate the abovementioned prob- 
lems in September-October 1993. 

MATERIAL AND METHODS 

Research was based at  the Chioggia Laboratory 
of ICRAM. One of the sampling boats was provided 
by ISDGM-CNR in Venice and visited 35 stations 
in 4 main parts of the basin. southern ('Chioggia- 
Malamocco' area,  Stns 1 to 7) ,  central ('Venice- 
Murano-Lido' area, Stns 22 to 35, together with the 
'Marghera-Malamocco-Alberoni' area, Stns 14 to 21), 
and northern ('Palude della Rosa' sub-lagoon, Stns 8 
to 13). The fourth part, Stn 36, was located in the 
Adriatic off the island of Pellestrina, at a d.epth of 
15 m. 

Field work was accomplished during 5 field trips 
to the main areas of the lagoon of Venice. At each 
station samples were collected, in p1asti.c water bottles 
from a depth of about 1 m. The southern basin and 
the station off the island of Pellestrina were sampled 
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on September 24; the northern and central basins 
were sampled respectively on September 29 and on 
October 9-11, 1993. At some stations deeper than 
4 m, samples were also taken from the near-bottom 
layer, but no significant stratification in microplankton 
distribution was recorded, except at Stn 15 (6 m 
deep).  At most other stations, depths were between 
1 and 3 m. The tables therefore present data for the 
upper 0.5 to 1 m layer. 

The total plankton biomass was estimated by count- 
ing its main groups: phytoplankton, bacterioplankton, 
nanoheterotrophs (basically zooflagellates), ciliates, 
rotifers, nauplii and mesozooplankton. Epifluores- 
cence microscopy was used for quantification and siz- 
ing of bacteria, picoplanktonic algae < 3  pm, nano- 
planktonic algae, nanoheterotrophs and nanociliates 
in the range 3 to 30 pm (Caron 1983, Sherr & Sherr 
1983). Nano- and picoplanktonic algae and protozoans 
were counted on 0.4 pm black Nuclepore filters 
stained with fluorochrome primuline. Bacterioplank- 
ton was counted on 0.2 pm pore size filters stained with 
acridine orange (Hobbie et al. 1977). Of the picophyto- 
plankton, 2 fractions were counted separately: eukary- 
otic phytoflagellates and picocyanobacteria. Micro- 
algae >30 pm, the larger fraction of ciliates and 
rotifers, were counted in untreated water samples in 
glass chambers of 15 m1 capacity, according to Sorokin 
(1980). Mesozooplankton was counted in samples 
collected by passing 50 1 of water through a 40 pm 
mesh plankton net. Biomasses were calculated ln 
accordance with the average biovolumes of the mea- 
sured organisms (Tchislenko 1968). All biomass val- 
ues refer to wet weight. 

The primary production of phytoplankton was esti- 
~ n a t e d  using the ',C method, a s  modified by Sorokln 
(1987). Samples were incubated in situ in the sea for 
2 to 3 h.  Photosynthetic production measured per hour 
was then calculated per day with the aid of coeffi- 
cients, which were estimated experimentally by mea- 
suring the diurnal course of photosynthesis in the 
upper water layer of the lagoon in late September 
(Fig. 2). Primary production per m2 was calculated 
using the curve of the dependence of the photosynthe- 
sis rate on light attenuation in the water column, 
taking into account the Secchi disk transparency mea- 
sured at  each station (Fig. 3).  That curve was estab- 
lished experimentally by exposing series of bottles 
containing identical water samples at various depths 
(Sorokin 1960). Production of bacterioplankton was 
estimated using the '"C dark uptake method, as modi- 
fied by Sorokin (1990). Total plankton respiration 
(decomposition rate, TM) was estimated by measuring 
oxygen consumption in bottles incubated in the dark at 
the in situ temperature for 24 h. Bacterial respiration ~n 
carbon units (MB) was calculated from the values of 

Time ( hours 1 

Fig. 2 Tlme course of photosynthesis rate (P, relative values) 
during the day 

bacterial production (BP): MB = BP (1 -K2)/K2, where 
K2 (efficiency coefficient of the use of assimilated food 
for growth) wa.s 0.32 

The content of labile organic matter (LOIvI) in water 
was estimated by the BOD-30 method (Sorokin & 
Mamaeva 1980). Its stock in water was calculated as: 
LOM = (BOD-30) X 0.55 mg C l.', with BOD-30 being 
expressed in oxygen units (mg O2 1 - l ) .  Suspended 
organic matter was collected on glass fiber filters. 
Contents of organic matter were estimated by wet 
chromic combustion at 130°C for 1 h with AgSO, a s  
catalyst. Acid-soluble sulfides in bottom sediments 
were estimated in samples preserved with a solution 
of ZnSO, + Na2CO:, and kept refrigerated for not more 
than 1 to 2 wk. Acid-soluble (labile) sulfide was 
extracted from samples by distillation from acidified 
samples in special apparatus (Sorokin 1975a, 1982a) 
The resulting H2S was trapped by a mixture of ZnSO, 
+ Cd-acetate + KOH and then estimated iodometri- 
cally. 

Fig 3 Dependence of photosynthesis rate in water column 
(P, relative values) on light attenuation with depth (K,: curve);  

Tr: Secchi disk water transparency 
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RESULTS nano- and pico-fractions, as regards both the cornposi- 
tion of its total biomass and its numerical abundance. 

The results of estimates (Tables 1-4)  refer to sets of The nano-fract~on of phytoplankton was mostly repre- 
selected stations representing the ranges of values sented by 3 to 10 pm chrysornonadic phytoflagellates. 
within each area investigated. Some basic parameters Their numbers varied between 2 and 20 X 10" cells 1-I  
are also shown in Table 5 as averages of values and comprised 60 to 90% of the total phytoplankton 
obtained at all stations in a glven area. biomass. The pico-fraction was represented by 2 to 

3 pm eukaryotic phytoflagellates. At some stations 
(1-3, 24, 15, 23) a significant part of this fraction (20 to 

Density and composition of plankton 80% of the biomass) was composed of picocyano- 
bacteria, although at most stations their quota was 

The results of phytoplankton quantification are negligible. The number of picoalgae varied between 
given in Tables 1 & 5. They demonstrate that, during 15 and 185 X 10"~', and their biomass at several sta- 
our research, phytoplankton was dominated by the tions reached 100 to 150 rng The highest density 

Table 2 .  Size composition, numerical abundancc (N, cells I-'), and wet biomass (B, mg of phytoplankton at selected stations, 
representing a spectrum of values in main areas of the lagoon of Venice, Italy. Tr: Secchi disk transparency, as depth (m) 

Telr~p. Salinity Tr Stn Dcpth Microalgae Nanoa lga~  Picoalgae 3-1 pm Total biomass 
("cl (m) >30 !.]m 30-3 pm Eucary - Cyano- of phyto- 

otic bacteria plankton 
(N X 10" B (N X 10" B (N X 106) B (N X 106) B (mg m-3) 

Malamocco - Chioggia 
20-22 36-37 Bottom l 2.2 1.0 32 21.9 485 75 105 110 45 657 
20-22 36-37 Bottom 2 2.3 0.6 17 10.8 323 35 52 108 44 437 
20-22 36-37 Bottom 3 2.0 0.6 10 3.8 133 29 43 32 13 199 
20-22 36-37 Bottom 4 2.5 0.5 10 17.1 461 63 95 < 2  < l  565 
20-22 36-37 Bottom 5 2.0 <0.5 < l 0  7.9 274 46 67 < l  < l  344 
20-22 36-37 Bottom 6 1.7 3.0 46 2.2 67 11 17 47 20 150 
20-22 36-37 Bottom 7 1.0 <0.5 < l 0  3.5 170 < l  7 38 17 197 

Palude della Rosa 
19-21 28-32 Bottom 8 1 0  <0.5 < l 0  2.9 109 13 2.5 < l  < l  137 
19-21 28-32 Bottom 9 1.0 <0 .5  c10 3.8 100 38 57 < l  < 2  157 
19-21 28-32 Bottom 10 1.0 <0.5 < l 0  3 8 89 44 65 <l  < 2  154 
19-21 28-32 Bottom 11 1.2 <0.5 < l 0  3.8 89 32 47 c 1  <2 136 
19-21 28-32 Bottom 12 1.0 c0.5 < l 0  6.3 146 54 89 < l  < l  238 
19-21 28-32 Bottom 13 1.3 c0.5 < l 0  5.7 125 13 25 < l  < 2  150 

Marghera - Malamocco - Alberoni 
18-20 29-35 0.9-1.6 14 2.0 ~ 0 . 3  ~ 0 . 5  5.2 99 14 28 10 25 152 
18-20 29-35 0.9-1.6 15 6.0 <0.3 <0.5 3.3 100 19 38 < l  5 145 
18-20 29-35 0.9-1.6 16 2.0 <0.3 <0.5 2.4 90 12 25 < l  < 2  116 
18-20 29-35 0.9-1.6 17 3.0 <0.3 <0.5 3.6 88 19 40 < l  < 2  129 
18-20 29-35 0.9-1.6 18 3.0 <0.3 <0.5 4.5 106 21 42 < l  < l  149 
18-20 29-35 0.9-1.6 19 3.0 c0 .3  <0.5 8.4 200 18 23 < l  <2 224 
18-20 29-35 0.9-1.6 20 2.0 <0.3 <0.5 3.7 106 19 38 < l  < 2  144 
18-20 29-35 0.9-1.6 21 5.0 <0.3 <OS 7.0 146 21 32 < l  < 2  178 
18-20 29-35 0.9-1.6 22 7.0 <0.3 <OS 6.3 166 33 43 < l  5 209 

Venice - Murano - Lido 
19-20 33-37 0.8-1.3 23 5 0 <0.5 < l 0  4.2 103 14 26 2.4 5 134 
19-20 33-37 0.8- 1.3 24 3.0 <OS < l 0  11.6 250 24 48 < l  < l  307 
19-20 33-37 0.8-1.3 25 7.0 <OS < l 0  5.7 143 19 38 < l  < 2  196 
19-20 33-37 0.8-1.3 26 4.0 c0.5 < l 0  3.9 71 15 30 < l  < l  106 
19-20 33-37 0.8-1.3 27 5 0 <0.5 < l 0  5.4 133 1.4 28 < l  < 2  166 
19-20 33-37 0.8-1.3 28 5 0 <0.5 < l 0  3.9 87 17 33 < l  < 2  125 
19-20 33-37 0.8-1.3 29 4.0 <0.5 < l 0  6.4 179 14 28 c 1  < 2  212 
19-20 33-37 0.8-1.3 30 6.0 <0.5 < l 0  2.6 62 17 34 < l  < l  100 
19-20 33-37 0.8-1.3 31 4.0 <OS < l 0  3.8 64 22 43 < l  < 2  112 
19-20 33-37 0.8-1.3 32 3.0 <0.5 < l 0  3.6 73 17 34 < l  <2 112 
19-20 33-37 0.8-1.3 33 4.0 ~ 0 . 5  < l 0  2.3 41 19 38 < l  < 2  84 
19-20 33-37 0.8-1 3 34 3.0 <0.5 < l 0  2.4 53 30 30 < l  < l  86 
19-20 33-37 0.8-1 3 35 3.0 <0.5 < l 0  2.0 40 19 38 < l  < 2  78 

Adriatic Sea 3.0 36 15.0 1.2 15 5.5 145 54 54 c l  < l  252 
- 
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Table 3. Num.erica1 abundance (N,  103 m-", wet biomass of main components of ~nesozooplankton (B ,  mg m-3), and total plank- 
ton biomass at  stations in main areas of the lagoon of V e n ~ c e  

Sin Copepods Cladocerans (Pen~lia) Zoea and mysids Sagitta Total 
Small cyrlopids Adult biomass 
and copcpods calanids 
N B N B N B N B N B (mg IT-') 

- P 

Malamocco - Chioggia 
1 4 1 29 1 4 0  36 1 4 0  51 0.00 0 0.00 0 116 
2 35 0 280 1 2 0  33 10 60 380 0.00 0 0.00 0 694 
3 8 5 70 0 20 6 0.00 0 1 15 160 0.00 0 236 
4 16.6 50 6 50 200 0.00 0 0.10 14 0.00 0 264 
5 16.0 50 0.50 15 0.00 0 0.20 30 0.00 0 95 
6 9.8 48 0.80 28 0.00 0 0.00 0 0.10 20 176 
7 1.5 12 8.60 120 2.60 80 0.00 0 0.03 8 280 

Palude della Rosa 
8 4.0 36 0.70 22 3.90 2 0 00 0 0.00 0 60 
9 3.1 40 0.20 6 0.05 2 0 00 0 0.00 0 48 

10 2.7 30 0.20 6 0.05 0 0.00 0 0.00 0 3 6 
11 6.0 48 0.20 6 0.00 0 0 00 0 0.00 0 55 
12 22 5 290 0 10 3 0.03 1 0.00 0 0.00 0 293 
13 2.3 16 0.06 17 0.00 0 0.00 0 0.00 0 33 

Marghera - Malamocco - Alberoni 
14 0.3 2 0.07 2 0.00 0 0.00 0 0.00 0 4 
15 0.0 0 0.00 0 0.00 0 0.00 0 0.00 0 0 
16 35.0 280 1 6 0  40 0.00 0 0 00 0 0.00 0 320 
17 8 0 50 0 40 10 0 00 0 0.10 15 0.00 0 7 5 
18 10.0 70 1 4 0  40 0.00 0 0 00 0 0.00 0 110 
19 16 2 130 0.60 18 0.07 3 0.00 0 0.00 30 181 
20 14 8 110 1 3 5  38 0.60 20 0 00 0 0.12 8 76 
21 0.4 5 1.42 40 0.00 0 0.00 0 0.03 0 4 5 
22 2.0 16 0.60 20 0.10 4 0.00 0 6.00 0 40 

Venice - Murano - Lido 
23 0 6  6 0.03 1 n o 3  1 n 00 o 0.00 8 1 6  
24 4.8 36 0 30 10 0 00 0 0.00 0 0.03 18 64 
25 12 3 100 0.80 22 0.00 0 0 00 0 0.08 8 131 
26 9 1 90 2.20 70 0.00 0 0 20 32 0.00 0 192 
2 7 6 8 80 1.50 40 0 00 0 0 00 0 0.00 0 120 
28 6 0 70 0.90 27 0.20 4 0.00 0 0.03 10 11 1 
29 27.9 280 3.30 105 0.00 0 0.22 48 0.22 58 491 
30 5.1 41 1.30 32 0.00 0 0.00 0 0.00 0 73 
3 1 15.6 150 2.00 55 0.00 0 0.00 0 0.06 20 225 
32 1.2 10 0.08 2 0.00 0 0.00 0 0.00 0 12 
33 7.5 60 0.08 2 0.00 0 0.00 0 0.00 0 62 
34 5 1 2  460 21.00 530 0.50 18 0 06 23 0.30 80 1111 
35 13.5 108 2 10 60 6 00 0 0.00 0 0.03 8 7 6 

Adriatic Sea 
36 21.2 170 15.00 375 1.50 45 0 00 0 0.12 32 622 

was found in the less polluted Malamocco-Chioggia 
area.  The fraction of >30 pm microalgae often had a 
lower share of the total phytoplankton blomass. Only 
in the abovementioned area did it comprise 4 to 30 % of 
the total biomass, while in other areas the quota of 
larger algae, especially diatoms, was negligible - less 
than 2 to 3 % of the total phytoplankton biomass. This 
fraction was mainly represented by dinoflagellates 
(Peridinium, Gymnodinium, Ceratium) and  a variety of 
diatom species. The total phytoplankton biomass was 
largest in the Malamocco-Chioggia area,  where it 
reached 300 to 600 mg m-3. In other areas it varied 
between 100 and 200 mg m-" being lower in the 
Murano-Lido area (75 to 112 mg m-3 a t  Stns 31 to 35). 

P 

At Stn 36 in the Adriatic, its biomass was moderate 
(252 mg m-3), also being dominated there by nano- and 
picophytoflagellates. 

The total number of planktonic bacterla in all the 
waters of the lagoon was very hlgh In the northern 
sub-lagoon of Palude della Rosa, it reached a peak of 
3.4 to 6.5 r 10' ml-' (Table 2). In the Marghera-Malam- 
occo area it was 3 to 5 X 106 ml-l. Around Venice and in 
the southern part of the lagoon, it ranged between 2.5 
and 4.4  X 106 ml-l. At Stn 36 in the Adriatic, it was about 
half: l .5 X 106 ml". The average volume of bacterial 
cells was 0.15 to 0.20 pm-3. The wet bacterioplankton 
blomass at most stations ranged between 300 and 
600 mg m-3 (60 to 120 mg C m-3). The protozoan frac- 
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Table 4. Standing stock measurements and dynamic parameters at selected stations, representing a spectrum In main areas of the 
lagoon of Venice KS. contents of labile sulfides in upper layer of bottom sedlments; LOM, SOM: contents of labile and suspended 
organic matter in water; PP: primary production of organic matter by phytoplankton d-'; BP. production of bacterioplankton d-'; 

MB: calculated respiration of bacterioplankton d-'; TM: total plankton respiration d ' 

Stn Depth Standing stocks Dynamics Respiration 
(m) KS LOM SOM PP B P MB TM 

(rng S d~rn-~)  (mg C 1-l) (mg C I - ' )  (mg C m') (mg C m-') (mg C m-" (mg C m-') (rng O2 1.') (mg C m-') 

Malamocco - Chioggia 
1 2 270 1.71 0.68 67 150 4 3 91 0.40 330 
2 2 135 1.50 0.72 59 80 35 7 4 0.53 450 
4 2 162 1.82 0.90 54 190 36 71 0.50 470 
7 1 320 1 .S4 1.18 2 2 20 4 8 102 0 56 210 

Palude della Rosa 
8 1 - 2.84 2.10 2: 30 29 62 0.23 86 

10 1 - 1.80 0.88 21 20 35 74 0.28 105 
12 1 2.11 1.49 3; 40 4 0 85 0.29 140 

Marghera - Malamocco - Alberoni 
14 2 530 3.37 1.31 37 50 18 38 0.92 690 
15 6 970 2.93 2.19 13 2 0 68 144 0.98 2200 
17 3 1940 3.04 1.03 3 6 7 0 30 63 0.74 830 
18 3 2300 3.09 0.95 4 2 50 24 51 0.92 1035 
20 2 760 2.06 1.33 24 30 22 46 0.53 1060 
21 5 1530 2.16 3.47 22 30 31 66 0.57 1060 

Venice - Murano - Lido 
23 5 1700 3.10 3.24 19 30 36 77 0.34 64 0 
2 6 4 1360 3 06 1.21 2 1 30 3 9 83 1.54 2300 
2 7 5 480 2 60 0.73 3 1 60 22 46 0.56 1050 
29 4 1250 3.00 1.24 4 3 50 3 1 66 0.43 720 
31 4 87 0 2.22 0.90 37 4 0 36 77 0.43 64 0 

Adriatic Sea 
36 15 - 1.07 0.45 41 250 17 36 0.19 1060 

tion of mic.rozooplankton included nanoheterotrophs 
and ciliates, the former represented by 2 to 5 pm 
phagotrophic zooflagellates. Their number varied be- 
tween 0.5 and 5 X 106 cells 1-' (Table 2). At some 
stations they attained a significant biomass of 20 to 
40 mg m-", thus comprising 10 to 40% of the total proto- 
zoan biomass. Most of their populat~on was represented 
by the genera Bodo, Parabodo and Monas. Planktonic 
ciliates were most abundant in the sub-lagoon of 
Palude della Rosa, together with abundant bacterio- 
plankton, attaining a biomass of 700 mg m-"range: 160 
to 700 mg m-:'). A significant density of ciliates, up to 
420 mg m-" was recorded in the central part of the la- 
goon, influenced by the Marghera industrial zone. On 
the whole, at many stations, especially in areas sub- 
jected to pollution from Marghera and Venice, the cili- 
ate biomass was more than that of mesozooplankton. 
The number of ciliates varied here between 2 and 14 X 

103 1-'. The most common genera were Strombidium, 
Ton tonia, Tiarina and Mesodinium pulex. The biomass 
of multicellular microzooplankton, represented by ro- 
tifers and nauplii, was significant only in the southern, 
cleaner part of the lagoon (Stns 1 to 3; Table 2), where it 
reached 10 to 46 mg m-3. The total microzooplankton 
biomass ranged between 70 and 240 mg m-3. Only at 
Stn 12 was it 741 mg m-3. Average values (Table 5) 

were comparable with those of mesozooplankton. In 
the Palude della Rosa and the polluted Venice- 
Marghera area, where mesozooplankton was inhibited 
by water turbidity and chemical pollution, its biomass 
was depressed to 1/2 to 1/3 that of planktonic protozoa. 

Mesozooplankton attained a biomass close to 500 mg 
m-3 and more at only 3 stations situated in areas closely 
connected with the sea (Stns 2, 29 and 34; Table 3). In 
the sea (Stn 36) it was 623 mg m-3. In about half of the 
35 stations, the biomass of mesozooplankton was less 
than 100 mg m-3. At Stns 14 and 15, directly influenced 
by pollution from industrial and port zones, it fell to 
16 mg m-3 or less. The copepods at these stations were 
blackish in color, and many were dead or evidently 
injured. Much of the total mesozooplankton at most 
stations was composed of calanoid copepods. Numeri- 
cally, small calanoid copepods and 300 to 600 pm 
cyclopids were most abundant. At several stations in 
areas directly connected with the sea, as well as in 
the sea itself, the cladoceran Penilia was found in 
significant amounts: up to 3-10 X 103 m-"biomass: 
100 to 380 mg m-"). Lower amounts of Sagitta (30 to 
300 sp. m-3, biomass: 10 to 80 mg m-3) were also re- 
corded at several stations. At Stns 3 to 5, close to mus- 
sel aquaculture fields, zoea and small mysids were 
recorded, with biomasses from 40 to 160 mg m-! The 
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Table S. Averages of some basic parameters and ratios calculated for all stations in given areas of the lagoon of Venice. Abbrevi- 
ations as in Table 4 

Parameter Chioggia - Palude Marghera - Venlce - Adriati.~ Sea 
Malamocco della Malarnocco - Murano - 

Rosa Alberoni Lido 

Environmental characteristics 
Water temperature ("C) 20-22 19-21 18-20 19-20 18 
Secchi disk transparency (m) To bottom To bottom 0.9-1.6 0.8-1.3 3.0 
Salinity ("A) 36-37 28-32 29-35 33-37 37 

Number of stations (for calculation of average) 7 6 9 13 1 

Biomass (B) (wet weight, mg  m-3) 
Phytoplankton 360 166 160 140 252 
Bacterioplankton 570 770 580 460 153 
Microzooplankton 104 315 154 67 87 
Mesozooplankton 265 87 95 206 623 
Total plankton 1300 1660 980 900 1100 

Production (mg C m-' d - ' )  
Phytoplankton 87 3G 4 0 50 250 
Bacterioplankton 76 3 8 120 140 255 

Respiration (d ' l) 
Total plankton mg  0, I - '  0.45 0.26 0.75 0.60 0.19 

g C m-' (TM) 0.327 0.101 1.010 0.840 1.060 
Bacterioplankton g C m-' (MB) 0.160 0.080 0.286 0.284 0.540 

Standing stock 
Organic matter in tvater (rng C I - ' )  

Labile (LOM) 
Suspended (SOM] 

Labile sulfides in sed~ment s  (mg S2- ~ I r n - ~ )  
Speciiic production (PIB d- l )  

Phytoplankton (in upper layer) 
Bdcterioplankton 

Shares (%) 
Heterotrophs in total microplankton biornass 
Microplankton in total plankton biornass 
Living matter in suspended organic matter 

Ratios 
BP/PP 
TM/PP 
LOM/TB (turnover t ~ m e ,  d )  
MB/TB 

average mesozooplankton biomass in the main areas southern areas. In the Chioggia-Malamocco (southern) 
of the lagoon varied within the same range of 87 to area,  the average value was 1.30 g m-3, in the Palude 
265 mg m-" like that of microzooplankton (Table 5). della Rosa 1.66 g m-" and in the central part of the 

The total plankton biomass at most stations was corn- lagoon 0.9 to 1 g m-" Expressed in carbon units, the 
posed mainly of the microplankton fraction, including total plankton b~omass  varied at most stations between 
phytoplankton, bacteria and microzooplankton. It 60 and. 220 mg C m-3 
comprised 60 to 90% of the total plankton biomass at 
most stations, except areas in close contact with the sea 
via the port entrances (Stns 2, 8, 34; Table 3). The total Production and respiration rates 
microplankton biomass characterized the stock of sus- 
pended food available for filtering fauna. Its highest Primary production by phytoplankton in upper layer 
level was recorded in the northern and southern parts water in the central, most polluted area was 15 to 
of the lagoon, where it was over 1 g m-%t most sta- 25 mg C m-3 d- ' .  In the southern part it was 20 to 67 mg 
tions (Tables 2 & 5). m-3 d-', and In the Palude della Rosa 21 to 35 rng C m-3 

The values of the total plankton biomass are given in d-l. Because of high water turbidity and low average 
Tables 3 & 5. The largest values again revealed condi- depth ( 1  to 3 m), primary production in the water 
tions of less stress by pollution in the northern and column in the northern basin was relatively low: 20 to 
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30 mg C m-' d-l. In the southern basin, with more 
transparent waters, it was several times higher: 80 to 
190 mg C m-' d-'. In the central basin around Venice, 
at stations that were 2 to 5 m deep, it was 40 to 60 n ~ g  
C m-* d-l. Production of bacterioplankton in carbon 
units was at about the same level as primary produc- 
tion by phytoplankton, i.e. 20 to 40 mg C m-3 d-l, with- 
out large deviations among stations (Table 4). 

The values of total plankton respiration (TM; 

I Tables 4 & 5) actually characterize the rate of organic 
matter decomposition in the water column. In areas 
less subjected to pollution, it varied between 0.2 and 
0.5 mg 0, 1-' d-'.  At stations around Marghera and 
Venice, it rose to 0.7-1.2 mg 0, 1-' d-l, while in the 
Adriatic (Stn 36) it was only 0.19 mg O2 1-I d-l. The 
highest value of 1.54 mg O2 was recorded at Stn 26, 
north of Venice. Expressed in carbon units, the TM 
rates were 100 to 200 pg C 1-' d-' in outside areas 
experiencing direct pollution, but rose to 300-500 1-19 C 
1-1 d-1 i n polluted areas. Average values calculated per 
whole water column in the central area of Marghera- 
Venice-Murano were 0.84 and 1.01 g C m-' d-l, i.e. 15 
to 20 tlmes more than primary production, expressed 
in the same units (Table 5). 

Stocks of labile and suspended organic matter 
in water 

The distribution of labile organic matter (LOM) 
accessible for immediate microbial consumption and 
decomposition in various areas of the lagoon clearly 
reflected the degree of anthropogenic pollution. In 
areas closer to the sea, farther from Marghera and 
Venice, the stock of LOM was 1.5 to 2 mg C I-', i.e. 1.5 
to 2 times greater than in the water of the adjacent 
Adriatic (Stn 36: 1.07 mg C). But in the vicinity of these 
sources of pollution, it was over 2 mg C 1-l. Peak values 
of over 3 mg C 1-' were recorded at Stns 14, 18 and 19, 
situated along the pathways of waste discharge from 
the Marghera industrial zone, and at Stns 23 and 26, in 
the port area and in the Canal Grande in Venice. The 
contents of suspended organic matter (SOM) in water 
were commensurate with those of LOM, ranging from 
0.7 to 1.5 mg C l-' at most stations (Table 4). The high- 
est values, over 2.5 mg C I-', were recorded at Stns 23, 
25 and 21 near Venice and off Marghera. 

directly influenced by wastewater discharge from 
Marghera and Venice. In the black mud most common 
in these areas, the contents varied between 530 and 
2300 mg SZ- dm-3 of wet silt (average 1230 mg S dm-3). 
The highest sulfide concentration was recorded at 
Stn 18, in an area directly influenced by wastewater 
discharge from Marghera and known as a point of noc- 
turnal anoxia in summer It was also quite high in the 
silty sands around Venice and near Marghera: 400 to 
700 mg S2- dm-3. The lowest sulfide levels were 
observed in silty sands dominating the bottom surface 
in the southern part of the lagoon: 130 to 400 mg 
S '  dm-! The latter value was recorded in the muddy 
sediment on the channel bed, where the accumulation 
of detritus stimulates sulfate reduction. 

Energy balance and energy flow calculations 

In order to evaluate the functional roles of major 
components of pelagic communities in the main areas 
of the lagoon, and to identify anthropogenic transfor- 
mation, we calculated tentative energy balances of 
food consumption and utilization. The latter values 
were then used to construct energy flows between 
communities and environments, taking into account 
both the energy of allochthonous organic matter and 
losses of organic matter due to sedimentation. For this 
purpose, balances and flows (Figs. 4-9) were calcu- 
lated for 6 of the most typical stations, in sites sub- 
jected to 2 main types of impact influencing the struc- 
ture of pelagic communities: the level of anthropogenic 
pollution, and the intensity of water exchange with the 
sea. For balance calculations, the parameters of bio- 
mass and production were used as measured directly 
at the given stations and expressed in calories: cal m-' 
(biomass) or cal m-2 d-' (production). The necessary 
coefficients of specific production per day (P/B), effi- 
ciency of use of assimilated food for growth (K,), assim- 
ilability of consumed food (I), and caloric equivalents 
of the wet biomass of plankton (KV) were acquired 
from the literature (Table 6). The results of balance cal- 
culations and the corresponding energy flows are 
given in Table 7 and Figs. 4-9. Evaluations of amounts 
of allochthonous organic matter (AL) used in the food 
web were calculated as an additional energy demand 
needed to balance the energy budget of the ecosystem 
(Sorokin 1972). 

Stocks of labile sulfides in bottom sediments 
DISCUSSION 

The content of labile (acid-soluble) sulfides in the 
upper layer of bottom sediments of the lagoon of 
Venice varied according to pollution impact (Tables 4 
& 5). The highest concentrations were found in areas 

From the sets of data obtained during the present re- 
search, some general conclusions for autumn may be 
defined. In accordance with previous observations in 
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Fig. 4. Energy flows (calories or cal m-2 d.') at Stn 36 in Adriatic 
Food web comDonents: PHP: ~ h v t o ~ l a n k i o n ;  BPL: bacterio- 

Fig. 5. Stn 2 In southern basin. Other details as In Fig. 4 

plankton; MIZ: rnic~ozooplankton; MEZ: mesozooplankton; chetta 1988, Cairo et 1993), Correspondingly, and in 
SE: sedimentation flow to bottom; OF: outflow; DOM: dissolved 
organic matter; AL: allochthonous organic matter used within accordance with our data, the density of phytoplankton 
pelagic food web. Flows: P: production; numbers in squares: and its primary productjon were definitely lower than 
food ration of next component of food web; numbers in circles: average in this kind of coastal lagoon. From this view- 
non-assimilated part of food ration: numbers in trapezia: point, a usual biomass ,300 to 500 mg m-3 and 

non-consumed production high primary production (up to 60 mg C m-3 d-l) were 
recorded only at a few stations in the southern, less 

the lagoon of Venice and the adjacent Adriat~c, autumn stressed area. The clear inhibition of phytoplankton de- 
is the season of annual phytoplankton minimum, as in- velopment in the central area may be attributed to the 
dicated by the time course of its biomass or chlorophyll impact of chemical pollution from Marghera and 
contents in water (Corni et al. 1980, Alberotanza & Zuc- Venice. This conclusion is supported by data on the 

Fig. U. Stn 8 in northern sub-lagoon of Palude della Rosa. FICJ. I .  Stn 34 in central basin, Venice-Lido area. Other details 
Other details as in Fig. 4 a s  in Fig. 4 
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PHP 
P = 300 AL 

- p =  8 

Fig. 8. Stn 21 in central basin, Malamocco-Lido area. Other 
details as in Fig. 4 

composition of the pelagic phytocene. In the central 
area, this was completely dominated by nano- and 
picoalgae less sensitive to this impact, while diatoms 
and dinoflagellates were negligible, being a significant 
component of phytoplankton biomass only in the 
cleaner southern basin (Table 1). In the Adriatic (Stn 36) 
the phytoplankton biomass was moderate (255 mg m-3), 
being even less than in the Chioggia area. 

This study demonstrates the absolute predominance 
of nano- and picoalgae in the biomass of the pelagic 
phytocene over larger forms like diatoms and dinofla- 
gellates, which are traditionally recognized as domi- 
nant groups in lagoonal waters (Marchesoni 1954, 
Voltolina 1973, Socal 1979, Socal et al. 1985, Cairo et 
al. 1993) If this fraction of minute algae is neglected, 
drastic underestimation of phytoplankton density and 
incorrect presentation of its composition are the result. 

Bacterioplankton is a key component of plankton 
and an important functional agent in the lagoon 
(Tables 5 & 7). Its biomass is 40 to 60% of the total 

Table 6. Coefficients used for energy balance calculations. 
See text for designations, data accord~ng to Sorokin (1982a, 
b), Edmondson & Vinberg (197l), Zaika (1973), Grese (1979) 

and Vinogradov & Shushkina (1987) 

Component P/B K2 I KV 
(cal mg- ' )  

Phytoplankton - - - 0.60 
Bacterioplankton - 0.32 - - 

Microzooplankton 0.80 0.50 0.50 0.85 
Mesozooplankton 0.04 0.35 0.50 0.92 

PHP 
P = 200 

12500 gpL 
0 

P = 800 
6 
2 
c. .- 
L Y 

a~ MIZ 
n P = 700 

Fig. 9. Stn 15 in central basin, Marghera area. Other details as 
in Fig. 4 

plankton biomass, and is 3 to 5 times greater than that 
of phytoplankton (Table 5).  Its level in the lagoon was 
350 to l100 mg m-3, thus corresponding to upper levels 
in eutrophic coastal waters (Sorokin 1981). In 1972 it 
was recorded at the level of 200 to 300 mg m-3 (Sorokin 
1975b). High density of bacterioplankton in lagoonal 
waters in conditions of rapid grazing by planktonic 
protozoans can only be supported if bacteria use 
allochthonous organic matter (Figs. 5-9). Microbial 
production in the lagoon was a t  about the same level as  
primary production in the upper illuminated layer, 
and, if calculated over the whole water column, was 3 
to 6 times greater (see Table 7).  This means that bacte- 
rioplankton creates a large stock of particulate food 
accessible for planktonic and benthic filtering fauna 
(including farmed clams). Bacterioplankton is also a 
main source of food for abundant microzooplankton. 
The microbial food web created by bacterioplankton 
with the participation of ciliates and zooflagellates is 
one of the main driving forces of organic matter degra- 
dation in the lagoon. The part played by mesozoo- 
plankton in this process in ecologically stressed areas 
is secondary or negligible. At Stn 15 (Marghera area), 
this component of the food web was completely oblit- 
erated, and self-purification was accomplished exclu- 
sively via the microbial food web (see Table 7 & Fig. 9). 

The abundant microzooplankton in the lagoon was 
dominated mostly by naked ciliates, as also proved by 
its first quantification (Sorokin 197513). In May 1972, 
the biomass of planktonic protozoa in the central part 
of the lagoon attained 700 mg m-3, represented mostly 
by naked ciliates. The same maximal biomass was 
recorded in late September 1993 only at Stn 12 in the 



Mar Ecol Prog Ser 141: 247-261, 1996 

Table 7 Density of populations (biomass, B) and tentative energy balance of food uptake and expenditure in basic types of 
pelagic ecosystems of areas in the lagoon of Venice, variously stressed by pollutjon and having various regimes of exchange with 
adjacent Adriatic. R: food rations; A: assimilated food; P: production; M: respiration; F: non-assimilated part of food ration; 

Me: medium; L: low; H: high; all numbers given in cal m-2 d-l, except biomass, which is given in cal m-2 

Stn Location Environment Components of Biomass Elements of energy balance 
Level of Exchange pelagic ecosystem R A P M F 
pollution with sea 

36 Adriatic Sea Me - Phytoplankton 2300 2800 2800 2300 500 - 
Bacterioplankton 3680 6000 6000 1900 4100 - 
Microzooplankton 900 2800 1400 700 1100 1400 
Mesozooplankton 6800 1600 800 300 500 800 

2 Chioggia Phytoplanktnn 600 900 900 730 170 - 
Bactenoplankton 1230 2300 2340 740 1560 - 
Microzooplankton 150 480 240 120 150 240 
Mesozooplankton 1430 340 170 60 110 170 

34 Venice - Lido Me Phytoplankton 160 240 550 460 90 - 
Bacter~oplankton 1600 2800 2800 900 1900 - 
M~crozooplankton 170 560 280 140 210 280 
Mesozooplankton 3000 680 340 120 220 340 

8 Palude della Rosa Me Phytoplankton 90 340 340 280 50 - 

Bacterioplankton 900 830 830 270 560 - 
Microzooplankton 140 440 220 110 110 220 
Mesozooplankton 60 10 5 2 3 5 

21 Malamocco - Lido F Me Phytoplankton 530 360 360 300 60 - 
Bactenoplankton 3300 4600 4600 1450 3150 - 

Microzooplankton 240 740 380 190 190 380 
Mesozooplankton 200 50 25 8 17 25 

15 Marghera Phytoplankton 4 20 220 220 200 20 - 
Bacterioplankton 7600 12500 12500 3800 8500 - 
Microzooplankton 900 2800 1400 700 700 1400 
Mesozooplankton 0 0 0 0 0 0 

northern basin (Table 2). The range of the microzoo- 
plankton biomass at most other stations was within 
ordinary limits for eutrophic coastal waters: 50 to 
300 mg m-3 (Sorokin 1981). The greatest microzoo- 
plankton biomass was recorded in the sub-lagoon of 
the Palude della Rosa, which receives high loads of 
detritus and microbial biomass with inflowing fresh 
waters (e.g. the river Dese). The effects of river waters 
on plankton abundance along the North Adriatic ner- 
itic zone had been detected earlier (e.g. Franco 1973, 
Revelante & Gilmartin 1976). In the Adriatic (Stn 36), 
the microzooplankton biomass was also high: 83 mg 
m-3 in the upper water layer and about 1 g m-2 in the 
water column. So, its high level in the lagoon of Venice 
is also supported by populations carried into it by tidal 
water from the Adriatic. The importance of microzoo- 
plankton in the pelagic communities of the northern 
Adriatic has also been mentioned in other studies 
(Sorokin 1975a, b,  Rassoulzadegan 1977, Revelante & 
Gilmartin 1983, 1990, Cabrini et al. 1989). 

The composition of microzooplankton reflects pollu- 
tion effects, especially in the central lagoon, where the 
organisms most sensitive to industrial pollution, like 
rotifers and nauplii, were extremely rare, whereas they 

accounted for a significant portion of the microzoo- 
plankton in the cleaner southern areas. Tintinnids, 
which have long been recognized as important repre- 
sentatives of Adriatic ciliate populations (Krsinic 1982), 
appeared to be very rare, both in the lagoon and in the 
sea. The ciliate biomass was almost entirely (95 to 
99 %) composed of aloricated oligotrichids. The role of 
microzooplankton in the energy flow was secondary to 
that of bacterioplankton (Table 7). Its production and 
respiration rates in cleaner areas like the Adriatic and 
the Chioggia and Lido areas were 1.2 to 2 times 
greater than those of mesozooplankton, while in highly 
polluted areas they were more than 50 times greater. 
In such areas, microzooplankton has the function of 
main grazer and decomposer of accumulating bacterial 
biomass (Figs. 8 & 9). Its inhibition or depletion by 
industrial pollution may result in degradation of the 
environment. This often neglected component of 
plankton therefore deserves special attention during 
ecological monitoring of the lagoon. The ratios of 
microzooplankton and mesozooplankton by biomass 
and metabolic activity (energy flow respiration, pro- 
duction) may be used as indicators of the 'health' of a 
lagoonal ecosystem. 
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The distribution, density and composition of meso- 
zooplankton varied in different areas of the lagoon 
according to factors like pollution level, water turbid- 
ity, water exchange with the sea, and the presence of 
Tapes philippinarurn and suspended mussel Mytilus 
yalloprovincialis farming fields. In areas of industrial 
pollution or in oil-polluted port areas, mesozooplank- 
ton was either represented by a few deformed, injured 
Adriatic copepods or was absent. In areas of high 
water exchange near the port entrances, the lagoonal 
waters contained the Adriatic calanid cyclopid Sagitta- 
Penilia complex of mesozooplankton. In the North 
Adriatic, the mean biomass of this complex usually 
ranges from 100 to 250 mg m-3 (wet weight) or 15 to 
40 ing (dry weight; Comaschi 1972, Ferrari et al. 1982, 
Franco 1983, Benovic et al. 1984, Ghirardelli 1984, Cat- 
tani & Corni 1992). Near the clam and mussel fields, a 
significant proportion of zooplankton is composed of 
larvae and juveniles of fauna inhabiting the aqua- 
culture structures, such as zoea, young shrimp, stoma- 
topods and harpacticoids. At most stations in the cen- 
tral basin of the lagoon and in the Palude della Rosa, 
the mesozooplankton was clearly inhibited both by 
pollution and by high water turbidity. Turbidity 
decreases the filtering efficiency of calanids and espe- 
cially of Penilia, and also decreases the hunting effi- 
ciency of Sagitta, so that these groups are the first to 
disappear in turbid or polluted waters (Recve 1966, 
Pavlova 1967). 

In the southern lagoon, the sea and the Venice-Lido 
area with high water exchange, where the waters con- 
tain abundant mesozooplankton, most or all of the 
microbial biomass produced is grazed. This fact 
reveals the normal functioning of the pelagic food web 
in parts of the lagoon not damaged by pollution or 
enhanced turbidity (Figs. 4, 5 & 7). A relatively high 
quota of living biomass in suspended organic matter 
(Table 5) is important for the normal functioning of fil- 
ter feeding grazers. In the Adriatic, this quota was 
30%, while in the central basin it was only 9 to l 1  %, 
and at some stations (19, 21, 23) only 3 to 5%. 

Summarized data on production-decomposition rates 
and their ratios are given in Tables 5 & 7. They demon- 
strate that the decomposition process of heterotrophic 
respiration in the water column in the central basin 
completely predominated over pelagic primary produc- 
tion. In many cases, the decomposition rate, estimated 
as total plankton respiration, was 10 to 100 times 
greater than pelagic primary production (average, 17 to 
25 times for the central basin; Table 5: TM/PP ratio). 
This means that the main function of the pelagic ecosys- 
tem in this area is the self-purification of water from its 
excess of allochthonous organic matter, which arrives 
from both land and anthropogenic sources. Organic 
matter decomposition in this basin proceeds mainly due 

to the functioning of microbial components of the food 
web. The bacterial biomass resulting from bacterio- 
plankton production is quite efficiently grazed and de- 
composed by protozoans (Table 7, Figs. 7-9). But this 
process results in the accumulation of their own bio- 
mass, which is poorly grazed by the depleted mesozoo- 
plankton, as may be seen in the energy flows (Figs. 8 & 
9). Available data from the literature on zoobenthos are 
not really quantitative for proper evaluation of their role 
in the degradation of the microbial biomass (Cairo et al. 
1993). Analysis of energy flows and energy balances in 
pelagic communities of the lagoon of Venice proves 
that, at  present, self-purification processes proceed 
with significant efficiency even in its polluted areas. 
The estimated time of complete water self-purification 
indicated by the LOM/TM ratio ranged between 10 and 
20 d (Table 5), and was as low as 6 to 8 d at some sta- 
tions (2, 7, 20, 26, 30, 34). Therefore, even in the 
stressed areas, where mesozooplankton (and most 
probably also zoobenthos) are depleted, the microbial 
food web still works efficiently in decomposing the bac- 
terial biomass. The LOM stock usually comprises a 
small part of the total organic matter contained in sea 
water. In coastal waters it accounts for 15 to 25 % and as 
absolute contents 0.6 to 1.2 mg C 1-' (Zsolnay 1975, 
Sorokin et al. 1983, Tchebotarev & Sorokin 1983). At 
Stn 36 in the Adriatic, it was 1.07 mg C I-'. In the lagoon, 
it was highest in the central basin (average contents, 2.5 
to 2.8 mg C 1-l; Table 5). This means that the balance of 
LOM decomposition and the build-up of its stock from 
various sources is shifted towards accumulation in wa- 
ter, in spite of significant removal with tidal currents. 
The water arriving in the lagoon with incoming tides 
contains about 1 mg C 1-' of LOM. When it leaves the la- 
goon, it may contain more than 2 mg C I-'. This flux of 
excess LOM from the lagoon of Venice will inevitably 
accelerate the eutrophication of neritic waters along 
NW Adriatic coasts, so that this factor too must be care- 
fully quantified and monitored. 

The lagoonal waters also contain a high load of sus- 
pended organic matter (SOM): 0.8 to 2 mg C 1-' 
(Table 5).  The living organic matter of plankton 
roughly comprises only 10 to 20 %; the rest is the dead 
organic matter of detritus (Faganelli & Malej 1981). As 
it is not directly digestible by filtering fauna, it settles 
on the bottom and stimulates the formation of black 
mud or blackish silty sand by enhancing microbial sul- 
fate reduction. The build-up of inert organic detritus, 
which exceeds by a factor of 2 to 3 its normal presence 
in clean neritic waters, is one of the most dangerous 
consequences of the continuing anthropogenic trans- 
formation of the lagoon of Venice (Carbognin & Gatto 
1981, Cossu et al. 1984). It inhibits the activity of 
pelagic and benthic filterers and thus reduces the self- 
purification potential of the lagoonal ecosystem. 
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The accumulation of labile sulfides in the upper layer 
of shallow bottom sediments directly in contact with 
oxygenated waters is possible if the flow of organic 
matter from the tvater column to the sediments is suffi- 
cient to support the rate of microbial sulfate reduction 
which exceeds the rate of sulfide oxidation. The con- 
tents of labile sulfides in the sediments of the central 
basin 2 to 5 m deep had been recorded in 1972 as 140 to 
300 mg dm-3 of wet silt (Sorokin 1975a). Now their 
range is 800 to 2300 mg S dm-"Table 4 ) ,  and their 
levels are especially high in the black mud forming in 
areas directly affected by the Venice and Marghera ef- 
fluent. The latter value actually corresponds to the 
highest ever recorded in marine sediments, even in 
well-known sulfur marine basins. For example, the con- 
tents of labile sulfides in sediments from the anoxic 
zone of the Black Sea does not exceed 1300 to 1400 mg 
S dm-"Sorokin 1982b). The level of 1500 to 2000 has 
only been recorded in anthropogenically stressed la- 
goonal basins and lakes (Sorokin & Bilio 1981, Sorokin 
1982a). The sediments often do not contain enough iron 
to bind such high loads of sulfides. They endanger the 
overlying water column by the possible evolution of 
free H2S from the bottom. The latter is most possible 
during periods of temporary anoxia or accelerated sed- 
imentation of organic matter, when aggressive CO? 
forming as a result of its decomposition replaces free 
H2S from labile forms such as CaS: CaS + CO, + H,O + 
CaC03 + H2S. When ascending the tvater colurnn and 
reaching the atmosphere as an aerosol, hydrogen sul- 
fide has various negative effects on the environment, 

ranging from poisoning of the fauna, acceleration of 
anoxia (Powell et al. 1979, Stakhowitsch 1984, 
Stakhowitsch & Avcin 1988), corrosion of buildings, and 
even discoloration of paintings in museums. Therefore, 
the process of sulfur dynamics in the lagoon of Venice 
should be of primary priority during ecological monitor- 
ing (Zarkanellas 1979, Stefanon & Boldrin 1982). 

This work represents a first attempt at a holistic 
approach to the problems of the lagoon of Venice and 
may be a basis for future research in order to fill in pre- 
sent gaps. 
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