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ABSTRACT. The fatty acid compositions of amorphous aggregates were determined in samples col- 
lected in northern Adndtic regions of different eutrophicat~on degree and in different seasonal condl- 
tions of the plankton communities. It was shown that healthy and active phytoplankton can be present 
In the aggregate communities, particularly various diatom specles Four different groups of aggregates 
were sorted by cluster analysis, comparing fatty acid proportions and ratios (C16:1/C16:0, C16:1/C18:1 
and C16POLY/C18POLY). The growth stages of the aggregate diatom populations included the lag, 
exponential and stationary growth phases as well as  decay phases. The aggregate diatom composition 
of several samples was significantly different from the surrounding water. The results confirmed a pre- 
vious hypothesis that the northern Adriatic aggregates represent self sustaining communities develop- 
ing throughout the summer. 
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INTRODUCTION 

Ecological studies of amorphous aggregations 
(marine snow) started in 1986 in the northern Adriatic 
Sea (Herndl & Peduzzi 1988). They were intensified 
after 1988, 1989 and 1991 when unusually large quan- 
tities of mucilaginous aggregates appeared during 
summer in the water column of the entire region (Sta- 
chowitsch et al. 1990, Degobbis et al. 1995). These 
studies were mostly related to the abundance and 
organic production of autotrophic and heterotrophic 
plankton communities in the aggregates and the dif- 
ferent ability of the major zooplankton species to feed 
upon the mucoid matrix (see Herndl 1992, Malej & 
Harris 1993, Malej 1995 for review and references). 

The formation of marine snow in the ocean can be 
due to varlous mechanisms (Alldredge & Silver 1988), 
but in the northern Adriatic it seems to be caused 
primarily by mucopolysaccharides released by phyto- 
plankton (Posedel & Faganeli 1991, Fogg 1995). 
Aggregate accun1ulation usually occurs after phyto- 
plankton blooms (induced by significant freshwater 

nutrient ~npu t s ) ,  and it is also enhanced by an ineffi- 
cient zooplankton grazing (Herndl 1992). In years 
when the phytoplankton exudation is unusually high 
during spring and summer, the mucoid material may 
gradually grow, particularly in the pycnocline layer, 
when the turbulent shear is low. In such cases, clouds 
and gelatinous layers (Stachowitsch et  al. 1990) 
can develop, in addition to flocs and stringers. Hy- 
pertrophic mucilage aggregation can be related to 
periodical (10 to 50 yr) unusual climatic and,  con- 
sequently, environmental (hydrologic, oceanographic) 
conditions (Crisciani et  al. 1991, Degobbis et al. 
1995). 

The marine snow microenvironment is greatly en- 
riched with inorganic and organic nutrients and plank- 
tonic organisms, and the composition of phytoplankton 
species is often different from the surrounding water 
(Revelante & Gilmartin 1991, Kaltenbock & Herndl 
1992). Particularly enriched are  some diatom species, 
as for instance Nitzschia closterium (Degobbis et al. 
1995, Monti et al. 1995). Moreover, from primary pro- 
duction measurements it was estimated that the aggre- 
gate autotrophic community accounted for up to 70 % 
of the total water column production in 1987 in diatom 
dominated marine snow (Herndl 1988), but for at  least 
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40% in 1991 in cyanobacterial dominated aggregates 
(Kaltenbock & Herndl 1992). 

It was suggested that aggregation is a part of the life 
histories of many diatom species (Smetacek 1985) and 
significantly determined by the species composition of 
the bloom and their differential aggregation capability 
(Riebesell 1991, Crocker & Passow 1995). The sticking 
coefficient of diatoms is species specific and depends 
on their physiological stage (Kisrboe et al. 1990). 

To verify if phytoplankton (primarily diatoms) can 
actively grow in the amorphous aggregates of the 
northern Adriatic, its growth stages were estimated 
from fatty acid analyses. To achieve this aim, criteria 
were elaborated to distinguish the contribution of dif- 
ferent species to the changes in the aggregate fatty 
acid composition from the changes caused by their 
growth. 

MATERIALS AND METHODS 

Research area. In the western part of the northern 
Adriatic (Stns 101 and 108; Fig. 1) the influence of the 
nutrient input (mainly discharged by the PO River of 
Italy. one of the largest in the Mediterranean area) is 
very marked. Here intense microplankton blooms, 

Fly 1. Sampl~ng  locations in the northern Adriatic SPA 

often monoalgal diatom dominated, can occur (Skele- 
tonema costatum in winter, some Nitzschia and Chae- 
toceros species in spring and autumn; e.g. Degobbis et 
a1 1995). In contrast, the eastern side (Stns 107 and 
2-012) is much more oligotrophic due to the incoming 
current from the central Adriatic (Gilmartin et al. 
1990). The nanoplankton (nanoflagellate) abundance 
is generally higher at the western stations and 
accounts for the largest part of the phytoplankton 
counts in the entire region, except during the micro- 
plankton blooms (Smodlaka 1986). Despite the marked 
eutrophication gradient, aggregates were observed in 
the entire investigated area and may in part be redis- 
tributed by currents, particularly during summer when 
eddy currents prevail. 

Sampling. Aggregate samples (18) were collected 
from at least one of the 4 investigated stations (Fig. 1) 
in July-August 1991, October 1993, February, March, 
and May-July 1994 (Table 1). The bottom depths of 
the stations are 25 m (Stn 2-012), 32 m (Stns 101 and 
108), and 36 m (Stn 107). Aggregates were collected by 
SCUBA divers with 20 m1 graduated polyethylene 
syringes with forward ends cut off at depths of the 
highest aggregate density (usually the pycnocline 
layer). For sampllng convenience, aggregates as simi- 
lar as possible in shape (macroflocs) and appearance 
(generally >5 mm) were selected and sucked into the 
syringe with a minimal amount of surrounding water. 
The samples for phytoplankton counts in aggregates 
and seawater were preserved with a neutralized 
Lugol's solution. Half litre samples for chlorophyll a 
(chl a) determination (0.5 1) were filtered on GF/C 
Whatman glass microfibre filters (1.2 pm pore size), 
a.nd stored at -20°C until analysis in the onshore labo- 
ratory. 

Phytoplankton counts. The micro- and nanophyto- 
plankton fractions (i.e. cells larger and smaller than 
20 pm, respectively) were counted by inverted m.icro- 
scopes using the Utermohl method. Identified species 
(diatoms and dinoflagellates) were classified as micro- 
plankton. Nanoflagellates could not be counted in the 
aggregates, because of high quantities of organic 
detntus. 

Chlorophyll a determination. The chl a concentra- 
tions were determined fluorometrically (Farrand F-4 
fluorometer), after extraction of the filters with 90% 
acetone. The analyses were performed in seawater 
samples only. 

Fatty acid analysis. The syringe contents with 
aggregates were transferred onto ignited (2 h at 
380°C) 4.7 cm GF/F Whatrnan glass microfibre filters, 
and left for a few minutes under a slight vacuum to 
remove excess seawater. The procedure for the fatty 
acids extraction and isolation is described in detail in 
Najdek et al. (1994). GLC analyses were carried out 
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on a gas chromatograph HP 5730A on a capil- 
lary column (methyl silicone, 25 x 0.2 mm). 
Oven temperature was programmed from 70 to 
270Â° at a rate of 4'C n~in" Peaks were identi- 
fied by means of reference standards and by 
comparison of the relative retention indices. 
The fatty acids were quantified by an internal 
standard (heptadecanoic acid, C17:O). Blanks 
were evaluated applying the described extrac- 
tion procedure on thermally treated filters 
before sample filtration. 

Data analysis. To verify the grouping in data a 
multivariate procedure (cluster analysis) was 
applied. The analysis is based on the correlation 
coefficients matrix of each variable (fatty acids 
proportions and ratios) with every other one. 
The samples (aggregates) are successively 
fused into groups, starting with samples with 
the highest mutual correlation coefficients and 
F-ratios (p  < 0,01), then gradually lowering the 
similarity level at which groups are fused and 
ending in a single cluster. The process is repre- 
sented by a tree diagram or dendrogram (join- 
ing method). The most similar groups to those 
found by the joining procedure were chosen 
and their ranges and means were calculated (K- 
means method), The statistical data analysis was 
performed on PC by commercial software pack- 
ages (Systat 5.0). 

RESULTS 

The aggregate samples were collected in 
extremely different conditions of the ecosys- 
tem. In summer 1991 well developed muci- 
laginous aggregates, including large clouds (up 
to 4 m in diameter), filled most parts of the 
water column in the investigated area, and 
gelatinous layers covered large portions of the 
sea surface. Moreover, in June of that year a 
marked dinoflagellate bloom (Prorocentrum 
minimum) occurred in succession to the usual 
diatom spring blooms. In October 1993 the Po 
River freshwater discharge was unusually high 
and marked diatom blooms occurred over most 
parts of the northern Adriatic, including the 
area of Stn 107 (chl a concentration up to 21 pg 
dm"3; Table 1) .  In contrast, a moderate bloom 
was observed in spring 1994. In winter and 
summer 1994 the freshwater influence, and 
consequently the phytoplankton standing crop, 
was as low as usual in these seasons. In 
1993 and 1994 only floes and stringers were 
present, 
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Within the microplankton fraction, diatoms domi- 
nated in most of the aggregate samples, except in Al ,  
A2 and A3 (JuIy 1991), in which dinoflagellates were 
found (Table 1).  In 6 (A3, AB, A12, A16, A17, and A18) 
of the total 13 samples for which complete phytoplank- 
ton count data were available, the composition of 
aggregates and surrounding waters differed substan- 
tially. In 2 other cases (A1 and A2) the aggregate dom- 
inant species were also determined as dominant in the 
surface layer, from which they might have originated. 
Interestingly, in a third of the aggregate samples (A l ,  
A2, A5. A8, A10, A l l ) ,  1 species markedly dominated 
(72 to 99% of the total microplankton counts), while 
only in sample A9 (Feb. 1994) were 3 species of ap- 
proximately equal abundance (Table 2). In the remain- 
der of the samples (mostly collected in summer, except 
A12) a second species significantly contnbuted to the 
total counts (25 to 49%) in addition to the dominant 
one (44 to 61 '10). 

The fatty acids determined in the aggregates most 
probably originated from embedded phytoplankton, 
since their composition was quite similar to that 
described for natural phytoplankton populations. The 
saturated fatty acids dominated in all samples, but in 
very variable percentages (48 to 77 %; Table 3).  Among 
them C16:O was found in highest concentrations, while 
C14:O and C18:O alternately represented a second 
major component. The other saturated compounds 
were insignificant. Within the monounsaturated frac- 
tion (18 to 41 %) the relative importance of particular 
components, especially palmitoleic (C16:ln-7) and 

oleic (C18:ln-9) acids, changed significantly among 
aggregates as indicated by the ratio between both. 
Similar behaviour was also observed within the 
polyunsaturated fatty acid (PUFA) fraction (3 to 20x1, 
particularly for 16POLY and 18POLY. Unsaturated 
versus saturated fatty acid content (UNS/SAT) ratio, 
generally used as an indicator of the degree of organic 
matter degradation, also varied considerably. 

To investigate whether some samples had a more 
similar fatty acid composition than others all the 
obtained data for the diatom dominated aggregates 
(A4-A18; Table 3) were compared by cluster analysis, 
complete linkage method. Similar samples were sorted 
into 4 groups, with different fatty acid characteristics 
(dendrogram; Fig. 2). These differences were particu- 
larly evident between Group I and the other groups. 
To simplify a more detailed analysis of the defined 
groups, only selected components (CI4:0, C16:0, 
C16:1, and C16POLY = C16:2+C16:3+C16:4, C18:l; 
Cl8POLY = C18:2+C18:3+C18:4, C20:5, C22:6) were 
considered. These components accounted for at least 
60 to 80% of the total fatty acid contents, and their 
ratios (C16:1/C16:0, C16:1/C18:1 and Cl6POLY/ 
C18POLY) were additionally used to determine the 
dia.tom growth stage. Ranges and means of these com- 
ponents and ratios, including UNS/SAT ratios, were 
calculated for each aggregate group (Table 4 ) .  

Group 1 was characterized by the highest mean 
values and ranges for C14:O and C16:1, but by the 
lowest for C16:O and C18:l compared with the other 
groups (Table 4). Moreover, in these aggregates 

Table 2. Distribution of microphytoplankton species (% of total numbers counted) in the aggregate samples 

Samples 
A 1  A2 A3 A4 A5 A6 A7 A8 A9 A10 A l l  A12 A16 A17 A18 

Diatoms 
Chaetoceros radians - - - - - - 60.2 74.8 2.2 0.1 - - - - - 
Chaetoceros sp. - - - - - - 14.3 24.2 - - - 57.5 43.6 51.5 
Chaetoceros affinis - - - - - - - 1.1 - - - 8.9 12.6 36.5 
Nitzschia longissima - 2.5 - 60.6 14.4 1.9 0.8 0.1 1.4 - 66 - 0.7 0.6 - 
Nitzschia closterium - - - 39.2 84.6 25.6 1.7 0.2 2.9 - - - - - - 

Nitzschia delicatissima complex - 3.4 - - - 7.8 - 0.1 - 0.4 71.9 27.4 3.4 32.7 6.8 
Skeletonema costatum - - - - - - - - - 99.1 1.3 - - - 

Rhizosolenia fragillissima - 0.5 - - - 3.9 - 0.1 - - 19.3 50.9 0.1 2.2 0.2 
Rhizosolenia alaia 8.1 6.2 - - - 0.9 - 0 1  - 0.1 0.1 3.9 0.1 - 0.6 
Rh~zosolenia calcarav~s - - - - - - - - 32.8 - - - 24.6 - 0 1 
Detonula confervacea - 1.5 - - - 48.1 - - - - - - - 1 7  - 

Navicula sp. - - - - - - - - 21.1 - - - - 

Astenonella - - - - - 20.6 - - - - - - - - 

Others - - - - - 1.7 - - 39.4 0.3 - 15.6 4.3 5.3 3.9 

Dinoflagellates 
Prorocentrum minimum 90.2 78.4 49.1 - - 8.2 - - 0.4 - - 

Prorocentrum balticum - - 50.9 - - - - - - - - 

Prorocentrum rnicans - - - 0.1 1 - - - - - - - - - 

Others 1.8 4.9 - - - 1.7 0.2 0.1 - - 0.4 1.9 0.5 0.2 0.6 
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Table 3. Fatty acid composition in the aggregates ('XI of total fatty acids). UNS/SAT: ratio of unsaturated versus saturated fatty 
acid content 

Fatty acid A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A l l  A12 A13 A14 A15 A16 A17 A18 
- -  

Saturated (SAT) 
14:O 12.96 17.81 10.25 17.25 14.04 17.48 21.77 20.88 5.68 15.87 12.90 10 36 13.34 8.42 13.08 20.32 21.22 18.87 
15:Ot 1.64 1.76 2.29 2.42 4.88 216  2.28 3.63 2.33 2.46 3.13 5 0 6  3.29 3 4 6  1.23 5.89 5.05 5.03 
16.0 30 71 41.32 36.97 35.40 36.03 33 67 19.82 25.38 28.32 21.85 23.35 22 53 20.86 26.21 29.02 24.74 25.64 31 25 
17:Ot 0.32 1.22 1.06 0.84 1.78 1.05 0.04 0.02 3.85 1.55 1.67 1.61 1.94 1.39 1.05 0.77 1.17 1.15 
18:O 7.15 11.43 17.85 7.28 5.68 8.20 5.68 7.03 17.32 4.91 7.58 7.68 6.12 11.58 5.32 7.72 8.24 9.36 
19:O 0.41 0.32 0.16 0.31 0.25 0.69 0.04 0.12 0.16 1 0 0  1.00 1 0 0  1.18 1.00 1.00 0.24 0.22 0.14 
20:O 2.95 2.02 2.25 214 3.26 5 2 1  0.46 0 3 1  0.33 104 1.06 1 1 0  1.23 137  1.14 030  1.36 1.26 
22-0 1.71 1.19 0.00 2 1 8  2.28 323  0.00 022  0.63 0.65 0.95 0 0 0  0.52 0 2 1  0.15 0.00 0.09 1.32 

Monounsaturated (MONO) 
16:l 18.52 8.23 7.13 12.66 12.77 10.97 22.58 10.29 14.44 19.65 18.96 16.15 29.79 8.38 20.20 24.38 17.74 12.62 
18:1 (n-9) 11.70 7.52 10.24 11.34 13.32 10 69 8.53 10.03 13.37 16 00 17.96 19.98 8.19 14.85 13.63 3.39 5.49 8.22 
18 : l (n -7)  3.16 1.45 2.93 3 3 3  1.94 2.48 1.32 1 0 2  2.32 0 6 5  2.32 1.72 1.22 1.23 1.89 0.18 1.62 1 1 6  
20:l 1.29 0.40 0.41 0 1 9  0.30 0.35 0.09 0 0 2  1.23 1 6 1  1.06 1.10 0.46 1.19 1.14 0.30 1.36 0.16 
22:l 0.15 0.22 0.13 0.19 0.21 0.14 0.05 0.05 1.25 0.18 0.83 1.52 0.21 0.66 0.27 0.11 0.12 0.13 
1 6 : 1 / 1 8  1.58 1.09 0.70 1-12 0.96 1.03 2.65 2.02 1.08 1.23 1.06 0.81 3.64 0.56 1.48 7.19 3.23 1.54 
16:1/16:0 0 6 0  0.20 0.19 0.36 0.35 0.33 1.14 0.80 0.51 0.90 0.81 0 7 2  1.43 0.32 0.70 0.99 0.69 0.40 

Polyunsaturated (PUFA) 
16:2 0.28 0.12 0.00 081  0.32 0.23 3.64 1 8 3  0.28 2 4 3  1.21 1.24 1.29 0.23 1.12 2.29 2.53 1.12 
16:4 0.06 0.00 0.00 0.28 0.29 0.23 3.26 0.99 0.67 1.87 0.85 1.11 1.18 1.36 1.00 1.18 1.33 1.33 
16:3 0.35 0.00 0.00 0.43 0.16 0.18 2.87 1.34 0.32 1.68 0.92 0.98 0.78 1.65 1.23 2.33 1.99 0.99 
18:4 1.15 0.43 0.44 0.21 0.13 0 1 9  0.32 1.34 1.55 0.25 0.56 0 5 5  0.37 1.66 0.35 0.32 0.06 0.16 
18:3 0.10 1.10 0.56 0.33 0.21 018  0.89 028  0.64 0.53 0.56 0 3 8  1.09 1.50 0.99 0 2 6  0.16 1 2 7  
18:2 1.58 1.74 2.63 077 0.30 024 1.21 1.49 1.62 0.97 1.61 2.26 1.62 3.16 1.56 0.91 0.50 1 5 6  
2 0 5  1.34 0.32 0.80 1.30 1.24 1.27 4.38 2.60 0.73 3.62 1.12 2.62 3.13 1.73 2.66 3.38 2.11 1.68 
22:6 2.47 1.40 3.90 0.34 0.61 0.98 0.59 1.08 2.71 1.04 0.40 1.05 2.19 8.66 1.90 0.99 2.00 1.22 
16POLY 0 6 9  0.12 0.00 1.52 0.77 0.64 0.77 4.16 1.27 5 9 8  2.98 3.33 3.25 3.24 3.35 5.80 5.85 3.44 
18POLY 2.83 3.27 3.63 131  0.64 061  2.42 3 1 1  3.81 1.75 2.73 3 1 9  3.08 6.32 2.90 1.49 0.72 299  
16P/18P 0.24 0.04 0.00 1.16 1.20 1 0 5  4.04 1.34 0.33 3.42 1.09 104 1 . 0 6  0 5 1  1.16 3.89 8.13 1 1 5  

SAT 57.85 77.07 70.83 67.82 68.20 71.69 50.27 57.59 58.62 49.33 51.64 49.34 48.48 53.64 51.99 59.98 62.99 68.38 
MONO 34.82 17.82 20.84 27.71 28.54 24.63 32.57 31.41 32.61 38.09 41.13 40.47 39.87 26.31 37.13 28.36 26.33 22.29 
PUFA 7 33 5.11 8.33 4 47 3.26 3 50 17.16 10.95 8.52 12 39 7.23 10 19 11.65 19.95 10.81 11.66 10.68 9.33 
UI\IS/SAT 0 7 3  0.30 0.41 0.47 0.47 039  0.99 074 0.70 1 0 2  0.94 1 0 3  1.06 0 8 6  0.92 0.67 0.59 0 4 6  

C16POLY was particularly abundant while C18POLY 
was comparatively low. Consequently, the ratios 
C16:1/C16:0, C16:1/C18:1, and C16POLY/C18POLY 
were the highest. Although the C2015 proportions 
were low in all the analysed aggregates they were the 
largest in this group. The UNS/SAT ratios were signif- 
icantly higher than for Groups 3 and 4, but the maxi- 
mum mean value was obtained for Group 2. In the 
aggregates of thls latter group the proportions of 
C16:1, C16POLY, and C20:5 were higher than in those 
from Groups 3 and 4, while the mean value for C18:l 
was the highest among all the samples. Thus, the char- 
acteristic fatty acid ratios, although lower than in 
Group 1 aggregates, were higher than for the remain- 
ing groups. 

The maximal C16:O mean value was obtained for 
Group 3 (Table 4 ) .  Consequently, the lowest C16:1/ 
C16:O ratio was obtained for this group. The C18:l and 
C16:l proportions were lower in Group 3 aggregates 

than those in Groups 1 and 2 .  Their ratio was on aver- 
age close to 1, similar to Group 2 aggregates. Group 3 
was also characterized by the lowest ClGPOLY, 
C18POLY, and C22:6 contents, with C16:1/C18:1 ratios 
only slightly higher than 1 The lowest contribution of 
PUFAs in this group resulted in minimal UNS/SAT 
ratios relative to the other groups. The fatty acid com- 
position of these aggregates was additionally charac- 
terized by relatively high proportions of C18:l(n-7),  
C15t and C17t fatty acids compared to the other sam- 
ples (Table 3). 

In contrast, in the samples of Group 4, maximal pro- 
portions of C18POLY (and consequently minimal 
C16POLY/C18POLY ratios) and C22:6 were measured 
(Table 4 ) .  However, the C14:O and C16:l proportions 
were the lowest, with minimal C16:1/C16:0 and 
C16:1/C18:1 ratio values. 

The ranges for the major fatty acid proportions 
(C14:0, C16:O and C16:l)  and C16:1/C16:0, C16:1/ 
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TREE D I A G R A M  

0 . 0 0 0  

A7 

A8 

A 1 7  

A 1  6 ,i 
A 1 2  

A l l  

DISTANCES 
DISCUSSION 

The fatty actd composition can be used 
as a chemotaxonomic marker for phyto- 
plankton species, taking into account that 
it also depends upon their growing condi- 
tions and growth phase (Kattner et al. 
1983, Morris et al. 1985, Mayzaud et al. 
1989, 1990, Volkman et al. 1989, Dunstan 
et al. 1994). Thus, it is essential to develop 
a method to separate the contribution of 
different species from effects due to pro- 

Table 4 Ranges and means of relevant fatty acid proport~ons and ratios in 4 groups of aggregate samples (Flg. 2) UWS/SAT- ratio 
of unsaturated versus saturated fatty acid content 

AIS I 

Group 1 Group 2 Group 3 Group 4 
Range Mean Range Mean Range Mean Range Mean 

14 0 13 34-21 77 19 51 10 36-15 87 13 05 14 04-18 87 16 91 5 68- 8 42 7 05 
16 0 19 82-25 64 23 29 21 85-29 02 24 19 31 25-36 03 34 09 26 21-28 32 27 26 
16 1 17 74-29 79 22 96 16 15-20 20 18 74 10 97-12 77 12 26 8 38-14 44 11  41 
18 1 3 39-1003 7 13 1363-1989 1689 822 1?32 1089 13 37-14 85 14 33  

16 1/16 0 0 69- 143 101 0 70- U 90 0 78 033- 040 036 032- 050 041 
16 1/18 1 2 02- 7 19 3 75 0 80- 148 1 14 096-154 116 0 56- 108 0 82 

16POLY 3 25- 9 77 5 77 2 98- 5 98 3 91 0 64- 3 44 159 127- 3 24 2 25 
18POLY 072- 311 216 175-319 264 061- 299 139 3 81- 6 32 5 07 
16P/18P 106- 8 13 3 69 104- 342 168 105- 120 1 14 0 33- 051 0 42 
C20 5 211-438 312 1 12- 3 62 2 50 124- 168 137 0 73- 173 123 
C22 6 0 59- 2 19 137 040- 190 110 034- 122 079 271- 866 568 
L&\IS S IT 059- 106 0 81 0 92- 103 0 90 0 39- 0 47 0 45 0 70- 0 86 0 78 

cesses during their growth, which both 
A 5  cause changes in the fatty acid composi- 

A4 tion of natural samples. 
The fatty acids from diatoms have been 

A 6  3 extensively studied and are readily distin- 
AIB guishable from those of other microalgal 

A 1 4  4 classes (Volkman et al. 1989, 1991, Dunstan 

A9 
et al. 1994). Diatoms from healthy cultures, 
harvested near the end of the logarithmic 

Fig 2 Cluster analysis dendrogram (complete hnkage method - farthest growth phase, are characterized by high 
neighbor) of fatty actd composltlon and their ratios C16:1/C16.0, proportions of ~ 1 6 : 1 ,  ~ 1 6 : 0 ,  ~ 1 4 : 0 ,  and 

C16:1/C18:1, C16POLY/C18POLY of aggregate samples C20:5 fatty acids. The proportion of C16:l 
usually exceeds that of C16:O by a factor of 
1 to 3. H ~ g h e r  values of C16POLY than of 

C18:1, and UNS/SAT ratios in the dinoflagellate C18POLY, with C16POLY/C18POLY ratios much 
dominated aggregate sample A1 were similar to higher than 1,  are also typical for diatoms. 
those for the diatom dominated aggregate Group 2. In natural diatom populations during blooms devel- 
However, in contrast to Group 2, the C16POLY/ oped under natural conditions (Kattner et al. 1983, 
C18POLY ratio was lower than 1.  The compositions Mayzaud et al. 1989) or in in situ experimental large 
of samples A2 and A3 were similar to Group 3, with bags (Morris et al. 1985, Mayzaud et al. 1990), the fatty 
the difference being that the C16POLY/C18POLY acid proportions were similar to those measured in lab- 
(0.00 to 0.04) and UNS/SAT (0.30 to 0.41) ratios oratory cultures, but with lower absolute contents. 
were much lower than in diatom dominated aggre- Approximately the same composition was also ob- 
gates. served in the investigated aggregates from Group 1. 
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The ranges for major fatty acid proportions, as  well as 
for C20:5 and C22:6 and ratios ClGPOLY/C18POLY, 
C16,l/C18:1 and C16:1/C16:0 (Fig. 2, Table 4 ) ,  were 
similar to those reported by the above cited authors. 
This indicates that a healthy diatom population at the 
highest growth stage was present in these aggregates. 
In only 1 (A?) of 4 (A?, A8, A16, AI?) samples assigned 
to Group 1, the microphytoplankton composition was 
similar to that determined in the water (Table 1). This 
was the case during the unusually marked Chaeto- 
ceros radians bloom in October 1993. In contrast, the 
A16 aggregate population was dominated by Chaeto- 
ceros sp. and Rhizosolenia calcaravis, although sam- 
pled during a moderate bloom of Nitzschia delicatis- 
sima complex, which occurred in the entire water 
column. The remaining 2 aggregates were sampled 
when the microplankton biomass in the water column 
was very low (less than 2% of the total phytoplankton 
counts). For this reason, the fatty acid pattern, assessed 
in these aggregates, should confirm the view (Reve- 
lante & Gilmartin 1991, Riebesell 1991) that diatom 
cells embedded in a mucous matrix maintained their 
growth. 

The phytoplankton growth characteristics in the 
other aggregates can be inferred from fatty acid com- 
position changes, which occur in periods between ini- 
tial (low productivity) and the end (high productivity) 
of exponential growth phases. Partic.ularly useful for 
this purpose are the proportions and ratios between 
C16POLY and C18POLY as well as between C16:l and 
C18:l. Their variations in response to the growth stage 
of diatom population have been described in the 
numerous studies cited above. 

Even though the proportions of the major fatty acid 
components in the Group 2 aggregates (Fig. 2, Table 4) 
might indicate the prevalence of a population at the 
highest growth stage, this was not supported by the 
C16/C18POLY, C16:1/C18:1 and C16:1/C16:0 ratios 
which were significantly lower than in Group 1 aggre- 
gates. However, a decrease of the C16POLY/18POLY 
values could partly result from changes in diatom spe- 
cies composition. This might be the case for the A l l  
and A12 samples, in which Rhizosolenia sp. con- 
tributed significantly to the microplankton population. 
In fact, a much lower ClGPOLY/Cl8POLY ratio (1.5) 
was determined in this species compared to other 
diatoms (Dunstan et al. 1994). However, larger C18:l 
proportions than expected and C16:1/C18:1 ratio val- 
ues close to 1 argued against the presence of cells at 
the highest growing stage in the aggregates from 
Group 2. Actually, the C18:l proportion never exceeds 
6% and the C16:l/C18:1 ratio is not lower than 4 in 
diatoms at the end of the exponential growth phase 
(Volkman et al. 1989, Dunstan et al. 1994). On the con- 
trary, the C16POLY/C18POLY and C16: 1/C18:1 ratio 

ranges obtained for the Group 2 aggregates are in 
good agreement with those observed during the mid- 
exponential growth phase of Chaetoceros calcitrans 
and Phaeodactylum tricornuturn cultures (Fernandez- 
Reiriz et al. 1989) as  well as during the progressive 
increase of diatom populations in mixed phytoplank- 
ton communities (Kattner et al. 1983, Morris et al. 1985, 
hdayzaud et al. 1989). 

A fatty acid composition characteristic for popula- 
tions in the lag phase was recognized in aggregates A9 
and A14 (Group 4), which were sampled during low 
primary production periods and high species diversity 
of the phytoplankton community in the surrounding 
water. This was particularly indicated by the minimal 
C16:1/C18:1 and C16POLY/Cl8POLY ratios (signifi- 
cantly lower than 1) and relatively low C16:1/C16:0 
value ranges compared with the other groups 
(Table 4). Moreover, according to Morris et al. (1985) 
nanoflagellates might also significantly contribute 
to the increase of the C18POLY and C18:l proportion 
levels. 

The aggregates of Group 3 (Fig. 2) were also col- 
lected in conditions of minimum phytoplankton 
growth, but the fatty acid composition revealed a sig- 
nificant detrital contribution. In addition to the lower 
PUFA and higher saturated fatty acid proportions as 
well as  consequent minimal UNS/SAT ratios, higher 
bacteriological marker proportions [C18: l (n-7) and 
C15 fatty acids] were measured in these aggregates 
compared to those from the other groups. Similar char- 
acteristics, indicating prevailing senescence conditions 
in the microphytoplankton community after the bloom 
decay and successive increase of heterotrophic bacter- 
ial activity, were also observed in aggregates A2 and 
A3 dominated by dinoflagellates. These aggregates 
and the Croup 3 samples were taken in summer 1991 
in the presence of high quantities of large mucilagi- 
nous aggregates. In that period the environmental con- 
ditions were obviously unfavourable for microphyto- 
plankton growth, both in water and in aggregates. This 
is also supported by the fact that an unusually intense 
cyanobacterial bloom developed at that time (Fuks 
1995). Cyanobacteria very probably took advantage of 
conditions succeeding in competition with microphyto- 
plankton. 

This study has shown that fatty acid ratios can repre- 
sent very useful discriminating parameters to evaluate 
the growing phases of diatom populations. Furthermore, 
it was shown that not only diatoms in the late exponen- 
tial or stationary phases, when the stickiness between 
the cells is enhanced due to extracellular mucopolysac- 
charide releases (Smetacek 1985), can be associated 
with the aggregate communities, but also those in the 
initial or lower growth stages. In fact, the fatty acid com- 
position of several analysed aggregates suggested that 
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a heal thy phytoplankton community c a n  develop o n  
mucus ,  often dominated by  other  species  t h a n  those i n  
t h e  wate r  column a n d  in different g rowth  s tages.  

Usually, amorphous  aggrega tes  s ink relatively fast 
a n d ,  hence ,  they c a n  represent  a n  important  food 
transfer mechanism to organisms living i n  d e e p e r  lay- 
ers  o r  o n  t h e  sea bottom (Alldredge & Silver 1988). 
However ,  i n  t h e  northern Adriatic dur ing  summer ,  i n  
conditions of high wate r  column stability, t h e  aggre-  
g a t e  residence t ime i n  the  wate r  column can b e  m u c h  
longer  t h a n  in a less strongly stratified environment .  
T h e n  aggrega tes  become self sustaining communities 
with their o w n  primary production a n d  recycling of 
organic matter ,  a n d  resist a breakup  a t  least u p  to t h e  
e n d  of summer ,  w h e n  t h e  increased water  column 
dynamics become a major factor controlling aggrega te  
size a n d  distribution. 
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