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ABSTRACT: Phytoplankton variations in response to freshwater inputs and water column structure in 
a shallow (c25 m) semi-enclosed Mediterranean gulf (Gulf of Trieste, Adriatic Sea) are described. 
Hydrographic profiles and In situ fluorescence were recorded at high resolution, while nutrients and 
phytoplankton were analysed at 5 pre-set depths. Analyses of the phytoplankton community structure 
were completed by determinations of the pigment pool using reverse-phase high-performance liquid 
chromatography and size-fractionated primary production. The phytoplankton standing crop, commu- 
nity structure and primary production were profoundly influenced by freshwater inputs and water col- 
umn stratification. The water column was well mixed and supported modest phytoplankton concentra- 
tions during winter. A spring diatom bloom (Skeletonema costatum, Nitzschia spp., Chaetoceros spp.) 
developed in response to major freshwater input to the surface layer; a similar increase in diatoms 
(Rhizosolenia delicatula, R. fragilissima) followed October-November freshets. A shift from diatom- 
dominated winter-spring phytoplankton to a flora wlth increased numbers of flagellates in the stratified 
water column during late spring-summer was reflected in the composition of accessory pigments [lower 
fucoxanthin : 19'-hexanoyloxyfucoxanthin ratio, an increase of chlorophyll b (chl b) and peridinin con- 
centration]. Primary productivity was correlated with chl a biomass and showed surface peaks in April 
and June. The 2 to 10 pm phytoplankton contributed significantly to the total productivity in January 
and June, while on an annual basis the most important producers were > l 0  pm. The smallest fraction 
(<2 pm) seemed to contribute little, except in July. Our data indicate that the new production resulting 
from land-born nutrient inputs was the main cause of major phytoplankton blooms, while the nutrient 
supply from the bottom became comparatively more important during dry summer months. 
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INTRODUCTION 

Over the last 2 decades, the coupling of estuarine 
and near-shore ecosystem dynamics and nutrient 
inputs from coasts, including the watershed, has 
received considerable attention due to possible links 
with eutrophication processes (Graneli et al. 1990, 
Fisher et al. 1992). It has been shown that distributions 
of nutrients, development of dense blooms and phyto- 
plankton community succession respond to seasonal 
and interannual fluctuations in freshwater discharges 
(Jordan et al. 1991, Harding 1994), although these 

processes may vary anlong systems (Fisher et al. 1988, 
Radach 1992). The conversion efficiency of introduced 
nutrients into biomass and the structuring effect on 
phytoplankton communities depend on timing and 
ratios of supplied nutrients (Gallegos 1992); however, 
quantitative and time-dependent relations between 
inputs and phytoplankton are still poorly understood 
(Malone et al. 1988). Moreover, in subsystems (sub- 
estuaries, smaller gulfs) the timing and relative magni- 
tude of the biological responses depend on a combina- 
tion of direct inputs of local origin and regional inputs 
to a hierarchically higher system (Gallegos et al. 1992). 
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The Northern Adriatic, having a surface area of 
about 19000 km2 and a volume of 635 km3, is the 
northernmost protrusion of the Mediterranean Sea, 
which ends with the Gulf of Trieste (Fig. 1). The whole 
area is strongly influenced by rivers on the western 
coast with an approximate average, yearly discharge 
of 3600 m3 S- '  (Degobbis & Gilmartin 1990), resulting 
in an estimated volume-specific discharge of 5.6 m3 S-' 
km-3. The Gulf of Trieste has a surface area of about 
600 km2, volume of 9.5 km3 and average freshwater 
input of 150 m3 S-' (Olivotti et  al. 1986a), giving an 
average volume-specific discharge nearly 3 times 
higher than the Northern Adriatic as a whole. The 
impact of river inputs on nutrient concentrations, pri- 
mary production and phytoplankton dynamics has 
been extensively studied during last 20 yr along the 
gradient off the PO River plume from the western to the 
eastern side of the Northern Adriatic (Franco 1973, 
Revelante & Gilmartin 197 6, Smodlaka 1986, Degobbis 
1988, Marchetti et al. 1989, Degobis & Gilmartin 1990), 
while the Gulf of Trieste has received less attention 
(Olivotti et al. 1986b). 

The scope of our study was to analyse the effects of 
local freshwater inputs on phytoplankton dynamics in 
the Gulf of Trieste by using a combination of various 
approaches including determination of biomass and 
productivity of different size classes, community struc- 
ture as well as composition of taxonomic pigment 
markers. 

The study was a part of a larger project (Alpe-Adria, 
The Observatory of the Northern Adriatic) aimed at 
determining the factors leading to the formation of 
excessive gelatinous aggregates in the Northern Adri- 
atic (Degobbis et al. in press) 

MATERIALS AND METHODS 

Study site. The study was carried out in the Gulf of 
Trieste (Fig. 1) from May 1989 to December 1993 with 
sampling conducted every 3 to 4 wk. However, our 
report concentrates on 1992, when, besides measure- 
ments at sea, data were available for freshwater inputs 
(daily river flows, rainfall; data courtesy of Hydromete- 
orological Survey of the Republic of Slovenia). The 
Gulf of Trieste is shallower along the northwestern 
side where the majority of freshwater enters the Gulf, 
whereas maximal depths reach about 25 m in the cen- 
tral part. The rivenne inputs along the eastern coast 
are comparatively small, with an annual average flow 
< l 0  m3 S - '  (Anon. 1985). Large temperature variations 
of 6 to 26'C in the surface layer and 6 to 20°C above 
the bottom and thermal stratification from May 
through September characterise the seasonal dynam- 
ics of the Gulf. The mean tidal range is about 100 cm, 

but in extreme cases the changes in water level may 
reach over 150 cm. 

Field measurements, sample collection and analy- 
ses. At each station we performed CTD casts for salin- 
ity, temperature, dissolved oxygen, and fluorescence 
profiles (CTD fine-scale probe, University of Western 
Australia, and a Sea Tech Inc. fluorometer). Tempera- 
ture and salinity data were used to calculate 'bulk' 
density gradient (c) as follows: 

where t S ~ b  and oTs are surface and bottom water densi- 
ties, respectively, and H is water column depth (m). 

Secchi depth was measured with a 30 cm solid white 
disc. 

Niskin bottles (5 1 each) with a double rotating 
thermometer frame were used for water sampling at 5 
depths (0.5, 5 ,  10, 15 and 20 m). 

Concentration of inorganic nutrients were measured 
on unfiltered water samples using standard colorimet- 
nc  methods (Grasshoff 1983). 

Samples for enumerating phytoplankton were pre- 
served with neutralised formaldehyde (1.5 % final con- 
centration). Micro- and nanoplankton were identified 
and counted on an inverted microscope using the 
technique of Utermohl (1958); 100 or 50 fields were 
examined at 200 X magnification. Epifluorescence 
rnicroscopy was used to determine cell numbers of 
picoplankton (c2  pm). Autofluorescent cyanobacteria 
retained on 0.6 pm filter were counted in green excita- 
tion light at 1870x magnification. 

Chlorophyll (chl) and carotenoid pigments were 
determined according to the modified method by Man- 
toura & Llewellyn (Mantoura & Llewellyn 1983, Barlow 
et al. 1993). Briefly, water samples (0.5 to 1 1) were fil- 
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Fig. 1. Gulf of Trieste (Adriatic Sea) and sampling locations in 
the central (I) and southeastern (a) area 



Malej et al.: Phytoplankton responses to freshwater inputs 113 

tered through 47 mm Whatman GF/F filters and imme- 
diately frozen until analysed. Frozen samples were 
extracted in 4 to 10 m1 of 90% acetone using sonication 
and centrifuged to remove cellular debris. An aliquot 
(300 p1) of clarified extract was mixed with 300 p1 of 
1 M ammoniurn acetate and 100 pl injected in a gradi- 
ent high-performance liquid chromatography (HPLC) 
system. The HPLC system consisted of a Varian 
ternary gradient pump (Star 9010) and Spectra Physics 
UV/Vis spectrophotometric detector (UV2000-021). 
The system was equipped with a reverse phase 3 pm 
CI8  column (Pecosphere, 35 X 4.5 mm, Perkin Elmer). 
Solvent A consisted of 80% methanol and 20% 1 M 
ammonium acetate, and solvent B contained 60% 
methanol and 40 % acetone. A linear gradient from 0 %  
B to 100% B for 10 min was followed by an  isocratic 
hold at 100% B for 6 min. Chlorophylls and caroten- 
oids were detected by absorbance at 440 nm. Data 
collection and reprocessing utilised Spectra Physics 
PC1000 software. 

Phytoplankton productivity was measured by the I4C 
technique (Steeman Nielsen 1952). Water samples 
were taken from 5 depths (0.5, 5,  10, 15 and 20 m), 
poured into light and dark 75 m1 polycarbonate bottles 
and 6 pCi of NaH14C03 per bottle was added. The sam- 
ples were incubated in situ for 4 h around noon. In July 
and November only surface incubations were carried 
out. At the end of incubation, cells in different size 
classes were collected on 10 pm, 2 pm, 0.6 pm and 
0.2 pm polycarbonate filters. Subsamples of unfiltered 
seawater and 0.2 pm filtrate were also collected. The 
filters were placed in scintillation vials and acidified 
with 5 M HC1 to remove residual (I4C) bicarbonate. 
Scintillation cocktail (5 or 10 ml) was added and the 
activity of samples measured on a Canberra TriCarb 
2500 scintillation counter. Assimilation of carbon was 
calculated as described by Gargas (1975), considering 
5 % isotope discrimination, activity of added NaH14C03 
and inorganic carbon concentrations (tCOz) at 5 depths 
calculated from salinity, temperature and pH. Euphotic 
zone primary production was then calculated by inte- 
grating values between surface and depth (2,") which 
was estimated from Secchi disc reading (zsD) by using 
a simple formula z,, = 2 . 0 ~ ~ ~  (Preisendorfer 1986). 

RESULTS 

Freshwater inputs, hydrographic and nutrient data 

The flow regime of the Sofa (Isonzo) River, the main 
freshwater source to the Gulf of Trieste, is generally 
characterised by low flows in early winter and summer 
and high flows in early spring and autumn. Episodic 
short-lived pulses of high flow may occur in late spring 
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Fig. 2. (a) Discharge of the Sota River (-), precipitation at Por- 
toroi Meteorological Station (. . . . . ) .  (b)  Monthly means 
of 'bulk' density gradient for the central (D; the 3 stations in- 
dicated by I in Fig. 1) and southeastern area (0; the 4 stations 

indicated by In Fig. 1) of the Gulf of Trieste during 1992 

and summer as a result of local storms. Compared to 
previous years, the SoEa discharge during winter 1992 
was lower than average, with major flooding events in 
late March-April and in autumn (Fig. 2a). After the 
spring freshet, flow remained low until October for a 
few short-lived pulses in the beginning of June,  mid- 
July and early September. The entire autumn period 
was characterised by higher than usual discharges. 
Although Sota  River flow was ultimately controlled by 
watershed rainfall and to a lesser extent, as the 1992 
winter was dry, by snow melting, the local rainfall 
events clearly contributed a significant portion of the 
freshwater inputs during summer (Fig. 2a). Together 
with gradually developing thermal stratification on a 
seasonal scale, these events regulated the 'bulk' den- 
sity gradient of the water column (Fig. 2b). The water 
column appeared well mixed a t  all surveyed locations 
in January-February and in December. The density 
gradient was at its minimum during winter due to 
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Table 1. Daily solar energy (monthly means * SD) and space- 
averaged Secchi disc depth (means * SD) during 1992 

ing from the northwestern towards the southeastern 
part of the Gulf and was not detected at southern sta- 
tions. Vertical stability from April on was enhanced by 
downward heat flux at all locations and was the main 
factor influencing the density gradient at southern sta- 
tions (Fig. 2b). Thermal stratification with deeper or 
shallower thermocline generally persists throughout 
the summer in the Gulf of Trieste. The autumn mixing 
reduced the stability of the water column, but it was 
enhanced again in late autumn months in the north- 
western part due to large freshwater inflows. The 
water column appeared well mixed in December. 

The daily energy received from solar irradiance 
(Table 1) increased from a daily average of 4.4 + 3.0 MJ 
m-' in January to 20 MJ m-' from May through 
August. By October, total daily radiation decreased 
significantly to an annual minimum 3.2 + 1.9 MJ m-' in 
December. Water transparency as Secchi depth ranged 
from 4 to 28 m with lowest mean values in April and 
December, and the highest in February and July 
(Table 1). 

Nutrient concentrations (2.61 to 5.72 pM nitrate, 0.24 
to 2.72 pM ammonium and 3.25 to 6.2 pM silicate) 
were rather high throughout the water column in 
January-February, with a total inorganic nitrogen spe- 
cies/silicate ratio (ENi,/Si) of 1.2 + 0.4 in surface water 

Month Solar energy (MJ m-*) Secchi depth (m) 

Jan 
Feb 
Mar 
*pr 
May 
Jun 
Jul 
Aug 
S ~ P  
Oct 
Nov 
Dec 

wind-driven surface cooling, mechanical stirring and 
low freshwater inputs. Melting of the snow from the 
Alpine hinterland and more intense rainfall during 
spring months created a buoyant surface layer spread- 

feb Mar Apr May J u n  Jul Aug Sep Oct Nov D e c  Jan 

Feb Mar Apr May Jun Jul Aug Sep Oct Nov D e c  Jan 
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Fig. 4.  Seasonal variations in phytoplankton pigment compo- 
sition during 1992: chlorophyll a (o), fucoxanthin (O), and 19'- 
hexanoyloxyfucoxanthin (A) in (a) surface and (b) bottom 

water during 1992 

Fig. 3. Seasonal pattern of the mean (a) nitrate and (b) silicate 
concentration in surface (-) and bottom (- - -) water during 

1992 
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Fig. 5. Seasonal pattern of size-fractionated phytoplankton during 1992: stations and depths. Increased phytoplank- 
(a) >l0 pm. (b) 2 to 10 pm, (C) < 2  pm in surface (e) and bottom (0) water ton biomass and a major change in phyto- 

plankton size and species composition were 
found in June. A shift from predominance of 

and 1.2 + 0.3 in the bottom layer (Fig. 3). The diatoms in the winter-spring period towards 
March-April freshets with peak Soea River flows up to nanophytoflagellates (Fig. 5) was reflected in a grad- 
550 m3 S- '  produced a drop in surface salinity but high ual increase of 19'-hexanoyloxyfucoxanthin (19'-hex), 
nitrate concentrations with a gradient from the north- which became the most abundant accessory pigment 
western (up to 15.12 PM) to the southeastern (2.07 to in June (Fig. 4). During summer relatively low phyto- 
8.65 PM) part of the Gulf. As a consequence, the sur- plankton abundance and biomass (c500 ng chl a 1-l) 
face xN,,/Si ratio increased from the January-Febru- were measured in the surface layer, whereas values 
ary mean of 1.2 * 0.4 to 3.7 i 0.3 in March and to 7.8 ~t of 500 to 1400 ng chl a 1-l were determined in bottom 
5.1 in April. The low salinity -high nitrate layer was waters. In October-November elevated inputs of nu- 
confined to the upper 5 m, while the water column trients due to heavy rain over the whole Soea River 
below this depth was characterised by nitrate and sili- watershed, and autumn mixing of the water column 
cate concentrations <2 pM (Fig. 3, see also Fig. 7b) and were followed by increased phytoplankton biomass in 
ZN,,/Si ratios from 0.8 to 2.1. Reduced freshwater the surface layer. The diatom contribution increased 
inputs from April on, and high uptake as indicated by from <20% of total phytoplankton abundance during 
increased chl a values in April (Fig. 4a), were reflected summer to >45 % in November, and the most abun- 
in reduced nutrient levels. Small, yet significant, dant species were Rhizosolenia fragilissima and 
episodic freshwater inputs in June and July caused by Chaetoceros spp. Fucoxanthin was the dominant ac- 
local storms introduced new nitrogen into the Gulf. In cessory pigment associated with the November chl a 

contrast, Si concentrations remained low 
throughout the spring-summer except in the 
bottom layer, where concentration peaks in 
August-September reached >8 pM. Autumn 
mixing of the water column and high fresh- 
water inflow in late October-November 
reintroduced nutrients to the surface layer, 
resulting in high nitrate (>l5 pM) and silicate 
(>4 PM) concentrations (Fig. 3) ,  followed by 
a marked drop in December. 

Seasonal cycle and depth profiles of 
phytoplankton biomass, size distribution 

and productivity 

l 

/'\/\ 
/O 

Winter-spring variations of chl a concen- l0 \*$I /i/\o/l ,/ /O values trations and were a pronounced characterised surface by low maximum winter 
m,, /*-a in April (Fig. 4).  Fucoxanthin-containing 

- 
o/o' - 

phytoplankton were most prominent not 
l 

C only in the surface chl a maximum but 

l 4 throughout the water column. The > l 0  pm 
size fraction prevailed in the phytoplankton 
(Fig. 51, and microscopic counts confirmed 
diatoms as the dominant group in the sur- 
face and the bottom layers (Fig. 6) .  The In- p o\.-* 1 crease in phytoplankton abundance during 

:\ 
/O\ 

March-April was accompanied by a se- 

@/*\*Le quential decline in silicate and nitrate con- 
centrations (Fig. 3 ) ,  and the spring diatom 

J F M A M J J A S O N D  bloom collapsed by May when chl a values 

3540 a 

,0,0 g'- p- - .I \ 8 4 ~ - *  ' ' 0 -  
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Month 

Fig. 6. Seasonal variations in phytoplankton abundance during 1992: total 
(o), diatoms (m) and nanoflagellates (v) in (a) surface and (b) bottom water 

costaturn and Chaetoceros spp. Fuco- 
xanthin was the main accessory pigment 
during the whole winter-spring period 
throughout the water column and exhib- 
ited a marked surface peak in April 
(Figs. 4a & 7). 

A CTD/fluorescence depth profile in 
June (Fig. 8) showed a stratified struc- 
ture of the water column with higher flu- 
orescence at the surface and the maxi- 
mum at the bottom of the thermocline 
layer. The vertical distributions of chl a 
and accessory pigments in June (Fig. 9a) 
revealed that in the surface layer 19'- 
hex (274 to 357 ng 1- l )  was the most 
abundant one, but fucoxanthin (140 to 
257 ng I- ') ,  peridinin (46 to 88 ng 1-l) 
and chl b (47 to 60 ng 1-l) were also 
prominent. A secondary chl a peak at 
the bottom of the thermocline layer 
(Fig. 8) was characterised by a signifi- 
cantly different composition of accessory 
pigments than the surface layer as 
reflected by lower relative abundance of 
19'-hex (81 to 172 ng 1-l) and higher val- 
ues of fucoxanthin (138 to 247 ng 1-l), 
chl b (81 to 157 ng I - ' )  and peridinin (37 
to 94 ng I-'). A rather low peridinin: 
fucoxanthin ratio suggested that fuco- 
xanthin-containing dinoflagellates (Jef- 

frey et al. 1975, Rowan 1990) could be important. 
Microscopic examination of samples confirmed that 
nanophytoflagellates numerically dominated the 2 to 
10 pm size fraction (Fig. 5),  while the > l 0  pm fraction 
was represented mainly by dinoflagellates (Gymno- 
dinium spp., Prorocentrum micans, P triestinum, Glen- 
odinium sp.). 

maximum (Fig. 4), while significant amounts of chl b 
(up to 660 ng chl b I-') were also detected. 

CTD/fluorescence depth profiles showed that the 
water column was well mixed during January-Febru- 
ary with a low (<0.5 pg chl a 1-l) and uniform distribu- 
tion of the phytoplankton biomass. An exception was a 
localised diatom bloom (Thalassionema nitzschioides, 
Cerataulina pelagica, Rhizosolenia 
fragilissima) in the surface layer of the 
central part of the Gulf, recorded in a b C d 
February. A high fluorescence layer $ 12 18 24 30 3p 32 34 36 38 40 o 1 2 3 4 5 o 2 4 - 6 - 8  

was detected in the same area near 0 

the bottom in March as well as in 5 
April (Fig. ?), and microscopic obser- 
vations indicated a taxonomic compo- 
sition similar to the surface February 5 

&lOl - Ii0 115 
bloom. Due to the sampling scheme in 
which pigment characterisation was ll51 20 

i 
carried out only at 5 preset depths, we 
have no pigment fingerprint for this 
deep fluorescence maximum. The 6th April 92 

3 0 6  12 18 24 3030 32 34 3-00 t 2 3 4 5 0 7  
surface chl a maximum which occu- T ("C) S (PPt) Chl a (rng m") DO (m1 I - ' )  
pied the majority of the Gulf in April 

was dominated by the diatoms Fig. 7. (a) Temperature, (b) salinity, (c)  in situ fluorescence and (d) dissolved oxy- 
Nitzschia delicatissima, Skeletonema gen (DO) depth profiles in April 1992 
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a b C d The annual cycle of phytoplankton 

6 . 1 ? - 1 8 - 2 4 . . 3 0 3 ~ 3 4  3 6 . 3 8 4 0 0  1-2-3 9 - 5 0  6 8 productivity was similar to that of the 

:Y \ ! 1 :  
O chl a biomass wlth the highest values 

5 
in spring (Table 2).  It should be men- 
tioned that during July and November 

~ 1 0 1  3 0  the productivity was assessed only by 
U 

5 a15i ! l 5  incubating phytoplankton at surface 
a~ light conditions. 'v productivity pro- 
D 

20 i20 files showed noticeable peaks in the 
surface layer during April and June 
(Fig. 11) with a notable percentage " '  16thJune92 of the production being due to cells 

30k 12 18 24 30 3 t T ? i 3 2 6 3 6 3 8 0  0 6 - 1 2  -F 4-5 0 2 4  6 Q30 

T ("C) S Chl a (mg m") DO (m1 I-') > l 0  pm. The 2 to 10 pm size fraction 
contributed significantly to the total 

Month PP Chl a PP/chl a 
(mg C n1r2 h-') (mg m-') (mg C mg- '  chl a h- ' )  

J an  4.9 
Feb 15.9 5.73 2.8 
Mar 99.2 7 54 13.2 
A P ~  54.2 7.43 7.3 
J un 75.9 12 20 6 .2  
Jul  " 3.8 0.75 5.1 
Oct 12.1 6.74 1 .8  
Nov " 14.4 4.38 3.3 

"Surface incubation for PP measurements 

Fig 8.  ( a )  Temperature, (b) sahnity, (c) in s2tufluorescence and (d) dissolved oxy- productivity in January and June. The 
gen (DO) depth profiles in June  1992 smallest size fraction seemed to con- 

tribute little to total productivity. An 
A '2-layer' system established during summer exception was July when < 2  pm production repre- 

(Fig. 10) with an  upper low nutrient - low chl a biomass sented >70% of the total (1.19 to 1.47 mg C m-3 h- ') .  
layer, and a bottom mixed layer, where regenerated nu- Unfortunately, we lack productivity data during the 
trlents enabled the maintenance of moderate phyto- period of maximal abundance of the <2 pm fraction 
plankton biomass (Figs. 4b & 10). This situation with low (September). For October, data for total productivity 
phytoplankton abundance in surface waters, increasing only are available and showed a subsurface maximum 
slightly with depth, persisted until early autumn. From and a pronounced decrease with depth,  indicating low 
July to October the biomass gradually increased in the activity of the chl a peak in the bottom layer (Fig. 9b) .  
bottom layer (Fig. 4b). Throughout this period the water 
column was characterised by a low abundance of 
> l 0  p i  cells, the prevalence of 2 to 10 pm and < 2  pm o 

' i b  
Table 2 Depth-integrated primary productivity (PP), chloro- l '  I b 

phyll a and chlorophyll a-specific total productlvlty (PP/chl a)  4 - r ,  - V1 i/ 
5 8 -  :\c '\) - C h l  a 

phytoplankton, with the latter fraction having its annual 
peak in September (Fig. 5), and slight predominance of 
19'-hex over fucoxanthin. The pigment fingerprint of ,-. 
phytoplankton in October (Fig 9b),  which is before E 8 

U 

complete water colun~n mixing and large freshets, dis- 5 

. &  
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Fig. 9. Vertical distribution of phytoplankton pigments. 
chlorophyll a I-), fucoxanthin (0) and  19'-hexanoyloxyfuco- 

xanthin ( A )  in ( a )  June  and (b )  October 1992 

played a rather low chl a concentration and a moderate 1 2 -  $ 2  
\ ,  . I- 

n i; 
H ex 

prevalence of 19'-hex over fucoxanthin in surface water, S, ,H:- l 
16 whde the bottom layer was characterised by higher chl a 

biomass accompanied by strong predominance of fu- 
20 - -6 '=, l coxanthin-containing phytoplankton (mainly diatoms I 

Lauderia annula ta and Rhizosolenia delica tula).  o 4 0 0  8 0 0  1 2 0 0  
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$25 

1 
32 34 36 38 4 0 0  1 2 3 4 5 0  2 4 6 830 

T (='C) S (PP~) Chl a (mg m") Do (m1 I-') 

Fig. 10. (a) Temperature, (b) salinity, (c) in S I ~ L I  fluorescence and (d) dissolved 
oxygen (DO) depth profiles in August 1992 

Chl a-specific productivity (PP/chl a) for all size frac- 
tions (Table 2) varied broadly from 1.8 to 13.2 mg C 
mg-' chl a h-' with lower values occurring during the 
colder part of the year. In general, chl a-specific pro- 
ductivity declined below 10 m depth. 

The pigment fingerprint of phytoplankton in the 
maximal productivity layer suggested the important 
contribution of Prymnesiophytes (19'-hex; Arpin et al. 
1976, Rowan 1990), diatoms (fucoxanthin) and to lesser 
extent green algae (chl b) in June and October. In April 
and November higher rates were measured in > l 0  pm 
than in smaller fractions, which is consistent with the 
observed increase of fucoxanthin-containing phyto- 
plankton (Fig. 4a). 

DISCUSSION 

Investigations carried out in different estuarine sys- 
tems have shown a major impact of freshwater influx 
on nutrient dynamics, biological structure and produc- 
tivity. It has been indicated that variations in river flow, 
governed primarily by watershed rainfall, regulate the 
magnitude of estuarine primary production and peri- 
odicity of algal blooms, influence a seasonal shift in 
limiting nutrients and affect the extent of seasonal oxy- 
gen depletion in summer (Malone et al. 1988, Dortch & 

Whitledge 1992, Fisher et al. 1992, Boyer et al. 1993, 
Mallin et al. 1993). The impact of freshwater input on 
phytoplankton dynamics is likely to vary among sys- 
tems, although functional similarities may be ex- 
pected. A generalisation of the influence of freshwater 
inputs on the biology of adjacent waters could be 
achieved by comparative analyses of marine ecosys- 
tems of different types and scales. However, there 
have been only a few studies of this kind outside major 
estuaries or large river plumes. Our study has been 

carried out in a rather shallow (< 25 m) 
semi-enclosed coastal area that has 1 
major freshwater source, the Gulf of 
Trieste. This Gulf has long been 
recognised as a Mediterranean region 
of comparatively high pelagic biomass 
at several trophic levels from phyto- 
plankton, microbial plankton, zoo- 
plankton to fish. The extent of primary 
productivity, biomass and plankton 
community succession in the Gulf of 
Trieste has a strong seasonal pattern 
related to allochthonous inputs (Fon- 
da Umani et al. 1992). 

The results of our study suggest 
that the spring surface diatom bloom 
which covered the whole Gulf devel- 
oped in response to major freshwater 

input during March-April. The freshwater-borne nu- 
trients were introduced into the water column that 
was not yet thermally stratified and was rather unsta- 
ble. The influence of freshwater was restricted to the 
upper 5 m layer and was distnbuted throughout the 
Gulf, except in the southeastern part. High phyto- 
plankton biomass in that surface layer showed an in- 
creasing trend toward less saline waters as indicated 
by significant negative correlation between chl a and 
salinity (r2 = 0.59 at salinities >20 ppt). During this 
late winter - early spring period characterised by a 
high surface chl a biomass, we also measured high 
photosynthetic rates, indicating that in situ produc- 
tion rather than advection/accumulation was largely 
responsible for the observed biomass increase. The 
main part of the measured production was associated 
with the > l 0  pm size fraction. In this period the popu- 
lation was dominated by small- to medium-sized di- 
atoms like Skeletonema costaturn (up to 1.32 x 106 
cells 1-l) and Nitzschia spp. (up to 3.61 X 106 cells 1-l) 
capable of fast growth with maximum in situ dou- 
bling rates of 3 d- l  (Furnas 1990). A similar increase 
of surface diatom biomass followed the October- 
November freshet. However, predominant species in 
this period were the larger forms, including Rhizo- 
solenia delicatula, R. fragilissirna and Chaetoceros 
spp., and chl a-specific productivity was lower than in 
March-April. The spring diatom bloom collapsed by 
the first 10 d in May (total phytoplankton abundance 
<0.3 X 106 cells 1-l), when nitrate and silicate concen- 
trations fell below 2 PM. The diatom contribution 
dropped below 15% throughout the Gulf. Phyto- 
plankton abundance remained low during the second 
half of May and increased following episodlc fresh- 
water input in early June. This input was primarily 
due to local storms and had a much smaller effect on 
surface nutrient concentrations than did the spring or 
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autumn freshets. The reasons were a comparatively 
smaller quantity of freshwater, as well as their faster 
spreading over a stratified water column. Moreover, 
during this period nutrients with high CNi,,/Si were 
introduced into the Gulf since rain water in the area 
is characterised by a high lNi,/Si ratio (>35). By con- 
trast, river water ratios are in the range of 1 to 3 with 
an average of 1.3 * 0.8 (V. Turk unpubl.). Thus, the 
situation in late spring was favourable for the devel- 
opment of small flagellates in the 2 to 10 pm size 

PP  (mg C m-.' h . ' )  range. High surface productivity and an ac- 
cunlulation of biomass in June was largely 

o o  0 . 2  0.4 0.6 0.8 1.0 0.0 ( 2  (14 (16 (I.8 l ( )  due to Prymnesiophytes, as evidenced by 
chemotaxonomic pigment signatures (19 ' -  

a b hex; Arpin et al. 1976, Rowan 1990). The 
> l 0  pm fraction consisted mainly of dinofla- 
gellates (genera Prorocentrum, Ceratiurn 
and Dlnophysis). Among diatoms only small 
Chaetoceros species (e.g. C. affinis v, wile!] 
and to lesser extent Cyclotella sp. were 
present in notable numbers. Chl a-specific 
total productivity of surface samples was 
5.1 mg C mg-' chl a h-', while lower val- 

20 WO ues for the > l 0  pm fraction (2.6 mg C mg-' 
chl a h-') mirrored the lower photosyn- 

0.0 0.2 0.4 0.6 0.8 1.0 
0 

' thetic rates and slower specific growth rate 

\ /  c 

of dinoflagellates (Chan 1980), which domi- 
nated this size fraction. As vertical stratifi- 
cation persisted through summer and a low 
nutrient environment was maintained in 
the surface layer, phytoplankton biomass 
above the pycnocline decreased. Bottom 

5 phytoplankton was also dominated by cells 
< l 0  pm from July to September. Pigment 
composition of the bottom community 
showed the prevalence of 19'-hex (Prymne- 

20 siophytes) and chl b (green algae) over fu- 
coxanthin (diatoms). In spite of significant 

0.0 0.4 OH 1.2 1.6 2.0 
0 , silicate concentrations in the bottom layer 

\ (Fig. 3b), diatoms constituted only a minor 

4 ' / *  f 

motility which increases nutrient encounter 
(Egge & Aksness 1992). This enables flagellates to out- 
compete diatoms in nutrient-deficient environments 
despite sufficient silicate concentrations. Besides fla- 
gellates, prokaryotic picoplankton compnsed an 
important part of the phytoplankton in summer, reach- 
ing annual peaks both in surface as well as bottom 
layer in September (Turk 1992). 

To obtain further evidence of nutrient limitation of 
summer surface phytoplankton, we carried out a series 
of nutrient enrichment experiments in which we mea- 

X 

12 

1 5 '  .W 

Y \ I h 

fraction ( ~ 2 0 % )  of the phytoplankton, indi- 
cating that flagellates were more successful 

/ in this environment. Contrary to our results, 

i" 
in the conditions prevailing in the Bay of 
Brest, France (Ragueneau et al. 1994), the 
benthic regeneration of silica induced a 
shift towards a higher diatom:dinoflagellate 
ratio during late spring. 

Diatoms generally have higher cell divi- 
204. o 20 sion rates than similar-sized microflagellates 

under non-limiting nutrient conditions (Fur- 
Fig. 11 Profiles of primary productivity (PP) in different size fractions (m: nas 1990). However, the growth of flag& 
> l 0  pm; 0: 2 to 10 pm; v: <2 1.1m) in (a)  January, (b) February, (cl March, lates appears to be less affected by low nutri- 

(d) April, (e)  June  and ( f ]  October 1992 
ent concentrations, presumably due to their 
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sured 14C02 fixation and chl a biomass following differ- 
ent combinations of nutrient additions relative to con- 
trols with no additions. Results are described in detail 
elsewhere (Turk et al. 1994), and for the purposes of this 
paper the results are summarised as follows. Single 
nutrient additions (nitrogen as nitrate + ammonium, sil- 
icate and phosphate) had no effect on either biomass 
accumulation or the carbon fixation rate. Summer 
phytoplankton was stimulated only by a mixture of all 
nutrients. All size fractions were stimulated, but the 
most pronounced biomass increase was observed in the 
> l 0  pm fraction. Diatoms Rhlzosolenia dellcatula, 
Skeletonema costatum and Chaetoceros spp., which 
had low abundances in initial samples, responded most 
strongly to nutrient additions. Similar experiments were 
conducted in October and November. Phytoplankton 
productivity and biomass were also stimulated by a mix- 
ture of all nutrients in October. In contrast, after the Oc- 
tober-November freshet, which introduced new nitro- 
gen and silicate into the Gulf, the most pronounced 
increase was found for phosphorus addition. 

A comparison of phytoplankton dynamics as related 
to freshwater inputs in the Gulf of Trieste and the 
Northern Adriatic has shown a great deal of similarity. 
Gilmartin et al. (1990) concluded that the spring river 
nutrient load from the PO River was the most important 
factor establishing the annual trophic level of the 
Northern Adriatic ecosystem. The spring bloom follow- 
ing increased PO River discharge IS usually dominated 
by microplanktonic diatoms (Revelante & Gilmartin 
1976), with Skeletonema costatum and Nitzschia spp. 
as dominant species, while during the stratified sum- 
mer period, microplankton contributed only from 25 to 
35% of the total phytoplankton carbon (Revelante & 
Gilmartin 1992). These results are in agreement with 
our observations in the Gulf of Tneste which indicated 
the predominance of the 2 to 10 pm size fraction and 
the importance of Prymnesiophytes as identified by the 
taxonomic pigment biomarker 19'-hex. 

In summary, the freshwater-borne nutrient inputs 
were the predominant factor determining phyto- 
plankton dynamics in small semi-enclosed coastal 
waters of the Gulf of Trieste. Both phytoplankton 
standing crop and community structure were shown 
to be strongly influenced by the freshets and to a 
lesser extent by short-lived freshwater pulses such as 
storms. Among various size classes of phytoplankton 
the strongest response was found for the > l 0  pm frac- 
tion as reflected both in pigment biomass and chl a- 
specific productivity. The agreement of our data in 
the Gulf of Trieste with those obtained on a larger 
system indicdtes th.at small systems may be su~table 
for predicting general phytoplankton dynamics in 
temperate coastal waters that receive significant 
freshwater discharges. 
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