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Abstract: In coastal seas, a variety of environmental variables characterise the average annual pat-

tern of the physico-chemical environment and influence the temporal and spatial variations of phy-

toplankton communities. The aim of this study was to track the annual and interannual variability 

of phytoplankton biomass in different size classes in the Gulf of Trieste (Adriatic Sea) using phyto-

plankton pigments. The seasonal pattern of phytoplankton size classes showed a co-dominance of 

the nano and micro fractions during the spring peak and a predominance of the latter during the 

autumn peak. The highest picoplankton values occurred during the periods with the lowest total 

phytoplankton biomass, with chlorophytes dominating during the colder months and cyanobacte-

ria during the summer. The highest number of significant correlations was found between phyto-

plankton taxa and size classes and temperature, nitrate and nitrite. The most obvious trend observed 

over the time series was an increase in picoplankton in all water layers, with the most significant 

trend in the bottom layer. Nano- and microplankton showed greater variation in biomass, with a 

decrease in nanoplankton biomass in 2011 and 2012 and negative trend in microplankton biomass 

in the bottom layer. These results suggest that changes in trophic relationships in the pelagic food 

web may also have implications for biogeochemical processes in the coastal sea. 

Keywords: phytoplankton; biomass; phytoplankton size classes; phytoplankton pigments; HPLC; 

interannual variability; trends; Adriatic Sea 

 

1. Introduction 

The size of phytoplankton cells plays an important role in phytoplankton physiology 

and has major implications for the ecology and biogeochemistry of aquatic ecosystems 

[1]. There are more than 5000 species of phytoplankton in the world’s oceans [2,3], most 

of them are in the size range of 1 µm–70 µm range, with some representatives as large as 

1 mm [4]. Several abiotic and biotic factors, such as light, nutrient supply, water column 

stratification and turbulence, water temperature, salinity, grazing, viral infection, etc., in-

fluence the growth [5] and cell size distribution [1] of these mostly unicellular algae. 

Representatives of different phytoplankton groups differ greatly in terms of morpho-

logical, physiological and ecological characteristics. Based on cell size, phytoplankton can 

be divided into three main size classes: microplankton (20–200 µm), nanoplankton (2–20 

µm) and picoplankton (0.2–2 µm) [6]. In the recent rapid development of trait-based eco-

logical studies, body or cell size is among the functional traits that regulate competitive 

ability (e.g., nutrient uptake rates, growth rates) [7]. Therefore, three size classes are re-

ferred to as phytoplankton functional types (PFTs), which have a specific function in an 

ecosystem [8]. 
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Traditionally, cell dimensions and inferred biovolume and biomass are measured 

under the microscope, in parallel with taxonomic identification and enumeration. How-

ever, microscopy is less suitable for studying the size structure of phytoplankton because 

it is time consuming and most representatives of the picoplankton size class are hard to 

observe under a light microscope using the Utermöhl method. Other methods and tools 

can efficiently complement microscopy, such as High Performance Liquid Chromatog-

raphy (HPLC), to characterize pigments as chemical markers for phytoplankton groups 

[9,10], successive filtration to estimate Chlorophyll a (Chl a) in three size classes, flow cy-

tometry to characterize cells based on autofluorescence and light scattering properties, 

automated cell imaging techniques, and molecular methods, and gene sequencing ap-

proaches to characterize diversity. The optical properties of phytoplankton pigments are 

also studied using ocean colour observations; these have the advantage of high temporal 

resolution and spatial coverage to provide near real-time data on total Chl a biomass as 

well as on various PFTs (e.g., [11,12]). 

In our study, we used phytoplankton pigments (carotenoids and chlorophylls) as 

taxonomic biomarkers [9,10] to determine the taxonomic and size structure of field sam-

ples. With reference to previous studies [10,13,14], the so-called “pigment indices” were 

developed with the aim of quantifying the taxonomic composition of phytoplankton as 

well as size classes using a minimal set of pigments. Seven major pigments were selected 

to represent different phytoplankton groups (Table 1). These pigment biomarkers can be 

used to assess the contribution of the three phytoplankton size classes to Chl a concentra-

tion [14–16]. Cyanobacteria (Zea) and chlorophytes (Chl b) are associated with picoplank-

ton, haptophytes (Hex); dictyochophytes (But) and cryptophytes (Allo) are associated 

with nanoplankton; and diatoms (Fuc) and dinoflagellates (Per) are associated with mi-

croplankton [14,15]. Previous studies [14,16] have already acknowledged that such pig-

ment grouping does not accurately reflect the true size structure of phytoplankton, as dif-

ferent taxonomic groups may share the same biomarker pigments while some groups may 

occupy more than one size class. Nevertheless, this approach provides a reasonable taxo-

nomic composition of phytoplankton and its size structure [17] and allows determining 

PFTs with less effort [18] as compared to microscopy. For the northern Adriatic, Terzić 

[19] showed that seven biomarker pigments explain more than 90% of total chlorophyll 

biomass. 

Table 1. Values of Chl a/biomarker pigment ratios (K) in different phytoplankton groups and their 

biomarker pigments (as in [19], except for But [20]). 

Phytoplankton Group Biomarker Pigment Abbreviation K 

diatoms fucoxanthin Fuc 1.2 

haptophytes 19’-hexanoyloxyfucoxanthin Hex 1.1 

dinoflagellates peridinin Per 1.5 

cyanobacteria zeaxanthin+lutein Zea+Lut 1.7 

dictyochophytes 19’-butanoyloxyfucoxanthin But 1.6 

cryptophytes alloxanthin Allo 1.85 

chlorophytes chlorophyll b Chl b 0.9 

The aim of this study was to follow the annual and interannual variability of phyto-

plankton biomass in different size classes in coastal seas (Gulf of Trieste, Adriatic Sea) 

using phytoplankton pigments as fingerprints of specific groups. The study provides val-

uable information not only on the taxonomic aspect, but also on the size structure of the 

phytoplankton community, covering all size classes using the same procedure. This in-

cludes picoplankton, which is usually determined separately from nano- and microplank-

ton, but can represent a significant proportion of total phytoplankton biomass in different 

areas of the northern Adriatic [21–23]. Using size-related PFTs over the time series (2007–
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2018), we then attempted to detect changes in the size structure of the phytoplankton com-

munity and associate them with environmental conditions in the Gulf of Trieste. 

2. Materials and Methods 

2.1. Study Area 

Our study was conducted in the Gulf of Trieste (Adriatic Sea), a semi-enclosed bay 

with a maximum depth of 25 m (Figure 1), where meteorological conditions, river runoff, 

prevailing currents and exchange of water masses with the northern Adriatic shape the 

physical and chemical properties [24]. The nutrient concentration in seawater is strongly 

modulated by river inflows [25], with the Soča River being the main source [26,27]. 

 

Figure 1. The study area, Gulf of Trieste, Adriatic Sea, with the location of the sampling site 00BF. 

Due to the shallowness and closed nature of the Gulf, as well as the high nutrient 

concentrations, phytoplankton blooms and periods of hypoxia and anoxia were fre-

quently observed in the Gulf of Trieste in the past (from the 1970s to the 1990s) [27,28]. 

However, an important regime shift was observed in the 2000s, with concomitant changes 

in some environmental drivers (reduction of river flow and nutrient concentrations) and 

phytoplankton characteristics (reduction of chlorophyll biomass and seasonal diatom 

blooms) [29,30]. 

Apart from high interannual variability, the phytoplankton community of the Gulf 

of Trieste manifest also a conspicuous annual variability, with biomass peaks in late 

spring and autumn [31]. The relative contribution of nanoflagellates in terms of abun-

dance to these peaks is higher in spring, while that of diatoms in autumn [31]. Given the 

trend of decreasing cell size in the oceans due to climate change (increasing stratification) 

[32], this is also expected in our case, because of perceived long-term changes in temper-

ature and nutrients in the northern Adriatic [33]. However, pigment composition or total 

biomass (Chl a) alone do not provide information about this process. Therefore, biomass 

in different size classes was investigated. 
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2.2. Field Sampling and Measurements 

Seawater was sampled in the south-eastern part of the Gulf of Trieste at offshore 

sampling site 00BF (1.3 nautical miles offshore, depth 22 m, 45°32,928′ N, 13°33,032′ E; 

Figure 1). Seawater samples for phytoplankton pigments and nutrients were collected 

every two weeks, from January 2007 to December 2018 using Niskin bottles (5 L) at 1 m, 

10 m and 21 m depths. 

Vertical profiles of temperature, salinity and density were obtained using a fine scale 

CTD probe (Conductivity Temperature Depth; Sea & Sun Technology GmbH). The bulk 

density gradient (c) calculated from the bottom and surface density was used as an indi-

cator of stratification: if c < 0.05 kg m−4 mixed water column, if c > 0.05 kg m−4 stratified 

water column. 

In the 12-year time series, 2007–2018, two periods were considered in the subsequent 

analysis of the data: 

- Period 2007–2014, to show the average annual dynamics of physical and chemical 

variables, as well as the taxonomic and size structure of phytoplankton; 

- Period 2007–2018, to identify trends in phytoplankton biomass and size structure. 

The reason for this is that the method used for analysing nutrients changed in 2015. 

2.3. Laboratory Analyses 

Concentrations of inorganic nutrients (nitrate—NO3−, nitrite—NO2−, ammonium—

NH4+, ortophosphate—PO43− and silicate—SiO44−) were measured in unfiltered samples 

using standard colorimetric methods [34] and their modifications [35]. 

Phytoplankton pigments, including Chl a, were determined by a reversed phase 

High Performance Liquid Chromatography (HPLC) method [36,37]. Water samples (1 L) 

were filtered through 47 mm Whatman GF/F filters and frozen immediately (at −80 °C) 

until analyses. Frozen samples were extracted in 4 mL of 90% acetone (for liquid chroma-

tography, LiChrosolv®, Merck) by sonication, and centrifuged at 4000 rpm for 10 min to 

remove particulates. A mixture (1:1) of clarified extract and 1 mol L−1 ammonium acetate 

(pro analysis, Merck) was injected into a gradient HPLC system (1260 Infinity, Agilent 

Technologies) with a 200 µL loop. The HPLC system was equipped with a reversed phase 

3 µm C18 column (Pecosphere, 35 × 4.5 mm, Perkin Elmer). Chlorophylls and carotenoids 

were detected by absorbance at 440 nm using a DAD (Agilent Technologies, model 1290 

Infinity). Data acquisition and integration were performed using Agilent ChemStation 

software. Further down, phytoplankton pigments are referred to abbreviations, as in Ta-

ble 1. 

To calculate the different size classes of phytoplankton as a fraction of total biomass 

(f), the equations developed by Claustre [15], Vidussi et al. [14], and Uitz et al. [16] were 

used: 

fmicro = (1.2[Fuc] + 1.5[Per])/wDP 

fnano = (1.85[Allo] + 1.6[But] + 1.1[Hex])/wDP 

fpico = (1.7[Zea + Lut] + 0.9[Chl b])/wDP 

where wDP represents the weighted sum of the concentrations of seven diagnostic pig-

ments: 

wDP = 1.2[Fuc] + 1.5[Per] + 1.85[Allo] + 1.6[But] + 1.1[Hex] + 1.7[Zea + Lut] + 

0.9[Chl b] 

The concentrations of each biomarker pigment are multiplied by the published val-

ues of coefficient K (average ratio between the concentration of Chl a and the biomarker 

pigment; Table 1) to account for the natural variability in the contribution of each pigment 

to the biomass of different phytoplankton groups. It should be noted that in this work 
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both Zea and Lut were used to detect cyanobacteria because the method does not separate 

these two pigments. 

The concentration of Chl a associated with each phytoplankton size class was then 

calculated as: 

[Chl a]micro = fmicro × [Chl a] 

[Chl a]nano = fnano ×x [Chl a] 

[Chl a]pico = fpico × [Chl a] 

where fmicro + fnano + fpico = 1. 

The relationships between biological and environmental variables (2007–2014) were 

evaluated using Spearman’s rank correlation, which does not require any assumptions 

about distribution [38]. The statistical significance was set at the p < 0.001. 

The interannual variability of phytoplankton size classes was determined using time 

series of phytoplankton pigments (2007–2018) and then calculated as Chl a concentrations 

for each size class. In total, 1605 samples were analysed. Using the monthly means of these 

data, linear regression was calculated to determine a temporal trend and analyses of var-

iance were performed to test statistical significance. In order to discern interannual varia-

bility of phytoplankton pigments and related taxonomic groups, the Seasonal-Trend de-

composition process based on Loess—STL [39] was used. With this method, the long-term 

trend is separated from the seasonal and remainder component in a time-series of data 

[39]. 

3. Results 

3.1. Physical and Chemical Characteristics of the Study Site 

The highly variable environment of the Gulf of Trieste is reflected in wide ranges of 

environmental variables (Figures 2–4). During 2007–2014, water temperature at the sur-

face of the sampling site averaged between 9.5 °C in February and 25.5 °C in August (Fig-

ure 2; left panel). In the bottom layer, the temperature range was smaller (between 9.4 and 

20.4 °C on average). The lowest temperatures were always measured in February, while 

the temperature peak in the bottom layer was delayed by one month (September) com-

pared to the upper water layers (August). Large variations in salinity observed in the sur-

face layer indicate the influence of freshwater inputs from rivers and precipitation distrib-

uted over late spring/summer and late autumn (Figure 2; right panel). The highest salini-

ties were measured in winter in all three layers (from 37.4 at the surface to 37.9 at the 

bottom), while the lowest average value was reached in July (34.3 in the surface layer). In 

the lower layers, variations in salinity were much smaller than in the surface layer. On 

average, the water column was stratified from April to September, as shown by density 

gradient values of more than 0.05 kg m−4 (Figure 3). The spring months (May, June) were 

characterised by high instability due to frequent interruptions in the stratification of the 

water column. 
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Figure 2. Average annual cycle of water temperature (left) and salinity (right) in three water layers 

for the period 2007–2014. The black line indicates the average; the grey area indicates the min-max 

range. 

 

Figure 3. Average annual cycle of the density gradient for the period 2007–2014. Values above 0.05 

kg m−4 indicate stratified water column conditions. 
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Figure 4. Average annual cycle of nutrient concentrations in three water layers for the period 2007–

2014. Note the different y axes scale for nitrate (NO3-). For boxplot descriptions, see legend in Figure 

3. 

Nutrient concentrations varied considerably during the study period (Figure 4). Sev-

eral nitrate peaks were observed in the upper 10 m layers in spring and autumn, with 

maximum concentrations at the surface (35 µmol L−1) being much higher than those in the 

10 m layer (11.5 µmol L−1). In the bottom layer, the highest concentrations were measured 

in late autumn and early winter. A similar seasonal cycle with peak values in the cold 

months was observed for nitrite in all three layers (highest median 0.85 µmol L−1). Ammo-

nium was characterised by high concentrations in the stratified water column, reaching 

maximum values in the bottom layer (highest median 1.5 µmol L−1 in July). Ortophosphate 

concentrations were very low on average, with median values always below 0.1 µmol L−1 

and no clear seasonality. The annual pattern of silicate was similar to that of ammonium, 

reaching the highest concentrations in the bottom layer in the period from May to October 

(highest median 9.1 µmol L−1 in July). 

3.2. Annual Variability of Phytoplankton Size Classes and Taxonomic Groups 

During the 2007–2014 period, Chl a biomass in the 1 and 10 m layer expressed two 

annual peaks, the first one in May (average 0.9 µg L−1) and second one, more pronounced, 

in November-December (average 1.3 µg L−1) (Figure 5; left panel). During the autumn 

peak, the microplankton size class dominated, accounting for up to 70% of biomass while 

during spring most of the biomass was distributed among nanoplankton (up to 60%) and 

microplankton (up to 30%, Figure 5; right panel). In the bottom layer, the seasonality of 

biomass was different, with high Chl a values over the stratified water column period 
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(peak in July 1.3 µg L−1, Figure 5; left panel). Microplankton contributed most to this sum-

mer peak (up to 56%), followed by nanoplankton (32%) (Figure 5; right panel). The con-

tribution of picoplankton to Chl a biomass was low over all months in the whole water 

column, reaching the lowest values during Chl a peaks (about 10%). Conversely, pico-

plankton made up 30% of phytoplankton biomass during the lowest Chl a concentrations 

(in August, in the upper 10 m and in January in the entire water column; Figure 5). 

Diatoms, which were the dominant group in the microplankton size class, attained 

the highest share in Chl a biomass during autumn in all three water layers (up to 72%; 

Figure 5, right panel). The second group of microplankton, dinoflagellates, contributed 

the least to the biomass, on average; however, the highest contribution was observed in 

the bottom layer during summer (up to 11%). During spring, the highest contribution to 

total biomass (up to 42%) was attributed to haptophytes, the dominant group of the na-

noplankton size class. Also, the contribution of dictyochophytes to overall biomass was 

the highest during spring, but did not exceed 15%. The third nano-sized group, the cryp-

tophytes, contributed most during the first half of the year, but never more than 19% of 

total biomass. The two picoplankton groups alternated their contribution over the year in 

the upper 10 m layer, with chlorophytes contributing most to phytoplankton biomass dur-

ing the coldest months (up to 22%) and cyanobacteria during the stratification period (up 

to 24%). In the bottom layer, the contribution of cyanobacteria was always low. 

The correlation with total Chl a was highest for microplankton (r = 0.85–0.86 for the 

three water layers), although the correlations were significant for all three size classes with 

p < 0.001 (Table 2). Cyanobacteria were the only group that did not correlate with total Chl 

a biomass. 

Most of the significant correlations (p < 0.001) were found between phytoplankton 

taxonomic and size groups and temperature, nitrate and nitrite, while there were only a 

few significant correlations between the other variables (Table 2). In the upper 10 m, the 

biomass of all three classes of nanoplankton (dictyochophytes, haptophytes and crypto-

phytes) was negatively affected by temperature. The relationship with temperature was 

different for the two groups of picoplankton, chlorophytes correlated negatively and cya-

nobacteria correlated positively with temperature. The correlation between temperature 

and microplankton biomass was negative in the upper 10 m and was led by the correlation 

with diatoms. On the contrary, it was positive in the bottom layer for both diatoms and 

dinoflagellates. Some groups (dinoflagellates and cyanobacteria) showed a negative cor-

relation with salinity, while chlorophytes were positively correlated with this parameter. 

Most of the groups were positively correlated with nitrate and nitrite in the upper 10 m, 

except for haptophytes and cyanobacteria, while there were fewer significant correlations 

at the bottom, and all negative. Only two significant correlations were found for ammo-

nium and silicate, and three for orthophosphate. 

Table 2. Spearman’s rank correlation coefficients between the biological (phytoplankton groups and 

biomass in different size classes, Chlorophyll a: Chl a) and the environmental variables (nitrate: 

NO3−, ammonium: NH4+, nitrite: NO2−, ortophosphate: PO43−, silicate: SiO44−; temperature: T, salinity: 

sal). Statistically significant correlations (p < 0.001) are marked with ***. 

 NO3− NH4+ NO2− PO43− SiO44− T Sal Chl a 

1m         

dinoflagellates 0.324 *** −0.018 0.284 *** 0.154 0.122 −0.084 −0.181 0.515 *** 

diatoms 0.106 −0.262 *** 0.382 *** 0.144 −0.033 −0.354 *** 0.151 0.830 *** 

dictyochophytes 0.296 *** −0.150 0.584 *** 0.208 0.117 −0.647 *** 0.232 0.727 *** 

haptophytes 0.147 −0.065 0.202 0.120 0.092 −0.322 *** −0.033 0.570 *** 

cryptophytes 0.356 *** −0.003 0.562 *** 0.291 *** 0.163 −0.545 *** 0.105 0.683 *** 

cyanobacteria 0.040 0.065 −0.162 −0.091 0.278 0.360 *** −0.364 *** 0.025 

chlorophytes 0.326 *** −0.158 0.637 *** 0.204 0.106 −0.595 *** 0.245 *** 0.813 *** 

Chl a micro 0.146 −0.233 0.396 *** 0.148 −0.015 −0.333 *** 0.119 0.857 *** 

Chl a nano 0.289 *** −0.053 0.437 *** 0.240 0.148 −0.504 *** 0.054 0.722 *** 
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Chl a pico 0.290 *** −0.070 0.442 *** 0.130 0.223 −0.261 *** 0.011 0.642 *** 

10m         

dinoflagellates 0.327 *** −0.021 0.284 *** 0.179 −0.076 −0.146 −0.257 *** 0.574 *** 

diatoms 0.307 *** −0.166 0.437 *** 0.235 −0.093 −0.306 *** 0.037 0.837 *** 

dictyochophytes 0.370 *** −0.033 0.471 *** 0.179 0.030 −0.593 *** 0.202 0.656 *** 

haptophytes 0.105 0.056 0.064 0.104 −0.013 −0.301 *** −0.035 0.466 *** 

cryptophytes 0.440 *** −0.029 0.648 *** 0.304 *** −0.032 −0.576 *** 0.196 0.710 *** 

cyanobacteria −0.119 0.184 −0.190 −0.101 0.116 0.317 *** −0.223 0.038 

chlorophytes 0.521 *** −0.136 0.736 *** 0.255 *** −0.075 −0.575 *** 0.270 *** 0.790 *** 

Chl a micro 0.323 *** −0.164 0.448 *** 0.228 −0.091 −0.307 *** 0.027 0.861 *** 

Chl a nano 0.289 *** 0.020 0.347 *** 0.211 −0.013 −0.495 *** 0.077 0.669 *** 

Chl a pico 0.366 *** −0.011 0.528 *** 0.179 0.012 −0.265 *** 0.108 0.650 *** 

21m         

dinoflagellates −0.112 0.297 *** −0.339 *** 0.145 0.310 *** 0.395 *** −0.174 0.487 *** 

diatoms −0.163 0.091 −0.246 *** 0.132 0.091 0.387 *** −0.226 0.819 *** 

dictyochophytes −0.169 −0.049 −0.111 −0.065 0.077 −0.285 *** 0.014 0.387 *** 

haptophytes −0.428 *** 0.127 −0.442 *** 0.039 0.112 −0.137 0.057 0.477 *** 

cryptophytes −0.217 0.185 −0.211 0.106 0.118 −0.098 0.035 0.524 *** 

cyanobacteria −0.204 0.166 −0.315 *** −0.169 0.304 *** 0.285 *** 0.185 0.231 

chlorophytes 0.147 0.052 0.129 −0.028 0.166 −0.011 0.091 0.423 *** 

Chl a micro −0.159 0.140 −0.287 *** 0.149 0.136 0.409 *** −0.255 *** 0.850 *** 

Chl a nano −0.367 *** 0.142 −0.366 *** 0.057 0.136 −0.161 0.043 0.528 *** 

Chl a pico 0.050 0.103 −0.002 −0.075 0.240 0.091 0.152 0.429 *** 

 

Figure 5. Average annual cycle of phytoplankton biomass (as µg Chl a L−1) divided into three size 

classes (left) and percentage contribution of different taxonomic groups to total Chl a (right) in three 

water layers for the period 2007–2014. Colour shading of taxonomic groups corresponds to size class 

colour codes. 
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3.3. Long-Term Trends of Phytoplankton Biomass and Size Structure 

At the annual level, the most consistent changes in the period 2007–2018 were ob-

served for the picoplankton size class (Table 3); the biomass in this size class had increased 

in all three layers with the most significant trend in the bottom layer. At the same time, 

biomass in the microplankton size class decreased, but only in the bottom layer. 

Table 3. Seasonal and annual average trends of Chl a biomass in different size classes during 2007–

2018 at 1, 10 and 21 m depths. Arrows indicate the direction of the trend, green for positive, red for 

negative. Trends significant at p = 0.051–0.1 are indicated by single arrow and pale colour and trends 

significant at p ≤ 0.05 are indicated by double arrows and intense colour. 

1 m 10 m 21 m 
 

micro nano pico micro nano pico micro nano pico 

WINTER (Jan.–Mar.)          

SPRING (Apr.–Jun.)          

SUMMER (Jul.–Sep.)  

↑ 

R2 = 0.23 

p = 0.1 

  

↑↑ 

R2 = 0.45 

p = 0.02 

↑↑ 

R2 = 0.45 

p = 0.02 

↓↓ 

R2 = 0.37 

p = 0.04 

 

↑↑ 

R2 = 0.43 

p = 0.02 

AUTUMN (Oct.–Dec.)   

↑ 

R2 = 0.24 

p = 0.1 

  

↑↑ 

R2 = 0.33 

p = 0.05 

 

↑↑ 

R2 = 0.35 

p = 0.04 

↑↑ 

R2 = 0.41 

p = 0.03 

annual average   

↑ 

R2 = 

0.23 

p = 0.1 

  

↑↑ 

R2 = 0.34 

p = 0.05 

↓↓ 

R2 = 0.38 

p = 0.03 

 

↑↑ 

R2 = 0.53 

p = 0.007 

WINTER (Jan.–Mar.)          

SPRING (Apr.–Jun.)          

SUMMER (Jul.–Sep.)  

↑ 

R2 = 0.23 

p = 0.1 

  

↑↑ 

R2 = 0.45 

p = 0.02 

↑↑ 

R2 = 

0.45 

p = 0.02 

↓↓ 

R2 = 0.37 

p = 0.04 

 

↑↑ 

R2 = 0.43 

p = 0.02 

AUTUMN (Oct.–Dec.)   

↑ 

R2 = 

0.24 

p = 0.1 

  

↑↑ 

R2 = 

0.33 

p = 0.05 

 

↑↑ 

R2 = 

0.35 

p = 

0.04 

↑↑ 

R2 = 0.41 

p = 0.03 

annual average   

↑ 

R2 = 

0.23 

p = 0.1 

  

↑↑ 

R2 = 

0.34 

p = 

0.05 

↓↓ 

R2 = 0.38 

p = 0.03 

 

↑↑ 

R2 = 0.53 

p = 

0.007 

When considering the seasonal averages, significant trends were observed only in 

the second part of the year—in summer and autumn (Table 3). During summer, pico-

plankton biomass increased in the 10 and 21 m layers, while in autumn this trend was also 

observed in the surface layer. The nanoplankton trends, which were not evident on the 
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annual level, showed an increase in the surface and middle layers during summer and in 

the bottom layer during autumn. The decrease in microplankton biomass in the bottom 

layer was the most pronounced during summer, which is also indicative of a negative 

trend in this layer on an annual level. 

The results of the STL analyses also showed a decrease of Chl a in the microplankton 

size class (Figure 6), mainly due to diatoms (Figure 7), especially in the bottom layer. On 

the other hand, an increasing trend of Chl a in the picoplankton size class was observed, 

mainly due to chlorophytes and cyanobacteria especially at the bottom (Figure 7). An in-

teresting oscillation in Chl a in the nanoplankton size class was also observed, with a de-

creasing trend in 2011 and 2012. As of 2013, Chl a in the nanoplankton size class increased 

gradually, reaching similar values to those noted at the beginning of the study (Figure 6). 

This decrease was due to the lower biomass of haptophytes and cryptophytes (Figure 7). 

 

Figure 6. Variability of the phytoplankton community structure, expressed as chlorophyll biomass 

in different size classes to total chlorophyll biomass, over the 2007–2018 period at different depths 

(1 m, 10 m and 21 m), at sampling site 00BF, determined with STL analyses. 
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Figure 7. Variability of Chl a concentrations in different taxonomic groups over the 2007–2018 pe-

riod at 1, 10 and 21 m depth at sampling site 00BF, determined with STL analyses. The blue curves, 

in different shades, represent microplankton, the brown curves nanoplankton and the green curves 

picoplankton. Note the different scale on the left y-axes. 

4. Discussion 

Large variations in phytoplankton biomass, taxonomic composition and size are 

among the most recurring characteristics of the communities in the coastal area of the Gulf 

of Trieste. This is undoubtedly linked to the dynamics of the pelagic environment in which 

they live, with large fluctuations in a variety of physical and chemical factors (e.g., [40]). 

However, the environmental factors that drive these changes in phytoplankton commu-

nities are difficult to discern in such a variable system. Past research in the area evidenced 

the most important influences in the freshwater discharges and general regulation of nu-

trient sources such as the ban on the use of phosphorus in detergents, and wastewater 

treatment [27]. For example, dry periods characterized by low freshwater discharge and 

decreasing orthophosphate concentrations in seawater resulted in a decrease of phyto-

plankton biomass in the northern Adriatic [41], less intense diatom blooms and an in-

crease in the abundance of flagellated forms of nano-sized phytoplankton in the Gulf of 

Trieste [29]. The use of phytoplankton pigments as equivalents for certain taxonomic 

groups and size classes in our study helped to elucidate certain characteristics in the size-

structure of small-sized phytoplankton, i.e., nanoplankton and picoplankton, and their 

recent changes, in line with the observations in many parts of the world’s oceans [1]. 

The shift towards smaller phytoplankton cells is often linked to climate related 

changes such as increases in seawater temperatures [1,42]. Warming of the water column 

has been reported from the northern Adriatic [43] including the Gulf of Trieste [44]. Tem-

perature affects phytoplankton mostly indirectly, through intensified water column strat-

ification and reduced nutrient availability [45] or through enhance top-down control of 
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zooplankton grazers [32,46]. In our study, temperature was negatively related to the bio-

mass of most phytoplankton groups in the upper part of the water column, with the ex-

ception of cyanobacteria for which the relationship with temperature was significantly 

positive. These general positive correlations indicate that, for most of the groups, phyto-

plankton growth is driven by processes occurring outside the warmest period, and indi-

rectly confirms that it is more connected to other drivers, such as nutrient concentrations. 

Among these, oxidised nitrogen forms (nitrate and nitrite) displayed most of the positive 

correlations with phytoplankton groups. Their primary source in the Gulf of Trieste are 

freshwater inputs, with River Soča (Isonzo) being the most important one, and precipita-

tion [47,48], both of which peak in late winter-early spring and autumn (Source: Hydro-

logical Data Archive of Slovenian Environment Agency). Nitrate and nitrite seem to affect 

the members of all three size groups, though the growth of nanoplankton was apparently 

more stimulated in spring when they constituted the majority of biomass. Nitrate is 

known to be an important driver of spring phytoplankton blooms [47,49]. Ammonium, 

which was found in high concentrations in the bottom layer throughout summer, is 

known to fuel autumn phytoplankton blooms after water column mixing [31,50], but these 

relationships were not evidenced by our analysis. Diatoms might take advantage of this, 

since they are the dominating phytoplankton group during autumn blooms. However, 

phytoplankton uptake of excess nitrogen in nutrients is limited by the availability of or-

thophosphate, known to be the limiting nutrient in the northern Adriatic [31]. As ortho-

phosphate concentrations were very low during our study, the correlations with phyto-

plankton were not significant. Indeed, phytoplankton biomass in the northern Adriatic is 

more related to total phosphorus concentrations (data not available for our study) [51] 

and thus reinforce the importance of rapid recycling of phosphorus for phytoplankton 

growth [31]. 

Phytoplankton pigment analysis revealed that Hex was the dominant pigment in the 

spring period. Based on past work in the Gulf of Trieste [19], Hex was used to track the 

biomass of haptophytes in this study. However, Hex can also be found in some of dino-

flagellates and dictyochopytes species [52]. Similarly, But can be found in some taxa ex-

cept dictyochophytes, such as haptophytes and pelagophytes [53]. As for the latter group, 

its representatives occur in various marine environments, from the coast to the open sea 

[54,55] and have been found to be important in deep waters of the Mediterranean [56] 

However, their occurrence and distribution in the Adriatic Sea is scarcely described [57]. 

Allo is the major pigment in cryptophytes and it is rarely reported to be present in other 

taxa [53,58]. The great majority of taxa in all these groups are nano-sized. Therefore, we 

infer that the three phytoplankton groups marked by Hex (haptophytes), but (dictyocho-

phytes) and Allo (cryptophytes) jointly represent the nano-sized class in the Gulf of Tri-

este rather well. Once again, this emphasizes the importance of the nano-sized compart-

ment during the spring period. Nano-sized diatoms can also contribute to the spring peak 

in the area, e.g., Cyclotella spp. and small Chaetoceros species [41,48,59,60] but, in our study, 

they were classified in the micro fraction based on pigment signature. 

After the breakdown of stratification in autumn, which normally coincides also with 

increased runoff from the River Soča in October and November [61], phytoplankton bio-

mass reaches its second and highest peak. Unlike the spring one, it is dominated by the 

micro size class along the entire water column (>60%) and diatoms account for the largest 

share. In contrast, when abundance was considered, the autumn peak was co-dominated 

by diatoms and nanoplanktonic flagellates in the same study area and time period [31]. 

This difference can be attributed, to a great extent, to the small size of nanoflagellates and 

large diatom blooming during this period [31]; however, it could be partly explained by 

the non-absolute specificity of pigment biomarkers. For example, many algae that are not 

diatoms also have high Fuc concentrations [62]. Furthermore, pigment signature can vary 

on a seasonal basis. Ansotegui et al. [63] found that Fuc occurs mainly in the microplank-

ton size class during the first half of the year and in the nanoplankton size class the rest of 

the time, when it originates mainly from cryptophytes and haptophytes. 
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In the bottom layer, phytoplankton biomass and size structure follow a different pat-

tern, which is defined by the shallow depth of the study area that allows sufficient light 

to reach the bottom, and remineralization of nutrients under stratified water column con-

ditions. High biomass throughout late spring and summer may result from in-situ growth 

in the bottom layer, sedimentation of cells from the upper layers and their accumulation 

near the bottom [48,64] and/or photoacclimation processes [65]. The higher contribution 

of microplankton to phytoplankton biomass in the bottom layer compared to the upper 

water column was partly attributed to dinoflagellates, especially in June and July. This 

high contribution of dinoflagellates during summer is typical of the northern Adriatic Sea 

[21,60,66] and may be linked to their ability to cope with stratified water column condi-

tions by vertical migrations and mixotrophy [67]. 

The picoplankton size class contributed the least to phytoplankton biomass. How-

ever, its importance may not be comparably small, especially during the period of low 

biomass in summer. For example, cyanobacteria displayed the highest Chlorophyll a-nor-

malized primary production in the Gulf of Trieste [68], and an important contribution of 

picoplankton to primary production during periods and areas of low primary production 

has been demonstrated globally [45]. The picoplankton size class is often neglected in phy-

toplankton studies, since methods other than microscopy are necessary for their evalua-

tion. They are analysed separately from the rest of the phytoplankton community (e.g., 

studies using flow cytometry such us in Šantić et al. [69], and the results are thus more 

difficult to compare. In this study, picoplankton biomass in the upper layers was the high-

est in winter when it was dominated by chlorophytes, which is in agreement with the 

winter peak of picoeukaryotes in the NE Adriatic [23]. Šilovič et al. [23] also found that 

Synechococcus, the dominant type of cyanobacteria, was the most abundant at the end of 

summer and early autumn, which is also similar to our finding, namely, that the contri-

bution of cyanobacteria to picoplankton biomass in the upper water layers is the highest 

during the summer months. A different seasonality of picoplankton was observed in the 

nearby Gulf of Venice [21], where picoplankton biomass peaked from summer to autumn 

but, as with our study, it dominated during periods of lowest total phytoplankton bio-

mass. 

Our study also addressed the interannual variability of phytoplankton biomass of 

different taxa and size classes. The most consistent trend observed in all layers during 

2007–2018 was the increase in picoplankton, while in the other two size classes the trend 

was not as straightforward. For example, the biomass of nanoplankton showed an in-

crease in summer (at 1 and 10 m) and autumn (at 21 m), but when the seasonal component 

was removed, the trend of nanoplankton showed a sharp decrease during 2011–2012 and 

subsequent recovery. This depression was observed, based on biomarker pigments, for all 

three groups (haptophytes, cryptophytes and dictyochophytes) forming the nano size 

class in all layers and for dinoflagellates. The same nanoplankton decrease was observed 

with phytoplankton abundance studies in the Gulf of Trieste [59,60]. The nano-sized phy-

toplankton is top-down controlled mainly by the microzooplankton [70], which is very 

efficient in this area [71], and could play a role in the short-term oscillation of nanoplank-

ton. For example, Monti et al. [72] found that in the Gulf of Trieste, there was a sharp 

decline in tintinnids (which constitute a part of the microzooplankton community) be-

tween 1998 and 2010 compared to the previous period, but they started to recover gradu-

ally after 2007 [73]. This trend for tintinnids was the opposite of that for nano-sized flag-

ellates, that increased in abundance in 2003–2009 compared to 1989–2002 [29], and was 

related to the combined effect of oligotrophication and grazing control in the Gulf of Tri-

este. 

Moreover, the decrease in diatom abundance peaks in 2003–2009 was attributed to 

the oligotrophication process [29]. The interannual variability of microplankton during 

our study, mainly determined by the trend of diatoms (Fuc), and especially the decrease 

of microplankton biomass in the bottom layer could indicate the continuation of severe 

phosphorus limitation, observed in the northern Adriatic as a consequence of changes in 
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riverine discharges and anthropogenic phosphorus loads [33]. Moreover, the deseasonal-

ized trends of micro- and nanoplankton had approximately an opposite direction, e.g., in 

2012–2014 and 2016, which could indicate that both size classes are at least partly modu-

lated by the same bottom-up processes that drive the phytoplankton community towards 

prevalence of small-sized taxa [45]. The highest share of small-sized taxa in relation to a 

reduced pool of nutrients could indicate both a switch towards nanoplanktonic flagellates 

and towards smaller diatom species. From this point of view, the upward trend of diatom 

biomass in spring could be part of the same process, considering that Fuc also character-

izes nano-sized diatoms. 

The upward trend in picoplankton during 2007–2018 was significant in all three wa-

ter layers, but was most pronounced near the bottom. This trend was mainly driven by 

the trend of chlorophytes (Chl b) as it represents the major part of picoplankton biomass. 

However, the concentrations of cyanobacteria (Zea+Lut) were also higher in the second 

half of the time series than in the first. Although both picoplankton groups showed a pos-

itive trend in biomass over time, the mechanism behind this process is probably different. 

Cyanobacteria and chlorophytes exhibited different seasonality and an opposite relation-

ship with some of the driving factors. The correlation between cyanobacteria biomass and 

temperature was positive and between salinity negative. The same has been observed for 

the dominant cyanobacteria Synechococcus in the NE Adriatic Sea [23]. Cyanobacteria have 

a competitive advantage at higher temperatures [74] and models predict an increase of 

both Prochlorococcus and Synechococcus with increasing temperature in the world’s oceans 

[75]. This advantage could be one of the reasons for the observed trend in our study. It 

has been reported that Prochlorococcus type cyanobacteria may also benefit from increasing 

oligotrophication [76]. Prochlorococcus has been found to constitute a small part of cyano-

bacterial biomass in the central and southern Adriatic and is mainly present during the 

colder seasons [69,77] However, to our knowledge, Prochlorococcus has not yet been deter-

mined in the northern Adriatic while Synechococcus represents an important part of pico-

plankon in this area [22,40]. Paoli et al. [22] suggested that heterotrophy is an important 

additional trait that supports the success of Synecchococcus in the Adriatic Sea and sup-

ported a rise in the abundances of this organism observed over 1993–2004 [78]. 

Contrarily to cyanobacteria, the environmental preferences of chlorophytes and their 

tendency to accumulate in the bottom layer during stratified water column conditions 

may indicate that the driver for the upward trend of chlorophytes is more related to the 

availability of nutrients and water column conditions rather than temperature. Indeed, 

chlorophyte biomass was negatively or not correlated with temperature during our study, 

but showed a strong positive correlation with nitrate and nitrite. Picoeukaryotic plankton 

(that at least partly can be paralleled to chlorophytes in our case) displayed similar behav-

iour in other parts of the Adriatic Sea [23,69]. A higher contribution of picoplankton to the 

overall biomass of phytoplankton could change the balance between the classical food 

chain channelling energy towards higher trophic levels and the microbial loop, which is 

less efficient in carbon cycling [1,79]. Moreover, the share that picoplankton biomass oc-

cupy in phytoplankton community as calculated in our study may be underestimated, as 

it was based only on chlorophytes and cyanobacteria as assessed by pigments Chl b and 

Zea+Lut, respectively. Taxa belonging to other groups, e.g., haptophytes, chrysophytes 

and pelagophytes have members in the pico compartment as well [79]. Further investiga-

tions in the Gulf of Trieste should be carried out to reveal the detailed composition and 

dynamics of the picoplankton size class and to confirm the presence of Prochlorococcus, 

using flow cytometry and/or molecular methods. 

5. Conclusions 

In this study, we show that the results of HPLC analyses, i.e., concentrations of bi-

omarker pigments, can also be used to determine the chlorophyll biomass in three phyto-

plankton size classes. Two important pieces of ecological information can be obtained 
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from a single analysis (HPLC)—the coarse taxonomic structure and the size structure of 

the phytoplankton community. 

Our long-term analyses have shown that the biomass of phytoplankton groups, par-

titioned into three size classes, generally parallels the seasonality of abundance with two 

annual peaks, as demonstrated in previous studies in the area. In terms of size, there is an 

alternation of dominance between the spring peak, where nano- and microplankton 

jointly account for a substantial share of total biomass, and the autumn peak, where mi-

croplankton (mainly diatoms) account for most of the biomass. The biomass of picoplank-

ton, which consists mainly of chlorophytes, is highest in the colder months, while cyano-

bacteria play a greater role in summer. 

The most obvious trend observed during 2007–2018 was an increase of picoplankton 

in all water layers, which may be due to several factors, such as increasing water temper-

atures, intensified stratification during summer and nutrient availability. The other two 

size classes showed more fluctuating biomass over the time series, with a sharp decrease 

in nanoplankton biomass in 2011–2012, which was also observed in other studies in the 

Gulf of Trieste. 

For the Gulf of Trieste, where picoplankton is not routinely monitored, our study 

provides a first insight into the temporal distribution of picoplankton in relation to other 

size groups, and allows drawing important ecological conclusions. For example, the in-

crease in picoplankton biomass, together with changes in the proportion of phytoplankton 

size classes, could have significant implications for trophic relationships in food web and 

the fate of carbon in the coastal sea. 
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