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Abstract
Trait-based ecology has recently gained increasing importance in phytoplankton research. In particular, the taxonomic and 
morphological traits, such as size and shape of phytoplankton cells, can help to unveil the ecological processes and their 
drivers in the pelagic domain. Our study aims to shed light on the trophodynamics of phytoplankton communities in a coastal 
ecosystem in the northern Adriatic Sea (Gulf of Trieste) using data on individual traits such as biomass, size and shape 
of phytoplankton taxa during a one-year study. The phytoplankton parameters were investigated at the levels of the whole 
community, groups, and individual cells, analysing also the probability distributions of biomass and size of the latter level. 
The results showed good agreement between abundance and biomass data, as well as individual size and biomass with dif-
ferences partly explained by cell shapes. We have emphasized the role of the local freshwater source in bottom-up control, 
alternating with top-down control of phytoplankton dynamics through taxonomic and morphological diversity. The predomi-
nant bimodal and non-power law distribution, especially during and around the biomass peaks, confirmed the importance 
of nano- and microphytoplankton size classes and the role of blooms in destabilizing the trophic webs. We suggest that the 
analyses of distribution types of individual cell size and biomass can be appropriate to spot ecological processes driving to 
unconstrained phytoplankton proliferation or to periods of trophic web stability.
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Introduction

Phytoplankton communities play an important role in 
marine ecosystems, as they are the gateway to pelagic 
food chains and are critical to biogeochemical cycling in 
the seas and oceans (Falkowski et al., 2003; Hays et al., 
2005). The common characteristics used to describe phy-
toplankton communities and their dynamics are biomass, 
abundance, and taxonomic composition, with biomass, 
expressed as chlorophyll-a concentration, being largely 
used in ecological studies because it overwhelms all pho-
toautotrophic microorganisms regardless of their size and 

taxonomic affiliation. As such, chlorophyll-a biomass is a 
suitable indicator for assessing the ecological or trophic 
status of water bodies in the context of various environ-
mental policies (e.g. European Directives 2000/60/ EC and 
2008/56/ EC) (Varkitzi et al., 2018). On the other hand, 
biomass in the form of cellular carbon is used as a crucial 
parameter to define the phytoplankton component in the 
study of biogeochemical cycles or in ecosystem model-
ling (Aumont et al., 2015; Falkowski et al., 2003). Carbon 
biomass is usually calculated from cell biovolume through 
standard conversion factors (Menden-Deuer & Lessard, 
2000; Socal et al., 2010), and biovolume in turn depends 
on cell size, which is therefore a very important meas-
urable phytoplankton trait (Finkel et al., 2009). Indeed, 
according to the “metabolic theory” of Brown (2004), 
body size is one of the three key factors along with tem-
perature and stoichiometry that influence individual’s 
metabolism and consequently community ecology. Body, 
i.e. cell size in phytoplankton, was recognized to offer 
potential advantages over standard taxonomic descriptors 
in community organization studies (Vadrucci et al., 2007), 
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and is, along with the associated value of biovolume of 
critical importance in allometric studies (Beardall et al., 
2009; Niklas, 2004; Verdy et al., 2009). In addition, cell 
size is among the functional traits that regulate competi-
tive ability (e.g. nutrient uptake rates, growth rates) (Nock 
et al., 2016) and has as such a pivotal role in the field of 
trait based ecology of phytoplankton (Litchman & Klaus-
meier, 2008).

When coming to distributional properties, phytoplank-
ton biomass is often assumed to follow the power law 
(Kostadinov et al., 2009, 2010; Kriest & Evans, 1999; 
Niklas, 2004), which has been shown to be correct on a 
global scale (Perkins et al., 2019). Under such an assump-
tion, the biomass is uniformly distributed along log-scaled 
body size classes and its distribution describes a line in a 
log–log frequency biomass diagram (Sheldon et al., 1972). 
Since the literature on power law distribution of phyto-
plankton size uses the term “size” in the sense of “body 
size”, “biovolume” or “biomass” (Andersen et al., 2016; 
Finkel et al., 2009; Heneghan et al., 2019; Marquet et al., 
2005), it is not clear whether the body size parameters of 
phytoplankton (for example length, diameter), also fol-
low a power law. It has been suggested that the power 
law distribution can emerge from stable trophic networks 
(Bascompte, 2007; Newman, 2005) and that deviations 
from this distribution indicate the presence of ecological 
processes and human impacts operating at specific organ-
ism sizes and spatial scales (Armstrong, 1999; Cavender-
Bares et al., 2001; Hatton et al., 2021). When biomass is 
assessed at the mesoscale, deviations from the power law 
are found in nearshore marine waters and in freshwater 
ecosystem (Sprules, 1988; Witek & Krajewska-Soltys, 
1989). Such deviations have been associated with the sea-
sonal blooms (Witek & Krajewska-Soltys, 1989) and with 
shifts from bottom-up to top-down control (Sprules, 1988). 
From these studies, it emerges that knowledge about cell 
size distribution provides valuable information not only 
about the phytoplankton community, but also about the 
state of its ecological relationships with other biological 
components (for example, zooplankton).

Referring to the cell size as maximum linear dimension 
(MLD), phytoplankton is usually classified in one of the three 
phytoplankton size classes (PSCs): picoplankton (0.2–2 µm), 
nanoplankton (2–20 µm) and microplankton (20–200 µm) 
(Sieburth et al., 1978). In the marine environment, the appor-
tionment of biomass among PSCs is influenced by various 
biotic and abiotic factors, where, in general, the pico-fraction 
is advantaged at higher temperatures (Andersson et al., 1994), 
the nanofraction is advantaged at low nutrient concentrations, 
while microfraction is advantaged during nutrient pulses and 
in exploiting vertical gradients (Sommer et al., 2017). Also, 
the nanofraction is more affected by grazing by protists and 

pelagic tunicates, while the microfraction is more affected by 
larger zooplanktonic grazers (Sommer et al., 2017).

In addition to size, other morphological, behavioural and 
physiological traits are important in defining the properties of 
resource acquisition and predator avoidance, namely mixo-
trophy, motility, shape, life forms (single cell vs. colony), and 
surface to volume ratio (Durante et al., 2019; Leonilde et al., 
2017; Roselli & Litchman, 2017; Weithoff & Gaedke, 2016). 
In this context, cell shape not only plays a crucial role in defin-
ing the biomass of a cell, but also have an influence on the effi-
ciency of resource utilization in phytoplankton as well (Rya-
bov et al., 2022). In fact, elongated shapes allow for a greater 
surface area to volume ratio, which maximizes nutrient uptake 
and improves chloroplast packing (Naselli-Flores & Barone, 
2011). Shape irregularities in the form of spines, appendages 
and flagella (Sonnet et al., 2022) also prevent sinking, increase 
resistance to grazing and improve the displacement capacity 
of cells towards better nutrient and light conditions (Durante 
et al., 2019; Stanca et al., 2013). As a morpho-functional trait, 
shape is more effective than a simple taxonomic hierarchy in 
grouping ecologically similar species (Roselli et al., 2022) and, 
together with size, determine the morphological optimum for 
speciation and thus maximum diversity (Ryabov et al., 2022). 
The temporal dynamics of phytoplankton shape composition 
have been described as highly variable over the course of the 
year and without clear seasonality (Sonnet et al., 2022), but 
opposite results have been published as well (Stanca et al., 
2013).

Estimates of phytoplankton cellular carbon based on time-
consuming measurements of species biovolume are not rou-
tinely assessed in ecological time series in the area of interest 
(Gulf of Trieste, northern Adriatic Sea) and have been used 
only sporadically in studies on the partitioning of organic car-
bon among different compartments of the coastal ecosystem 
(Malej et al. 2003). In this work, we investigate the first annual 
time series of phytoplankton cell size and biomass by direct 
microscopic measurements, which were assessed at the level 
of total community, groups and individual cells (Fig. 1). In 
addition, we analysed the distributional properties of phyto-
plankton individual cell size (as MLD) and biomass and their 
consistency with the power law to infer the fate of phytoplank-
ton biomass in the pelagic trophic interactions. To supplement 
this, we examined the diversity of taxa and their shape, which 
highlight important ecological processes and help interpret 
the trophodynamics since the trophic status and structure of 
the phytoplankton community in the Gulf of Trieste changed 
significantly after the turn of the century (Brush et al., 2021; 
Mozetič et al., 2012).
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Material and methods

The study area

The Gulf of Trieste (GoT) is a shallow basin surrounded 
by land at the north-eastern tip of the Adriatic Sea. This 
basin is very shallow (about 20 m on average) and is strongly 
influenced by meteorological conditions. The water column 
in the GoT is seasonally mixed and stratified (Malačič et al., 
2006), and the euphotic zone considerably exceeds the depth 
of the upper mixed layer (Talaber et al., 2014). The sampling 
station 000F is located at the southern entrance of the GoT 
(Fig. 2) and represents the Slovenian long-term ecological 
research (LTER) site. The waters around the LTER station 
are generally crossed by the North Adriatic Dense Water 
(NAdDW) current and influenced by the river plume of the 
largest freshwater source in the GoT—the Soča (Isonzo) 
River (Fig. 2)(Zhang et al., 2020).

Phytoplankton exhibits strong seasonal fluctuations and 
large interannual variability in GoT and broader in the north-
ern Adriatic (Brush et al., 2021; Totti et al., 2019). Usually, 
phytoplankton shows two seasonal peaks, first in late spring, 
which is inconstant and short-lived, and second larger and 
more constant in autumn (Vascotto et al., 2021). During 
blooms, phytoplankton community is mainly dominated by 

Fig. 1  Scheme of the relations 
between analysed phytoplank-
ton parameters, the estimation 
methods, and objectives of the 
study. In green the parameters 
estimated in this study, in yel-
low the goals. (MLD = Maxi-
mum Linear Dimension; 
PSC = Phytoplankton Size 
Class)

Fig. 2  Map of the study site: the sampling stations, 000F, represent 
the LTER site, Gulf of Trieste—Slovenia
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diatoms, while during periods of low chlorophyll-a concen-
trations small cells (nanoflagellates, coccolithophores) pre-
vail (Brush et al., 2021; Talaber et al., 2018). In this area, a 
trend towards oligotrophication and a decline in production 
has been observed in early 2000s (Mozetič et al., 2010), lead-
ing to the situation of low phytoplankton biomass strongly 
influenced by meteoclimatic variability (Brush et al., 2021). 
Recently, more irregularity was observed in the formation 
of typical assemblages that was attributed to mesoscale cli-
matic and hydrological drivers (Vascotto et al., 2021). Daily 
flows of the Soča River, measured approx. 45 km upstream, 
were downloaded from the web page of the Environmental 
Agency of the Republic of Slovenia (https:// vode. arso. gov. 
si/ hidar hiv/ pov_ arhiv_ tab. php).

Biomass determination

Size, biovolume and cellular carbon

A year-long campaign of monthly sampling was conducted 
at sampling station 000F from April 2020 to March 2021. 
Phytoplankton samples were collected at the surface with 
Niskin bottles and fixed with neutralized formaldehyde. 
50  ml of samples were then analysed with an inverted 
microscope ZEISS AxioObserver.Z1 using the Utermöhl 
method (Utermöhl, 1958), with either counting and meas-
uring phytoplankton cells in a minimum of 100 fields at 
400× magnification or alternatively counting and measuring 
1000 phytoplankton cells in a sample. After examining the 
sample at 400× magnification, half sedimentation cham-
ber was scanned at 100× magnification to check for big-
ger specimens. Phytoplankton cells were determined to the 
lowest taxonomic level possible and assigned to one of the 
main phytoplankton groups (diatoms, dinoflagellates, coc-
colithophores, silicoflagellates, cryptophytes, chlorophytes 
and unidentified phytoflagellates).

Currently, the most used method for estimating the 
biomass of a phytoplankton does not rely only on size, in 
fact, it is based on the assignment of each taxon to a three-
dimensional shape (Olenina et al., 2006; Sun & Liu, 2003; 
Vadrucci et al., 2007). The dimensions of these shapes and 
the inferred biovolume and biomass are measured under the 
microscope, in parallel with taxonomic identification and 
enumeration. This method uses the formula of geometric 
models or shapes that most closely resemble the actual shape 
of the organism. During this process, one is often faced with 
the dilemma whether to assign the shape of a phytoplankton 
cell to a complex but similar geometric model or rather to 
a simple, easily measured but dissimilar shape (Sun & Liu, 
2003). The importance of choosing the right shape formula 
is emphasized by the fact that due to the geometric relation-
ship between size and volume, there is a wide range of nine 

orders of magnitude for the cell biovolume of phytoplankton 
(Sutton, 1997).

To measure the biovolume, each phytoplankton species/
taxon was first assigned to a shape according to the Helsinki 
Commission (HELCOM) classification system (Olenina 
et al., 2006) and found in the Nordic Microalgae website 
(Karlson et al., 2020). The taxa that were not present in the 
HELCOM list were assigned to the most similar shape and 
are, together with the complete list, reported in the Sup-
plementary Materials (Table S1). Using ZEISS ZEN 3.0 
software, the dimensions (length, width, diameter etc.) of 
each cell were measured individually, then the biovolume 
was calculated according to the formula assigned to a cer-
tain shape. When we found colonies in our samples, each 
cell of the colony was measured individually. The final 
biomass values (in pg C) were obtained using the Mendel-
Deuer conversion factors (Menden-Deuer & Lessard, 2000; 
Socal et al., 2010). The size classes were obtained grouping 
the individual cell biomass and their abundances in the two 
classes (nano and micro) depending on their maximum lin-
ear dimension (MLD Fig. 1). Hereafter, to refer to the phy-
toplankton results measured by microscopy, the term Uter-
möhl phytoplankton will be used. The parameters measured 
in our study were taxa abundance (cell/L), shapes abundance 
(cell/L), taxa biomass (mg C /m3), shapes biomass (mg C 
/m3), individual cell biomasses (pg C), and individual cell 
sizes (MLD, µm) (Fig. 1).

Chlorophyll‑a

The same monthly surface samples were used to determine 
chlorophyll-a (Chl-a) concentration. 400 mL of each sam-
ple was filtered through Whatman GF/F filters, and filters 
were frozen until analysis. Chl-a concentrations corrected 
for phaeopigments were then determined fluorometrically 
(Holm-Hansen et al., 1965) in 90% acetone extracts using a 
Turner Designs Trilogy fluorometer.

Analyses of data

The coherence among trends of different phytoplankton 
groups and among estimation methods was investigated 
using the Pearson determination coefficient (R2) computed 
in the linear model II framework. The linear model II was 
obtained using the R package < lmodel2 > (Legendre & Leg-
endre, 2012). The differences among medians were tested 
using the nonparametric rank test based on quantiles from 
the R package < EnvStats.R > . The community diversity 
was calculated using the Shannon diversity index (H’) with 
the R package < vegan.R > (Oksanen et al., 2018). For every 
month, the taxa biomass, taxa abundance, shape biomass 
and shape abundance were transformed in proportions. Each 

https://vode.arso.gov.si/hidarhiv/pov_arhiv_tab.php
https://vode.arso.gov.si/hidarhiv/pov_arhiv_tab.php
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contribution to the community compositions pi was used in 
the equation below to obtain the diversity values.

To test whether nano- and microplankton subpopula-
tions formed two distinct distributions, the unimodality or 
bimodality of the distributions of log size and log biomass 
was tested using the method of (Hartigan & Hartigan, 1985) 
embedded in the R package < diptest.R > (Maechler et al., 
2021). In case unimodality of a distribution was not met, 
the distribution was split into two using the Gaussian mix-
ture models method of the R package < mclust.R > (Fraley 
et al., 2022). For each of resulting distributions (the original 
one in case of unimodality and the two split distributions in 
case of bimodality), the agreement with the power law was 
tested (bootstrap, Supplementary Material Figure S1). When 
the test results significative, the tested distribution is not a 
power law (p-value < 0.05); on the contrary, if the test results 
have a p-value > 0.05, then the distribution could be a power 
law or other similar distributions (exponential and lognor-
mal) (Clauset et al. (2009). In case of p-value > 0.05, the 
lognormal and exponential distributions were tested against 
the power law using the method developed by Clauset et al. 

H�
= −

n
∑

k=0

piln pi

(2009), included in the < poweRlaw.R > package (Gillespie, 
2015). In case the test was not passed against one or both 
alternative distributions (exponential or power law), the sup-
port for the power law was considered as moderate, while 
in case both p-values were lower than 0.05, the support was 
considered as good. After Clauset et al. (2009), the sup-
port for power law was classified in “none”, “moderate” and 
“good”. The flowchart of the power law related analysis is 
schematized in the Supplementary Materials (Figure S1).

Results

Annual pattern of phytoplankton parameters

During the study period, a total of 10,030 cells were identi-
fied down to the lowest possible taxonomic level, counted 
and measured using an inverted microscope. The total abun-
dance of phytoplankton exhibited three peaks (Fig. 3A). The 
highest abundance was observed in June 2020, while two 
minor peaks were observed in October–November 2020 
and March 2021. The total carbon biomass followed the 
abundance pattern with very similar dynamics: the biomass 
peaked in June (89.4 mg C/m3).

Fig. 3  Annual pattern of 
phytoplankton characteristics at 
the station 000F in the period 
April 2020–March 2021. A 
abundance (left axis) and 
carbon biomass (right axis); B 
chlorophyll-a concentration; C 
Shannon diversity index calcu-
lated using abundance of taxa 
(left axis) and abundance of 
shapes (right axis); D Shannon 
diversity index calculated using 
biomass of taxa (left axis) and 
biomass of shapes (right axis)
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Chl-a concentrations (Fig. 3B) peaked synchronously 
with total carbon biomass and abundance in June 2020, 
which was followed by a summer low. The second minor 
peak in November 2020 was again followed by a decline in 
late autumn and winter, when the concentration reached the 
low in January 0.21 mg/m3 to then increase again in March 
2021. The Chl-a concentrations were significantly correlated 
with total carbon biomass (R2 = 0.74, p-value < 0.01).

Phytoplankton diversity, which was calculated based on 
the abundance of taxa (Fig. 3C), was fluctuating but with 
relatively high values during spring and summer and reached 
its maximum during the peak in October 2020 (H’ = 3.2). 
The minimum diversity was calculated in January 2021 
(H’ = 1.7) and was also low in September 2020. Very similar 
was the pattern of diversity calculated with the abundance of 
cell shapes (R2 = 0.76, p-value =  < 0.01), which slightly dif-
fered only in April–May 2020 and March 2021. Phytoplank-
ton diversity based on the carbon biomass of taxa displayed 
a different temporal pattern (Fig. 3D). It decreased from 
high values in April 2020 and reached its minimum in July 
(H’ = 2.0). The trend then reversed, and diversity peaked 
again in August and October 2020 (up to H’ = 3.5), only 
to decline again in the winter months. Similar pattern was 
also observed for the diversity calculated with carbon bio-
mass of different cell shapes (R2 = 0.83, p-value =  < 0.01). 
The autumn peak in phytoplankton abundance and carbon 
biomass, recorded in October/November, corresponded to 
the maximum in shape diversity for both shape abundance 
(H’ = 2.36) and biomass (H’ = 2.16).

The June and October/November peaks were character-
ized by an increase in the median of the individual cell sizes, 
while the March peak corresponded to a non-significant 

decrease (p-value > 0.05) (Fig. 4 and Supplementary Mate-
rial Table S2). From the perspective of individual cell bio-
mass, only the October/November period was characterized 
by an increase in average values while the March peak was 
characterized by a significant decrease (Fig. 4 and Supple-
mentary Material Table S2). Both June and October peaks 
were preceded by an increase in freshwater inputs from the 
main river while the March peak was accompanied by a sig-
nificant decrease in freshwater inputs (Supplementary Mate-
rial Figure S2 and Table S2).

Phytoplankton size classes and main taxa

Phytoplankton size classes contributed differently to the 
community with respect to biomass and abundance. Micro-
fraction (MLD > 20 µm) accounted for an average of 60% 
of the Utermöhl phytoplankton biomass, while nanofraction 
(MLD 2 – 20 µm) accounted for the remaining (Supplemen-
tary Material Table S3). Microphytoplankton share in the 
carbon biomass rose during the peaks to almost 90% in July 
2020 and up to 80% in November 2020. The contribution 
of nanophytoplankton biomass was the highest during early 
spring (up to 72% in April 2020) and in December 2020 
(71%). As expected, much higher contribution accounted for 
nanophytoplankton in case of abundance (Supplementary 
Material Table S4), where it accounted for an average of 
80% of the total abundance. The contribution of microphy-
toplankton abundance was the highest during peaks (up to 
30% in June and July and up to 44% in November).

The community composition in terms of phytoplankton 
main groups was during peaks characterized by the preva-
lence of diatoms, which dominated both in biomass (up to 

Fig. 4  Annual pattern of individual phytoplankton cell size (in terms of MLD; left) and biomass (in terms of carbon biomass; right) at the sta-
tion 000F in the period April 2020–March 2021
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77%; Fig.  5a1) and abundance (up to 68%; Fig.  5a2). The 
share of dinoflagellates was, on the other hand, the high-
est during non-bloom periods, but only in terms of biomass 
(up to 55% in September; Fig.  5a1), while the non-bloom 
periods were dominated by flagellates in terms of abundance 
(up to 60%; Fig. 5a2). Coccolithophore share to abundance 
was the most important during autumn months (up to 37%; 
Fig.  5a2). Unidentified nanoflagellates and coccolithophores 
together with cryptophytes accounted for less biomass than 
dinoflagellates alone. Other groups had minor contributions 
for the total phytoplankton abundance and biomass (Fig. 5 
and Supplementary Material Tables S3 and S4). The most 
uniform contribution of phytoplankton groups to the com-
munity was observed in the periods of the lowest biomass 
(April and December, Fig. 5).

Total carbon biomass and abundance were significantly 
correlated (R2 = 0.82, p-value < 0.01), which was also mostly 
true when separately considering main phytoplankton 

groups. For cryptophytes and chlorophytes, biomass corre-
lated almost perfectly with abundance (R2 close to 1), and for 
dinoflagellates, correlation was also quite high (R2 = 0.86, 
p-value < 0.01). For diatoms, the correlation was positive 
but not significant as it was strongly driven by the June peak 
(R2 = 0.77, p-value > 0.01), and for the coccolithophores, the 
correlation was lower but nonetheless significant (R2 = 0.60, 
p-value < 0.01). Biomass and abundance were positively 
correlated also for both PSCs (micro-size class R2 = 0.69, 
p-value < 0.01; nanosize class R2 = 0.89, p-value < 0.01).

Phytoplankton cell shapes

During the study period, 25 different shapes were registered 
that can be divided in six groups: nine shapes closely related 
to cones, two cylinders, two ellipsoids, five parallelepipeds, 
six spheres, and one unique shape of the genus Tripos, 
denoted as girdle diameter. In general, individual cell size 

Fig. 5  Phytoplankton commu-
nity composition at the station 
000F in the period April 2020–
March 2021: a1 contribution of 
main groups to total biomass, 
a2 contribution of main groups 
to total abundance; b1 contribu-
tion of shapes to total biomass, 
b2 contribution of shapes to 
total abundance
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and individual biomass of phytoplankton cells were signifi-
cantly correlated (R2 = 0.53, p-value < 0.01). However, this 
correlation was stronger for spheres, ellipsoids and girdle 
diameter (R2 = 0.81, 0.91 and 1.00, respectively) than for cyl-
inders, parallelepipeds and cones (R2 = 0.77, 0.20 and 0.10, 
respectively). The shape influenced the relation between 
total abundance and biomass as well. In fact, depending on 
the shape type, the correlation was stronger (parallelepipeds, 
ellipsoids and spheres R = 0.99, 0.77, 0.68, respectively) or 
weaker (girdle, cylinders and cones R2 = 0.47, 0.42, 0.30, 
respectively).

There was substantial variation in the dominance of dif-
ferent shapes during the study period (Fig. 5b1, b2 and Sup-
plementary Material Tables 5 and 6). Cylinders and parallel-
epipeds, associated with diatoms, dominated the abundance 
(41% and 26%, respectively) and biomass (35 and 33%, 
respectively) peak in June 2020, and their contribution was 
quite similar also during smaller March 2021 peak. Differ-
ently, all shapes contributed more or less uniformly to the 
autumn peak, especially in October 2020. The contribution 
of cylinders to biomass was the highest in months following 
the phytoplankton peaks July and November 2020 (75 and 
39%, respectively), while their contribution to the abundance 
during these months was much smaller. In the months with 
the phytoplankton lows, both biomass and abundance were 
dominated by ellipsoids (up to 42% of biomass in Septem-
ber 2020) and spheres (up to 45% of biomass in February 
2021 and 38% of abundance in December 2020). In absolute 
terms, spherical shapes reached their maximum biomass and 
abundance in May 2020, when their contribution to biomass 
also peaked (47%). The contribution of the genus Tripos-
shape denominated girdle diameter to biomass was very 
variable, reaching the peak in August 2020 (21%), while its 
contribution to the abundance was negligible.

Distributions of individual cell size and biomass

The phytoplankton cell size in terms of MLD ranged from 
2 to 821.5 μm. The largest cells in each sample belonged to 
diatoms. The carbon biomass of individual phytoplankton 
cells ranged from 0.08 to 46,529 pg C. In contrast to the lin-
ear dimension, the majority of taxa with the highest carbon 
biomass belonged to the dinoflagellates, with one specimen 
of Protoperidinium depressum having the highest biomass. 
The distributions of phytoplankton individual cell sizes 
passed the Hartigan test for unimodality in only four cases: 
April and September 2020, January, and February 2021, 
which corresponds to periods of the lowest total biomass 
and abundance (see Fig. 3A). For these months, a unique 
average cell size was estimated, which varied between 7 and 
11 μm MLD (one solid vertical line in Fig. 6 and Supple-
mentary material Table 9). In other months, the individual 
cell size was characterized by a bimodal distribution. In 

these months, the average cell size in the subpopulation of 
smaller cells ranged from around 5 to 7 μm MLD, whereas 
the average cell size in the subpopulation of larger cells was 
more variable and ranged from 18 to 78 μm MLD (Fig. 6, 
Supplementary material Table S7). Only the distributions of 
November 2020, December 2020, and February 2021 as well 
as the subpopulation of larger cells in May 2020 and smaller 
cells in June 2020 conformed to a power law (p-value > 0.05; 
Supplementary material Table S7. Of these, only the distri-
butions of the small cells in June, November and December 
did not conform to the alternative distributions, i.e. lognor-
mal and exponential (p-value < 0.05), indicating a good sup-
port for power law.

The distributions of individual cell biomass did not pass 
the Hartigan test for unimodality only in June, July and 
October 2020, and March 2021 (two dashed vertical lines 
in Fig. 6 and Supplementary material Table S7), which cor-
responds to months of phytoplankton biomass peaks. Only 
the distributions of April, January, and February and the 
small cells in June conformed to a power law distribution 
(p-value > 0.05; Supplementary material Table S7). For 
all three, it was not possible to discriminate the distribu-
tion from at least one of the two alternative distributions 
(p-value > 0.05; Supplementary material Table S7) indicat-
ing a moderate support for power law.

Discussion

In this paper, we present an annual characterization of the 
phytoplankton community in terms of taxonomy (main 
groups), morphology (size and shape) and diversity, which, 
in combination with their distributional properties, allows 
conclusions to be drawn about the ecology of the pelagic 
community at the LTER site in the Gulf of Trieste (northern 
Adriatic Sea). Our results on phytoplankton size (MLD), 
biovolume and biomass add to the total of around 40 such 
datasets found worldwide (Harrison et al., 2015) and are, to 
the best of our knowledge, one of the few existing for the 
Mediterranean Sea.

The general pattern of two annual peaks of phytoplankton 
abundance and biomass, one in the spring and one in the 
autumn, match with the known phytoplankton phenology in 
the Gulf of Trieste, where seasonal outbursts are associated 
with water column freshening and mixing (Cabrini et al., 
2012; Cerino et al., 2019; Mozetič et al., 2012). The late 
appearance of spring phytoplankton peak during our study is 
also consistent with findings in this area, where late spring to 
summer diatom-dominated blooms recently substituted late 
winter or spring blooms (Cerino et al., 2019; Eker-Develi 
et al., 2022; Godrijan et al., 2013; Mozetič et al., 2012). 
Moreover, the minor relative importance of the autumn 
bloom is consistent with recent changes of phytoplankton 
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annual dynamics, as either the biomass (in terms of Chl-a) 
or the abundances of main phytoplankton groups diminished 
after the break of the century (Brush et al., 2021). The com-
munity appeared to be more diverse during the autumn peak 
both functionally (shapes) and taxonomically in comparison 
to the spring period, which can be explained by the mech-
anisms causing the blooms. In the study area, the spring 
season is characterized by a stratified water column caused 
mainly by freshwater inputs, which enrich the surface layer 
with nutrients and cause diatom blooms mostly dominated 
by a small number of species (Brush et al., 2021). In autumn 
season, mixed conditions prevail, which redistribute nutri-
ents from deeper water layers (Vascotto et al., 2024) and 
allow for a more complex and diverse community compared 
to other seasons (Vascotto et al., 2021). Active mixing can 
also favour the diversity by bringing specimens from the 

deeper layers into the surface, which was sampled in this 
study. Such an increase in diversity could also reflect the 
accumulation of species at the end of the phytoplankton suc-
cession cycle (Reynolds, 1980).

The range of cellular carbon of the Utermöhl phyto-
plankton (2.5–89 mg C/m3) is similar to that found in the 
eutrophic western part of the northern Adriatic (Bernardi 
Aubry et al., 2006; Pugnetti et al., 2008), while the values in 
the southern Adriatic are much lower (Cerino et al., 2012). 
This is consistent with the known gradient of increasing phy-
toplankton biomass along the south-north axis of the Adri-
atic Sea (Bernardi Aubry et al., 2006; Fonda Umani, 1996). 
Since our data cover only the surface layer, it is not possible 
to draw conclusions about the dynamics of phytoplankton in 
the lower water layers. In the Gulf of Trieste, in particular, 
the dynamics of the biomass in the lower layers are different 

Fig. 6  Log–log cumulative distribution plots for individual cell size 
(in µm, black dots) and individual cell biomass (in pg C, green dots). 
The solid vertical line represents the average size, if there are two 
lines, they represent the average size of the two subpopulations. The 

dashed vertical line represents the average biomass; when there are 
two lines, they represent the average biomass of the two subpopula-
tions. Note the different scale on x axes
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from the surface during the stratified water column (Flander-
Putrle et al., 2021; Talaber et al., 2014).

Depending on the taxa and their shape, the relation 
between individual size and individual biomass as well as 
the relation between total abundance and biomass showed 
different degrees of coherence. The significant correlation 
between phytoplankton abundance and biomass suggests 
the possibility of using abundance data as a proxy for bio-
mass, and size (MLD) as a parameter (or trait) to estimate 
the individual biomass (Hillebrand et al., 1999). Although 
similar matchups for the marine environment between bio-
mass and abundance have already been obtained before 
(Bernardi Aubry et al., 2006), there are also cases where 
satisfying agreement between the two parameters has not 
been achieved (Eker-Develi et al., 2022). Still, the output of 
this more demanding method, i.e. individual cell size, shape 
and biomass, can tell us other valuable information on the 
status and fit of the phytoplankton community in relation to 
energy flow, carbon export and carbon pump (Juranek et al., 
2020). However, the major drawback when using Utermöhl 
method is the neglection of the pico-fraction. A previous 
study on PSCs based on HPLC pigments in GoT has shown 
that the pico-fraction makes the highest contribution (up to 
30%) to the total biomass in the periods with the lowest 
Chl-a concentration. This contribution can be up to 30% of 
the total Chl-a in August and January, when cyanobacteria 
and chlorophytes predominate, respectively (Flander-Putrle 
et al., 2021). The relative importance of picophytoplankton 
may even increase in the future, as the biomass of picophy-
toplankton has recently increased significantly in all water 
layers of the GoT (Flander-Putrle et al., 2021).

The distributions of individual cell size and biomass were 
quite variable during the study period and often presented a 
mismatch between the size (MLD) and biomass suggesting 
nonlinear relationship between the two traits. This mismatch 
was also depicted by the results of the distribution tests (see 
Supplementary Material Table S7). It has to be stressed, 
however, that the power low test cannot perform at its best 
when the tested distribution does not span several orders of 
magnitude (Clauset et al., 2009), as was the case for the cell 
size subpopulations in our study. More specifically, for the 
size subpopulations of May, June, November and December 
that passed the test, special care must be taken before claim-
ing that the distributions really corresponded to a power law. 
Nevertheless, two important characteristics can be drawn 
from the results: (i) unimodality was more common dur-
ing periods of low phytoplankton biomass and abundance, 
meaning that phytoplankton community size and biomass 
could be described by one average value, and (ii) bimodality 
was more common during peaks, when more than one aver-
age value of biomass and size have to be used for describing 
the community. Moreover, the unimodal individual cell bio-
mass distributions in the months with lower biomass (April, 

January and February) showed tendency to the power law, 
while during the months with higher biomass characterized 
by bi- or even tri-modality, the individual cell biomass dis-
tributions mostly conformed to other types of curves (log-
normal or exponential) and only once to power law.

Apart from temporal differences between distributions, 
it is important to note that bimodality was a more common 
characteristic of the individual cell size (MLD) while uni-
modality was more frequent for individual cell biomass. 
Bimodality of individual cell size support the “clas-
sic” division of Utermöhl phytoplankton into nano- and 
micro-size classes, but specific variations during the study 
period indicate different underlying ecological processes. 
For example, November 2020 showed a distinct second 
change in slope in the range between 100 and 500 μm (see 
Fig. 6), indicating a possible third mode of distribution in 
the mesoplankton size class/or fraction. Indeed, big cylin-
drical cells of diatoms from the genera Guinardia, Pseudo-
solenia, Hemiaulus and Rhizosolenia were present in that 
period along with other diatoms in the micro-size fraction, 
most probably in relation to favourable conditions of a 
mixed nutrient enriched water column (Svensson et al., 
2014) that allowed a highly diversified autumn community 
(see Fig. 5). Conversely, in the cases where the distribu-
tion of individual cell size was unimodal during periods of 
low phytoplankton biomass and abundance (i.e. in April, 
September, January and February), the community was 
dominated by nano-sized phytoplankton. In such cases, 
the distinction between nanoplankton and microplankton 
is hardly seen in data and appears to be more of an artefact 
than a meaningful ecological trait.

On the contrary, the biomass of individual cells was either 
uniformly (when the power law applies) or unimodally dis-
tributed in most cases, except in peak periods when two 
(October 2020) or even three (June, July 2020 and March 
2021) subpopulations were present as shown by the cumu-
lative distribution plots of biomass (see Fig. 6). Our results 
show that phytoplankton biomass in coastal waters deviates 
very often from the power law, not only in correspondence 
to the seasonal blooms. Indeed, the assumption of energy 
flow from smaller to larger organisms, which characterize 
the food networks resulting in power low distributions, does 
not hold for the size spectrum occupied by phytoplankton 
(Witek & Krajewska-Soltys, 1989). More specifically, phy-
toplankton biomass can grow exponentially when unim-
peded by grazers in coastal waters (Irigoien et al., 2005), 
which deforms the expected power law distribution for the 
whole plankton range (Witek & Krajewska-Soltys, 1989). 
Similar results were obtained in our study, where size-spe-
cific blooms caused deviations from the power law inside 
the phytoplankton size spectrum itself (e.g. predominant cyl-
inder and parallelepiped shapes characteristic for diatoms 
during June-July bloom).
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The alternation between the bimodally and the unimo-
dally power law distributed communities reflects the sea-
sonal switches between unconstrained and constrained 
phytoplankton growth. In the first case, when the GoT is 
influenced by a high river discharge, the phytoplankton com-
munity is characterized by high biomass, bigger cells, clear 
separation between size classes, and higher contribution of 
diatoms in the microplankton size fraction. Such commu-
nities are richer in taxa and more diverse in terms of cell 
shapes, which indicates functional differentiation, especially 
in autumn. It has been argued that phytoplankton blooms, 
or peaks in our case, can be considered trophic “loopholes” 
as phases in the phytoplankton life cycles when species 
can proliferate exponentially unconstrained (Irigoien et al., 
2005). During phytoplankton peaks, biomass increases in 
a specific range that is characteristic of the blooming taxa 
causing the deviation of the overall distribution of individual 
cell biomass from the power law.

Conversely, in more oligotrophic conditions, the phyto-
plankton community is characterized by smaller cells with 
a lower biomass, no clear separation between size classes, 
lower diversity, and a higher contribution of pico- and 
nanofractions. These communities, in which distributions 
of individual cell size and biomass more often conform to 
the power law, appear during lower freshwater outflows 
and during winter. Apart from scarce resources (nutrient 
and light availability), grazers like microzooplankton and 
heterotrophic nanoflagellates with similar growth rates to 
those of phytoplankton exert top-down control, maintaining 
phytoplankton biomass at low levels (Monti et al., 2012). 
Such communities can be considered in the final stage of a 
stable food web, which is organized in trophic networks that 
exhibits self-organized criticality (Bascompte, 2007) imply-
ing distributions conforming to the power law (Newman, 
2005). In other words, in the post-bloom period where there 
are less resources available, grazers can “catch up” lead-
ing phytoplankton biomass to decrease and the distribution 
of individual cell biomass returns to the power law. These 
outcomes suggest that analyses of the distribution types of 
individual cell size and biomass can be seen as a useful tool 
to identify imbalances in the trophic network also in the 
coastal environment.

Conclusions

In this paper, we present a comprehensive characterization 
of the morphological traits (size and shape) and biomass of 
phytoplankton at the LTER site in the Gulf of Trieste (north-
ern Adriatic Sea), which provided an insight into ecological 
processes driving the evolution of the phytoplankton com-
munity in time. Overall, the observed annual pattern of total 
phytoplankton abundance, carbon biomass and chlorophyll-a 

corresponded well to the expected phytoplankton dynamics 
in this area. The individual cell size distributions confirmed 
the subdivision of the phytoplankton community into nano- 
and micro-size fraction, especially in the periods during and 
around the abundance and biomass peaks. In contrast, the 
distribution of individual cell biomass was more often uni-
modal except during the peaks, showing that the biomass 
of phytoplankton cells usually presents a continuum. The 
conformity of the biomass distribution to the power law in 
the months of low biomass indicates a link to stable trophic 
networks controlled by consumers and resources, while the 
more frequently observed deviations reflect the unstable 
nature of the coastal environment driven by the irregular 
pulses of freshwater inflows.
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