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Abstract  

This dissertation examines the ecological dynamics of phytoplankton communities in the 
northern Adriatic Sea, focusing on phenology, environmental drivers, and trophodynamics. 
The complexity of the region, characterized by the richness of phytoplankton communities, 
environmental variability and intensive human activities, is not seen as an obstacle but as 
an opportunity to gain new ecological insights. Building on existing knowledge, the research 
combines established data analysis techniques with innovative ecological modeling methods 
to unravel the complicated and paradoxical nature of phytoplankton life. 
The dissertation comprises three interlinked studies conducted at the Slovenian Long-

Term Ecological Research (LTER) site in the Gulf of Trieste. The first study examines the 
phenology of the phytoplankton community using a time series of monthly taxa abundances 
collected between 2005 and 2017. By reducing the complexity of the community into 
constituent assemblages, the study evaluates techniques for species selection, community 
structure analysis and assemblage definition, highlighting their strengths and limitations. 
The second study investigates how atmospheric (winds, temperature, precipitation) and 

hydrospheric (river inputs, water column stability, salinity) factors shape the ecological 
niches of the phytoplankton assemblages described in the previous study. Through linear 
and nonlinear numerical modeling, the study identifies the main niche-forming parameters 
and their properties. The resulting models are then applied to assess the connectivity of 
the northern Adriatic Basin at the mesoscale. These results are placed in the context of 
current ecological theories. 
The third study extends phytoplankton research to individual-based biological data 

collected in the Gulf of Trieste between April 2020 and March 2021. It investigates the 
differences between taxonomic and trait-based classifications and between abundance and 
biomass metrics. By scaling individual-level data to community-level dynamics, the study 
provides insights into the trophic structure of the planktonic food web. 
The dissertation concludes by summarizing the main results in a conceptual model that 

improves the understanding of phytoplankton dynamics in a highly dynamic coastal 
environment. In summary, the distribution of phytoplankton communities in the Gulf of 
Trieste exhibits a partially predictable seasonal succession driven by environmental forces 
and mesoscale connectivity. The baseline community is dominated by nano-sized 
phytoflagellates, with cell size and biomass distribution following a power law during times 
of resource scarcity or grazing pressure. Diatoms dominate during biomass peaks in spring 
and autumn, which is associated with larger cells and multimodal distributions. These 
shifts reflect the influence of both top-down and bottom-up processes. Phenology is 
influenced by periodic events such as stratification and river discharge, as well as non-
periodic disturbances such as climatic anomalies, which promote the occurrence of short-
lived assemblages. At the mesoscale, the Gulf of Trieste is partially connected to the 
northern Adriatic by cyclonic gyres and wind-driven circulations, especially in winter and 
autumn, while in spring and summer local phenomena dominate and reduce connectivity. 
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Povzetek  

Doktorska disertacija preučuje ekoloşko dinamiko fitoplanktonskih zdruźb v severnem 
Jadranu s poudarkom na fenologiji, okoljskih dejavnikih in trofodinamiki. Kompleksnost 
območja, ki ga zaznamujejo pestrost fitoplanktonskih zdruźb, velika spremenljivost okolja 
in intenzivne človekove dejavnosti v tej disertaciji ni obravnavana kot ovira, temveč kot 
priloźnost za pridobitev novih ekoloşkih spoznanj. Disertacija gradi na podlagi obstoječega 
znanja in uveljavljene tehnike analiz podatkov zdruźuje z inovativnimi metodami 
ekoloşkega modeliranja, da bi razkrila zapleteno in paradoksalno naravo fitoplanktona. 
Disertacija vključuje tri medsebojno povezane prispevke, izvedene na mestu dolgoročnih 

ekoloşkih raziskav (LTER) v Trźaşkem zalivu. Prvi prispevek preučuje fenologijo 
fitoplanktonske zdruźbe, kjer uporabi mesečne podatke o sestavi in abundanci 
fitoplanktona, ki so bili zbranih med letoma 2005 in 2017. Prispevek kritično ovrednoti in 
prilagodi metode izbire značilnih taksonov, analize sestave fitoplanktonske zdruźbe in 
metode določitve osnovnih, časovno ločenih skupin značilnih taksonov, s katerimi je mogoče 
zmanjşati kompleksnost fitoplanktonske zdruźbe, ob tem pa tudi osvetli prednosti in 
slabosti teh metod. 
Drugi prispevek raziskuje, kako atmosferski (veter, temperatura, padavine) in hidroloşki 

dejavniki (pritoki rek, stabilnost vodnega stolpca, slanost) oblikujejo ekoloşke nişe 
fitoplanktonskih zdruźb, opisanih v prvem prispevku. Z uporabo linearnega in nelinearnega 
numeričnega modeliranja prispevek določi glavne parametre, ki oblikujejo ekoloşke nişe, in 
opredeli njihove lastnosti. Rezultati modelov so nato uporabljeni za oceno povezljivosti 
severnojadranskega bazena na mezoskalnem nivoju. Ti rezultati so nato umeşčeni v 
kontekst sodobnih ekoloşkih teorij. 
Tretji prispevek razşirja raziskave fitoplanktona s podatki na ravni posameznega 

organizma. Ti podatki so bili zbrani v Trźaşkem zalivu med aprilom 2020 in marcem 2021. 
Prispevek preučuje razlike med taksonomsko klasifikacijo in klasifikacijo na podlagi drugih 
lastnosti, kot je oblika celice, ter med metrikami na podlagi abundance in biomase. S 
prenosom spoznanj pridobljenih na ravni posameznih organizmov na raven celotne zdruźbe 
se odpira vpogled v trofično strukturo planktonske prehranske mreźe. 
Disertacija se zaključi s povzetkom glavnih ugotovitev, ki izboljşuje razumevanje 

dinamike fitoplanktona v zelo dinamičnem obalnem okolju in jih zdruźi v konceptualni 
model. Na kratko, fitoplanktonska zdruźba v Trźaşkem zalivu kaźe delno predvidljivo 
sezonsko sukcesijo, ki jo definirajo okoljski dejavniki in mezoskalna povezljivost. V 
fitoplanktonski zdruźbi večinoma prevladujejo nanoflagelati, pri čemer frekvenčna 
porazdelitev velikosti in biomase celic pogosto sledi potenčnemu zakonu in nakazuje na 
obdobja pomanjkanja virov ali pritiska plenilcev. Diatomeje prevladujejo med 
spomladanskim in jesenskim vişkom biomase, večinoma z večjimi celicami čigar frekvenčne 
porazdelitve teźijo k multimodalnosti. Ti spremembe v zdruźbi odraźajo vpliv procesov, ki 
delujejo od zgoraj navzdol (top-down) in od spodaj navzgor (bottom-up). Na fenologijo 
fitoplanktona vplivajo periodični pojavi, kot na primer razslojenost vodnega stolpca in 
dotoki rek, ter neperiodičnih motenj, kot so na primer podnebne anomalije, ki spodbujajo 
pojav kratkoźivečih zdruźb. Na mezoskalnem nivoju je Trźaşki zaliv delno povezan s 
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severnim Jadranom prek ciklonskih vrtincev in z vetrom gnanih tokov, zlasti pozimi in 
jeseni, medtem ko spomladi in poleti prevladujejo lokalni pojavi, ki zmanjşujejo 
povezljivost. 
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Chapter 1 

1 Introduction  

1.1 Phytoplankton Ecology  

1.1.1 Overview  

In ecology, phytoplankton is one of the collection of organisms into which aquatic life is 
divided. Of the two parts that make up the word phytoplankton, the first, phyto, refers to 
the biological property of being able to convert light energy into chemical energy, while 
the second, plankton, refers to the physical compliancy to water currents. Apart from this 
simple and clear definition of phytoplankton, there are many caveats. This is because, of 
the many taxa commonly referred to as phytoplankton, many also exhibit heterotrophic or 
mixotrophic behaviors (Mansour and Anestis 2021) and are then also representatives of 
another aquatic group, the zooplankton, while others spend part of their lives on the 
bottom, mainly as different kinds of resting stages (Reynolds 2006). On the contrary, some 
microalgae can be introduced into the water column from adjacent habitats by chance 
(tychoplankton; Reynolds 2006). The fact that planktonic organisms live suspended in 
water does not mean that they have no way of determining their position in the water 
column. Indeed, many planktonic organisms have flagella, while others can slow their 
sinking or speed their ascent. Nevertheless, planktonic organisms cannot resist most of the 
broad spectrum of movements of the water (Reynolds 2006).  
Besides the autotrophic nutrition mode and the inability to resist most currents, the 

size of the cells of the phytoplankton is the third common characteristic of this group and 
is commonly used to distinguish its classes (Sieburth et al. 1978). Cells that fall in the 2-
20 µm size range define the nanofraction of phytoplankton, while cells between 20 and 200 
µm define the microfraction. Phytoplankton cells smaller than 2 ɡm define the 
picophytoplankton which is constituted by the smallest possible free-living cells (Raven 
1998), while cells larger than 200 µm should be counted as mesoplankton (Sieburth et al. 
1978). These ranges are usually referred to as phytoplankton size classes (PSC). 
From a cladistic perspective, phytoplankton is a paraphyletic group, meaning that 

species belonging to phytoplankton have no common ancestor. In fact, there are 
representatives of classes from different phyla in this ecological compartment (Archibald 
et al. 2017), and, moreover, there are many existing algal classifications, still evolving (Adl 
et al. 2019).  Perhaps the most studied phytoplankton group are diatoms, which according 
to Medlin (2016) belong to three classes: Coscinodiscophyceae, Mediophyceae and 
Bacillariophyceae (phylum Ochrophyta). Other not less important groups of phytoplankton 
include coccolithophorids belonging to the Haptophyta phylum, and the Dinophyceae, 
corresponding to dinoflagellates and belonging to Alveolata supergroup (Archibald et al. 
2017). Other common phytoplankton classes include: the Raphidophyceae, the 
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Euglenophyceae, the Chlorophyceae, the Cryptophyceae, the Chrysophyceae, the 
Dictyochophyceae, and the Prasinophyceae.  
Phytoplankton often occurs as single cells, but colonies are also not uncommon. In both 

cases, the specimens are too small to observe and identify with the naked eye. Then, the 
most common method for examining these organisms is to observe and count them with 
an inverted light microscope using the Utermöhl method (Utermöhl 1958). Worldwide, in 
a pool of around 50.000 marine and freshwater microalgae (Guiry 2024), at least 4000 
marine phytoplankton species can be distinguished morphologically, most of which belong 
to the three main groups: diatoms (~1700 species), dinoflagellates (~1600 species) and 
coccolithophorids (~300 species) (Sournia et al. 1991), but recent genetic studies estimated 
the total number of species higher by one order of magnitude (De Vargas et al. 2015). 
Whether such a number is to be considered large or small depends on the approach taken 
in considering it. From the perspective of the first pioneering ecological studies on the 
subject, the oceans do not contain enough niches to explain such a large diversity of species 
(Hutchinson 1961), while from the perspective of genetic diversity, such a number is very 
small considering the population size (Filatov 2019).  
Marine phytoplankton is present in the upper layer of all earthɴs oceans and seas, where 

the amount of radiation light is sufficient for these organisms to thrive. Locally the 
measured abundance of phytoplankton species varies greatly between a few thousand to 
millions of cells per litre. Such variations are often abrupt and driven by the exponential 
growth in favoring conditions (Huppert et al. 2002), which can ultimately result in 
phytoplankton blooms. Often the gradients of cell density between blooms and low 
abundance areas are steep and not at all smooth, because phytoplankton finds the proper 
growth condition only in certain water bodies which are then shaped by currents. Inside 
eddies and current fronts, the phytoplankton cells accumulate, whereas beyond eddies and 
fronts the abundance may remain very low (Condie and Condie 2016). Discontinuities in 
physical water properties, such as those driven by temperature (thermocline) and salinity 
(halocline), as well as their dissipation then determine the dispersal of phytoplankton cells 
in the seas (Franks 1992, Dɴasaro et al. 2011). All these forces combined result in a highly 
patchy spatial distribution of phytoplankton. In nearshore upwelling areas and estuaries, 
phytoplankton cells accumulate along persistent fronts (McManus and Woodson 2012) and 
in thin layers below the water surface (Sullivan et al. 2010). The main factor driving the 
phytoplankton distribution in such nearshore areas is the nutrient input, since upwelling 
brings enriched deep water to the surface (Margalef 1978), while rivers discharge transport 
nutrients away from land (Horner-Devine et al. 2015). These nutrient-rich areas are critical 
for the phytoplankton primary production (Martin et al. 2002) and they are also a 
prerequisite for the energy transfer to higher trophic levels that would not be possible in a 
perfectly mixed ocean (Mullin and Brooks 1976).  
Another important aspect in which phytoplankton patchiness plays a role is sexual 

reproduction. Phytoplankton alternates between repetitive asexual reproductive phases, 
during which population density increases (if there are no external losses), and rare sexual 
reproductive events (Rengefors et al. 2017), during which it is easier for phytoplankton to 
find a mate if cell density is high (Durham et al. 2013). Phytoplankton life cycles may 
include also a dormant phase corresponding to the production of resting stages or cysts 
that can buffer environmental fluctuations on a time scale of up to years (von Dassow and 
Montresor 2011). In recent years, the importance of this phytoplankton life strategy in 
coastal waters has been highlighted by Belmonte and Rubino (2019) and proposed as a 
solution to explain the high phytoplankton diversity in these areas. 
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1.1.2 Role in biogeochemical cycling  

Phytoplankton communities play an important role in marine ecosystems, as they are the 
gateway to the food chain and are critical to biogeochemical cycling in the seas and oceans 
(Falkowski et al. 2003, Hays et al. 2005). One of the main characteristics of phytoplankton 
is its ability to convert light energy into chemical energy, i.e., it can produce the organic 
matter necessary for its maintenance, growth, and reproduction through photosynthesis. 
Unlike land plants, phytoplankton do not lose water when they acquire carbon from 
external sources, but this does not mean that phytoplankton cells do not need to uptake 
other important chemical components from external sources. Such chemical elements are 
the so-called nutrients, which are critical for phytoplankton life. The important nutrients 
include sodium (Na), potassium (K), calcium (Ca), magnesium (Mg) and chlorine (Cl), 
which are ubiquitous in seawater, while two macronutrients (phosphorus - P and nitrogen 
- N) and two micronutrients (iron - Fe and silicon - Si) are usually the limiting factors for 
phytoplankton growth (Reynolds 2006). The main source of phosphorus in the marine 
environment is the weathering on land. This element is then transported to the sea in 
particulate and dissolved forms via rivers (Paytan and McLaughlin 2007). Rivers play a 
role in the nitrogen cycle as well, which is also transported to the sea via rivers (Fogg 
1982), but the main non anthropogenic source of this element is the upwelling of deep 
water and, in coastal seas, the nitrification reaction in the anoxic sediment layer (Herbert 
1999). Iron is a limiting factor, especially in surface oceanic waters, whereas in nearshore 
environments it is adequately supplied by freshwater and dust inputs (Reynolds 2006). 
Finally, silicon, an important micronutrient for diatoms and silicoflagellates 
(Dictyochophyceae), is transported either by rivers to the sea or supplied to the surface 
layer by upwelling (Treguer and De La Rocha 2013). Thus, phytoplankton is not only the 
entry point for organic carbon into the marine food chain, but also one of the most 
important nodes in the biogeochemical cycles for nitrogen, phosphorus, iron, and silicon. 
The direct contribution of phytoplankton to biogeochemical cycles extends beyond the 
boundaries of the marine environment. In fact, phytoplankton are responsible for a 
significant portion of oxygen production at the planetary scale (Field et al. 1998).  
Moreover, phytoplankton, along with microzooplankton, bacteria, and viruses, play an 

important ecological role in marine biogeochemistry as part of the so-called ɶmicrobial 
loopɷ (Azam and Malfatti 2007). Bacteria assimilate organic compounds formed and 
excreted by phytoplankton in the form of dissolved organic matter, while zooplankton 
directly graze on phytoplankton and bacterioplankton (Azam et al. 1983). Conditions 
favourable for a phytoplankton bloom can be interpreted as physical or chemical 
perturbations that disrupt predator-prey control, which usually operates at the level of 
microbial cycling. In such "loopholes," populations of some phytoplankton species can 
increase exponentially (Irigoien et al. 2005). Cell lysis triggered by viral infection, the viral 
shunt, is also thought to be an important factor in preventing and terminating such blooms 
(Brussaard 2004). Recycling of organic components from lysed cells then occurs via 
microbial cycling, which is estimated to be responsible for 2-10% of the total export of 
phytoplankton primary production (Wilhelm and Suttle 1999). Another important factor 
affecting the faith of the phytoplankton primary production and its organic compounds is 
the cell size. Larger phytoplankton cells escape the prey range of the microzooplankton, 
but not the range on which the mesozooplankton feed. The trophic pathway through the 
microzooplankton results in a reduction in export of primary production both by sinking 
and by consumption at higher trophic levels. Grazing by the microzooplankton also helps 
maintain nutrient concentrations in seawater as nutrients rapidly regenerate and circulate 
(Mitra et al. 2007). Microzooplankton grazing exerts the greatest predatory pressure on 
planktonic primary production, consuming about 60-70% of it (Calbet and Landry 2004). 
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Mesozooplankton, on the other hand, generally consume 10-40% (Calbet 2001). These 
proportions depend on the size structure of the phytoplankton community, which in turn 
depends on the chemical and physical factors of the water column. 

1.1.3 Phytoplankton environment  

1.1.3.1 Ecosystem definition  

An ecosystem can be defined as a functional unit with recognizable boundaries and an 
internal homogeneity (Boje and Tomczak 1978). Because of the dynamic nature of the 
marine environment, it is particularly difficult to recognize these boundaries and to draw 
spatial and temporal units on which define the marine ecosystems, especially in the pelagic 
zone (Clayton et al. 2013). Such units are connected to the idea of defining relevant spatial 
and temporal scales, which is a common and consistent theme across ecology and 
biogeography. Ecological studies typically address time spans ranging from generation 
times to longer population cycles (Jenkins and Ricklefs 2011). The intermediate scales for 
temporal and spatial dimensions on which ecology and biogeography converge are 
considered relevant to population dynamics (Jenkins and Ricklefs 2011). In the specific 
case of phytoplankton biogeography, it has been shown that the distribution of this 
biological compartment is generally patchy and that the current inability of prediction 
models to resolve ecosystems at the mesoscale (1-500 km) is a major obstacle to 
understanding the marine ecosystem as a whole (Martin 2003).  
Then the above definition of the ecosystem can be expanded to include a self-regulating 

system of interactions between organisms and their inorganic environment (Boje and 
Tomczak 1978). In the case of coastal ecosystem, a ubiquitous and definite definition has 
not been formulated so far (Hossain et al. 2020). Yet, the intertwined relationship between 
space, time, environment, and phytoplankton suggests that it would be highly interesting 
to study variation in all these dimensions simultaneously to partition the known variation 
in community composition into proportions explained by factors related to dispersal, 
community succession, and environmental influences (Soininen 2010). 

1.1.3.2 Coastal characteristics affecting phytoplankton  

Freshwater runoff from rivers and sewers is one of the characteristics of coastal marine 
ecosystems. The complex dynamics of phytoplankton become even more complex in areas 
where rivers discharge large volumes of freshwater, in low-volume basins (Franco and 
Michelato 1992, Groß et al. 2022). In such cases, when multiple freshwater sources are 
present in a shallow basin, the area is simply referred to as a region of freshwater influence 
(Horner-Devine et al. 2015). Shallow coastal waters are particularly influenced by such 
natural and anthropogenic freshwater sources, and these ecosystems, which include tidal 
rivers, estuaries, lagoons, and coastal river basins, are distinct from offshore ecosystems 
(Cloern 1996). In such waters, especially near river mouths, dissolved nitrogen and 
dissolved silica appear to be abundant and rarely limit phytoplankton growth. Riverine 
inputs are sources of sediment, nutrients, and live phytoplankton cells that together form 
large spatial gradients along the river-sea axis. The ecosystem impact of a single river 
plume depends on the dilution rate and transport processes within the plume. The dilution 
process is controlled by vertical mixing, while horizontal transport is controlled by 
horizontal advection, driven in large part by buoyancy (Horner-Devine et al. 2015). 
Increased stratification and high nutrient levels promote phytoplankton bloom formation, 
which may in evolve in harmful algal blooms (Margalef 1978). Persistent fronts between 
saltwater and freshwater have a similar promoting effect on the phytoplankton community, 
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favouring only some of the taxa present in the community (Franks 1992, Mangolte et al. 
2022). Another relevant coastal characteristic is the intrusion of relatively cold and 
nutrient-rich deep water into the photic zone near the coast, also known as coastal 
upwelling. This phenomenon typically occurs near the coast and is due to offshore winds; 
the deep-water swells near the surface to compensate for the advection of surface water 
caused by these winds. When coastal winds subside, mixing becomes less intense and 
warmer, nutrient-poorer water begins to accumulate at the surface (Reynolds 2006). The 
transition from well-mixed water to stratified conditions is associated with a decrease in 
production and a transition from a community dominated by diatoms to smaller or mobile 
coccolithophorids and dinoflagellates (Smayda and Reynolds 2001). In addition to river 
runoff and wind-induced mixing, nutrients are released in the coastal ecosystem by sewage 
and industry (Stirn 1993, Rangel-Buitrago et al. 2024). The additional release of nutrients 
and the process of enrichment is referred to as eutrophication and can have disastrous 
consequences for coastal ecosystems, including loss of true oligotrophic species, loss of 
biodiversity, and mass mortality in the benthic community (Stirn 1993, Akinnawo 2023).  

1.1.3.3 Benthic -pelagic coupling  

Benthic biogeochemical fluxes are important in all marine ecosystems, and in shallow 
waters a tight coupling exists between the water column and the benthic habitats. Benthic-
pelagic coupling is the relationship between processes, events and responses in sediments 
and in the water column (Soetaert et al. 2000). The coupling between the two ecosystems 
favors the exchange of mass, energy, and nutrients (Griffiths et al. 2017), where the 
transport between these ecosystems is not limited to dead cells and nutrients, but also 
includes living organisms that are part of the phytoplankton. In fact, not all phytoplankton 
organisms spend their entire lives suspended in the water column; and in many cases, a 
portion is spent on the seafloor. These taxa are particularly important nearshore, in fact, 
in coastal systems, many putative holoplankton organisms also have benthic resting stages 
(Marcus and Boero 1998). Environmental forces and meteorological drivers can trigger 
blooms of these taxa in shallow coastal waters. For example, diatom resting stages 
germinate in bottom sediment when light penetrates deep enough (Shikata et al. 2008), 
and dinoflagellate cysts can be transported into the water column by storm-induced 
currents (Kremp 2001). Overall, in temperate seas, unfavorable periods are avoided by 
accumulation of dormancy forms in seed banks on the seafloor, and, seasonally, 
communities are restored by germination of these biodiversity storages (Belmonte et al. 
1997). In addition, phytoplankton seed banks in coastal waters offer a possible explanation 
for the paradoxical coexistence of many species in the marine environment (Belmonte and 
Rubino 2019). 

1.1.4 Theory of phytoplankton distribution  

The earliest studies on the distribution of phytoplankton by Cleve (1900) and Gran (1902) 
advocate two different theses (Smayda and Reynolds 2001). The first stated that the 
presence of species was determined by their "thermal type" in relation to the thermal zone 
(season), while the second stated that the presence of species was determined by the prior 
composition of the autochthonous community and water mass conditions (Smayda and 
Reynolds 2001). A common feature in the results of these and later studies (Reynolds 1980, 
Platt and Sathyendranath 1999, Reynolds 2006), was the high degree of redundancy of life 
forms among co-occurring species and the fact that some aggregations of species occur 
cyclically along spatial and temporal gradients. Such repetitive aggregations are referred 
to as phytoplankton assemblages (Reynolds 2006). Rojo and Alvarez-Cobelas (2000) 
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suggest that phytoplankton assemblages and their assembly rules should be one of the most 
important tools phytoplankton ecologists should look for in their studies, and that 
assemblage studies have the potential to distinguish population fluctuations caused by 
exogenous contributions (autecology) from those caused by internal processes (synecology). 
At the 11th International Association of Phytoplankton Taxonomy and Ecology (IAP) 
workshop, 10 rules for the formation of such a community were proposed (Reynolds et al. 
2000) 

 

I. Provided suitable inocula are available, planktonic algae will grow wherever and 

whenever they can and to their best potential under the conditions given 

II. Then, of those present, the species which are initially likely to become dominant 

are those able to sustain the fastest net growth rates and/or those arising from 

large inocula;  

III. The species with the largest autochthonous inocula are generally those which have 

been abundant at the same location in the recent past.  

IV. Environments may select preferentially for certain algal attributes or traits;  

V. Species with preferred attributes are likely to build bigger populations and, where 

appropriate, to found larger inocula to carry forward;  

VI. Phytoplankton assemblages become biased in their species composition with respect 

to the conditions obtained in individual water bodies; 

VII. The species most frequently characterizing specific environments share common 

advantageous attributes; 

VIII. The outcome of community assembly is subject to food-web and other interactions; 

IX. Of those species present (and quite independently of the initial conditions), the 

ultimate dominant is likely to be the one with the most advantageous adaptations; 

X. Assembly is always subject to the overriding effects of environmental variability 

and of the resetting of assembly processes. 

The above rules have been proposed as a model for the selection mechanisms of 
phytoplankton assemblages along trophic gradients in lakes. The reader should not dwell 
on the undeniable differences between marine and lake ecosystems; such differences exist, 
but they relate here mainly to the sixth rule, which applies to individual water bodies, i.e. 
lakes, whereas in the marine environment such "individualization" of water masses is less 
stringent. The reader should notice instead that the authors have emphasized the role of 
the prior state of the community and stochasticity (Reynolds et al. 2000). To underscore 
the applicability of such rules to the marine environment, it is also important to note that 
the same authors applied a modified version of such rules to dinoflagellate communities in 
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the marine environment a few years later (Smayda and Reynolds 2003). These rules take 
into account all three key aspects of phytoplankton distribution: the former autochthonous 
community, the advantage of a particular life form or trait, and the redundancy of such a 
life form among many species. 
The idea that each species has a unique set of optimal ecological conditions for growth, 

survival, and reproduction was summarized in the concept of the ecological niche 
(Hutchinson 1941). According to niche theory, species with higher fitness thrive under 
similar ecological conditions at the expense of species with similar ecological roles but lower 
fitness. In this context, a paradox has been noted in phytoplankton: there are too many 
species for apparently similar ecological conditions. Many explanations have been proposed 
for this paradox in plankton. Hutchinson suggested that the excessive species richness of 
phytoplankton is related to the fact that equilibrium conditions are not achieved in the 
pelagic habitat because habitat characteristics change at the same rate as the 
phytoplankton reproduction (Hutchinson 1961). Other explanations for the paradox have 
been found in nested competition models for multiple limiting resources (Huisman and 
Weissing 1999), in models simulating periodic fluctuations of disturbances (Elliott et al. 
2001), and in the feedback relations between phytoplankton and viruses (Flynn et al. 2022). 
Recently, a new theory of species distribution has emerged, i.e. the neutral theory, which 
undermines the basic assumption of the niche theory of competitive advantage (Hubbel 
2005). According to neutral theory, each individual has the same chance of survival and 
reproduction as all other individuals in a community. The dynamics of the community 
follow a random walk process where only prior history and stochasticity determine the 
success of a particular species (Hubbel 2005).  
The observable importance of niches in determining species distributions led to the 

formulation of the theory of lumpy coexistence, to which both the niche and neutral 
theories contribute (Scheffer and van Nes 2006). In this theory, all species have the same 
fitness, but only within a specific niche of ecological conditions. Similarly to the rules 
proposed by the IAP, a combination of environmental conditions, history, and stochasticity 
determines community composition according to lumpy coexistence. Knowledge of the 
characteristic niches of phytoplankton communities is greater than knowledge of the 
stochastic processes that determine community dynamics. This is mainly due to historical 
reasons, as the niche theory was accepted and developed earlier than the neutral and lumpy 
coexistence theory, for which there are few research results so far (Roelke and Spatharis 
2015, Sakavara et al. 2018). Therefore, the niche model remains the main interpretive key 
for studying the distribution of the phytoplankton assemblage. 

1.1.5 Phytoplankton niches  

For our understanding of oceanic biogeochemical cycles, trophic interactions and, in 
general, the ecology of the marine environment, it is important to know how phytoplankton 
is distributed in the pelagic habitat (Ptacnik et al. 2008, Vallina et al. 2014). In the marine 
environment, the dynamicity of the sea makes particularly difficult to define areas or, 
better, defined spatial and temporal units on which any analysis and sampling would be 
performed (Clayton et al. 2013). In the specific case of phytoplankton biogeography, it has 
been shown that the distribution of this biological compartment is generally patchy. Platt 
and Denmann confirmed the nonuniformity of phytoplankton by spectral analysis when 
they showed that marine phytoplankton are distributed in space according to the 
Kolmogorov 5/3 dissipation rule (Platt and Denmann 1975). In contrast, temporal patterns 
of phytoplankton range from stable annual fluctuations in certain biomes to the absence of 
a repeating pattern in others (Cloern and Jassby 2010). 
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Margalef's model of the distribution of phytoplankton assemblages along nutrient and 
turbidity gradients formed the cornerstone of phytoplankton ecological modelling. 
Margalef's "mandala" (Figure 1, left) positions species along a successional pathway from 
very turbulent and nutrient-rich waters to calm and nutrient-poor waters. R-strategists, 
such as diatoms of the genera Thalassiosira and Chaetoceros, thrive at the first end, while 
K-strategists, such as dinoflagellates, thrive at the other end. In the middle, the community 
transitions to a mixed assemblage of coccolithophorids, diatoms, and dinoflagellates. In 
highly turbulent but nutrient-poor water, no species finds the optimal conditions, whereas 
in calm and nutrient-rich water, red tides (harmful algal blooms) can be expected (Margalef 
1978). The turbulence gradient selects semimobile species for calm waters, while the second 
gradient selects rounded shapes for lower nutrient concentrations . The Margalefɴs mandala 
has been modified by other authors several times over the years, often with dubious success 
(Kemp and Villareal 2018). 
 

 

Figure 1: Models of the distribution of phytoplankton assemblages along environmental 
gradients: (left) the Margalefɴs mandala, (right) the Reynoldsɴ intaglio 

Perhaps the most important subsequently developed model of the succession and 
distribution of phytoplankton assemblages is the so-called Reynolds' Intaglio (Reynolds 
2006) (Figure 1, right). Influenced by the work of Grime on C-S-D plant strategies (Grime 
1977), Reynolds first developed this model for freshwater phytoplankton and then extended 
it to the marine environment (Smayda and Reynolds 2001). In this model, three adaptive 
strategies are defined: i) the C species (colonists), which are invasive, r-selected, small, fast 
growing, and have a high surface area to volume ratio; ii) the S species (nutrient stress 
tolerants), which are acquisitive, large, slow growing, but biomass conserving, and K-
selected; and iii) the R species (ruderal), which are adaptive, light-gathering, restrained, 
and resistant to disturbance. In relation to Margalefɴs mandala, nutrient concentration and 
turbulence are recognized as independent variables and are substituted: the "turbulenceɷ 
axis is replaced by a vector reflecting the vertical extent of mixing relative to light intensity 
and its attenuation with depth, while the ɶnutrientɷ axis becomes one reflecting the state 
of its depletion and the accessibility of the remaining resource (Smayda and Reynolds 
2001). Like the Margalefɴs mandala, a portion of the intaglio represents unfavorable 
conditions for any species, corresponding to a water body low in light and nutrients. C 
species thrive in nutrient-rich, highly stratified waters and are displaced by S species in 
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the environment without physical disturbance when nutrients become scarce. This 
succession is typical of summer nutrient depletion, when the community evolves from naked 
dinoflagellates typical of red tides to migratory species (Smayda and Reynolds 2001). R 
species thrive in mixed waters or low light conditions and are displaced by C species as 
light increases, or the water column stabilizes. This succession is typical of the transition 
from the bloom-forming diatom community in early spring to the dinoflagellate species in 
early summer. The annual cycle for the phytoplankton community in temperate habitats 
involves a final transition from S to R species during autumn and winter mixing (Reynolds 
2006). Reynolds' Intaglio model also accounts for other possible successions, such as 
nutrient depletion in the upwelling system and coastal currents, as well as the interruption 
of typical successions by physical events such as storms. The Reynolds' Intaglio model has 
two major advantages over the Margalefɴs Mandala: First, the low-turbulence, high-
nutrient conditions are not treated as a disfunction of the system, but as systemic 
conditions of the marine environment typical of nearshore and coastal areas. Second, a 
greater diversity of successions is possible in the model. 

1.1.6 Phenology  

Variations in coastal ecosystem properties play an important role in the distribution of 
phytoplankton taxa. The temporal variability of this distribution (i.e. phenology) is of 
particular research interest because such knowledge allows us to distinguish between 
expected (natural) fluctuations in the phytoplankton community and long-term trends or 
shifts. The most striking feature of phytoplankton phenology is its cyclic behaviour 
(Winder and Cloern 2010). As already mentioned above, early attempts to link 
phytoplankton phenology and periodicity of environmental variables were made in the 
1970s when Margalef introduced the concept of phytoplankton succession, the mandala 
(Fig. 1), in which the main stages of succession are determined by turbulence and nutrient 
availability (Margalef 1978). Based on his work, Reynolds developed the concept of the 
ɶphytoplankton yearɷ for lake communities, separating succession from simple seasonality 
and calling the cyclical behaviour of environmental factors "periodicity" (Reynolds 1980).  
In general, the spectrum of dynamics of ecological systems is broad, encompassing all 

stages between regular cycles and chaotic oscillations (May 1976, Stone 1993). Patterns of 
phytoplankton phenology in different ecosystems also range from stable annual fluctuations 
in certain biomes to the absence of a repeating pattern in others (Winder and Cloern 2010). 
The most common frequencies of phytoplankton biomass fluctuations are 12 and 6 months; 
higher frequencies are also common, but the usual sampling frequency of one month is a 
limiting factor in their determination (Winder and Cloern 2010). In this case, it is not the 
stochasticity inherent in IAP rules (Reynolds et al. 2000) or the assumptions of the lumpy 
coexistence theory (Scheffer and van Nes 2006) that explains the presence or absence of 
repeating patterns. The answer should lie in the oscillating behaviour of environmental 
parameters that contribute to the formation of phytoplankton communities. Such 
fluctuations define an attractor-like pathway in the Reynoldsɴ Intaglio model, in which 
communities typically switch from R to C species following stratification and from C to S 
species following nutrient depletion (Reynolds 2006). Inter- and intra-annual recurrences 
of these communities follow the cycling of environmental parameters, while a prolonged 
deviation from these cycles can cause a shift in the community toward new compositional 
equilibria by altering recruitment equilibria (Reynolds and Elliott 2002).  
In addition, within the framework of the intermediate disturbance hypothesis (Connell 

1978), the fluctuation frequency of niche-forming parameters, such as mixing events, has 
been shown to be critical in explaining species diversity in phytoplankton (Elliott et al. 
2001). Similarly, numerical simulations in the framework of neutral ecology (Hubbel 2005) 
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and lumpy coexistence theory (Scheffer and van Nes 2006) have shown that phytoplankton 
community richness and succession are influenced by nature, gradual or sudden, of resource 
fluctuations (Roelke and Spatharis 2015). Finally, Sakavara et al. (2018) showed that 
assemblage-like structures occur numerically in a wide range of spectral modes of resource 
fluctuations. For the nearshore environment, the usual fluctuation frequency of 
environmental factors, which drive the access to resources, is expected to be in the order 
of 2 to 4 months (Winder and Cloern 2010). 

1.2 From Observations to Data 

1.2.1 Introduction  

Phytoplankton studies pose significant challenges in data acquisition and analysis. In 
fact, the temporal and spatial variability of phytoplankton communities (Cloern & Jassby, 
2010) complicates consistent sampling efforts requiring high-frequency and broad-scale 
sampling to capture the dynamics accurately. Also, differentiating and counting the diverse 
phytoplankton species often requires profound taxonomical knowledge and can be resource-
intensive (Thompson and Carstensen 2023). Despite the rise of alternative methods, the 
use of the inverted microscope is so far the most common sampling method in routine 
monitoring programs (Alster et al. 2024). This method produces quantitative (abundance 
and biomass) and qualitative (size and shape) assessment of phytoplankton, providing 
detailed information on species abundance and diversity. This data is crucial for 
understanding phytoplankton dynamics, ecological interactions, and responses to 
environmental changes. 

1.2.2 Phytoplankton abundance  

The simplest parameter for phytoplankton is abundance or number of individuals, which 
is usually converted to density data (number of cells/L) and is probably the most common 
format for phytoplankton data in ecology. The prevailing estimation method for this 
important parameter is counting with an inverted microscope using the Utermöhl method 
(Utermöhl 1958). Count data is one of the possible statistical data types and has some 
special properties; in particular, it is always positive and discrete. Each individual 
contributes equally to the total abundance, regardless of differences in size, productivity, 
or other relevant ecological characteristics. Consequently, the only information that is 
retained for a particular individual of a certain species is whether it was present or not. 
The total number of individuals or total abundance of a given species/taxon or group is 
then calculated for each species. In a sample, a particular species may contribute more to 
the total abundance than other species. Analysing the distribution of species proportions 
in a community is a goal of diversity studies, and there are many functions for evaluating 
such distributions (Rao 1982, Rocchini et al. 2021). Such functions attempt to assess for a 
given community how the overall abundance is distributed among many species, based on 
the ecological assumption that diversity, evenness, and dominance are relevant 
characteristics of an ecological system (Pielou 1977). When many samples are evaluated 
together, counts can be organised on what is called a contingency table. Such contingency 
tables are a type of multivariate data set and require specific mathematical tools to be 
analysed (Legendre and Legendre 2012). 
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1.2.3 Phytoplankton traits  

Recent trends in the study of the structure and functioning of the phytoplankton 
communities are aimed at the research of traits able to act as non-taxonomic ɶdescriptors 
of communityɷ (Weithoff and Beisner 2019). The large number of phytoplankton species 
populating the oceans and the stochasticity embedded in their local recruitment success 
present a challenge for describing and forecasting the community structure. A possible 
solution to the diversity of responses in terms of taxa composition is to use simpler 
alternative descriptors to group phytoplankton organisms; this solution is known as the 
trait-based approach and it has been increasingly used in recent years (Kruk et al. 2017, 
Weithoff and Beisner 2019). Functional traits are morphological, biochemical, 
physiological, behavioural, and life history characteristics of an organism that define an 
ecological niche (McGill et al. 2006, Salmaso et al. 2015, Glibert 2019). These conceptual 
groupings of species under similar functional characteristics regardless of their taxonomic 
affiliation should still contain ecological information (Abonyi et al. 2018). 
Cell size is considered a "master trait" in phytoplankton ecology (Litchman et al. 2007) 

that is closely related to other traits (nutrient and light uptake, predator avoidance) and 
is a good candidate for understanding and predicting responses to climate-induced changes 
in the nutrient regime (Nock et al. 2016). According to the metabolic theory of Brown 
(2004), body size is one of the three key factors affecting individual metabolism and 
consequently community ecology, along with temperature and stoichiometry. In addition, 
body size offers potential advantages over standard taxonomic descriptors in community 
organisation studies (Vadrucci et al. 2007), and is, along with the associated value of 
biovolume, of critical importance in allometric studies (Niklas 2004, Beardall et al. 2009, 
Verdy et al. 2009). Phytoplankton exhibit a cell size range of several orders of magnitude 
but is usually classified into the three phytoplankton size classes (PSC): pico plankton (0.2-
2 µm), nano plankton (2-20 µm) and micro plankton (20-200 µm) (Sieburth et al. 1978). 
It is important to mention that such a definition, which according to Sieburth goes back 
to Lohmann from the early 20th century, is only a necessity caused by sampling procedures. 
Nowhere, in fact, is it claimed that the PSCs have ecological significance. Rather, Sieburth 
showed that phytoplankton comprise at least four of such classes, pico-, nano-, micro-, and 
meso-classes and emphasised that within the range of phytoplankton PSCs, other 
ecologically distinct organisms also exist, namely mycoplankton and protozooplankton.  
Other morphological traits that are important for acquiring resources and avoiding 

predators include cell behavioural and physiological traits such as mixotrophy, motility, 
shape, life forms (single cell vs. colony), and surface-to-volume ratio (Weithoff and Gaedke 
2016, Roselli and Litchman 2017, Durante et al. 2019). Finally, phytoplankton can be 
classified based on the characteristic roles in biologically mediated biogeochemical 
transformations. This classification produces typically broad phytoplankton functional 
types (PFTs) (Le Quéré et al. 2005), which are widely integrated into large scale 
biogeochemical ocean models (Aiken and Navarette 2014). The grouping of often 
taxonomically diverse organisms, based on all above listed traits, gives rise to the so-called 
functional groups (Reynolds et al. 2002). The research on the proper context and of the 
constraints in the usage of functional trait and groups is still ongoing and such methods 
should not be considered a substitute for taxonomic knowledge (Salmaso et al. 2015). In 
fact, while the trait-based approach has the potential to describe and explain functional 
diversity, the commonly used taxonomic affiliation can still provide complementary 
insights (Litchman and Klausmeier 2008, Titocci et al. 2022). 
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1.2.4 Phytoplankton biomass   

Phytoplankton biomass is an essential parameter in biogeochemical cycle analyses and 
ecosystem modelling (Falkowski et al. 2003, Aumont et al. 2015), and is closely related to 
biovolume, from which it can be calculated using standard conversion factors (Menden-
Deuer and Lessard 2000, Socal et al. 2010). The biovolume, in turn, depends on the cell 
size of phytoplankton, which, as we have seen, plays an important role in phytoplankton 
physiology and has relevant implications for marine ecology and biogeochemical cycles 
(Finkel et al. 2009).  
Currently, the most used method for estimating the biovolume of phytoplankton is to 

assign to each species a three-dimensional shape that most closely resembles the actual 
shape of the organism (Olenina et al. 2006, Vadrucci et al. 2007). The dimensions of these 
shapes are measured under the inverted microscope using the Utermöhl method (Utermöhl 
1958), in parallel with taxonomic identification and enumeration. One is often faced with 
the dilemma of whether to assign the shape of a phytoplankton cell to a complex but 
similar geometric model or to a simple, easily measured but dissimilar shape (Olenina et 
al. 2006). Because of the geometric relationship between size and volume, there is a wide 
range of nine orders of magnitude for the cell biovolume of phytoplankton (Sieburth et al. 
1978), so the choice of shape formula to apply to each species and the accuracy of the 
measurement are critical. It should also be noted that microscopy methods for some 
phytoplankton species are costly, either due to the time required for analysis or the 
difficulties in implementing the analytical protocol (Vadrucci et al. 2007).  
In addition to direct measurement, pigment-based methods can also be used to estimate 

phytoplankton biomass. The most widely used proxy for phytoplankton biomass is the 
concentration of chlorophyll-a in the water, which is also extensively used as an indicator 
for assessing the environmental status of European and other seas (Francé et al. 2021). 
Identification and quantification of other main algal pigments, which are then used as 
chemical markers for phytoplankton groups, is possible with the High-Performance Liquid 
Chromatography (Jeffrey and Vesk 2005).  HPLC can be used to estimate the contribution 
of diatoms, dinoflagellates, coccolithophores, and other important groups to total 
chlorophyll content, and recently improved performance has allowed characterization of 
the spectral response of individual species (Zapata et al. 2004, Zapata et al. 2012). In 
addition, the optical properties of phytoplankton pigments provide the possibility to 
partition biomass among the three PSCs (Claustre 1994, Vidussi et al. 2001, Uitz et al. 
2006). 
These optical signatures have been also used in conjunction with satellite data on ocean 

colour to estimate the biomass of main phytoplankton groups and PSCs from space (Brewin 
et al. 2011, Ciavatta et al. 2019). Such estimates from satellite data have been used in 
modelling the offshore dynamics of the Mediterranean Sea at larger scales, but coastal 
waters are optically very complex, which hamper the adequate modelling due to the 
additional influences of the seafloor, suspended sediments, and river runoff (IOCCG 2000). 
The assessment of phytoplankton biomass and its partition into phytoplankton groups or 
size classes is still being intensively researched (Brewin et al. 2011, Di Cicco et al. 2017) 
and promises to overcome major drawbacks, such as the lack of in situ data to allow 
comparison (Anderson 2005).  
In addition to the bulk measurements or estimates of phytoplankton biomass, 

considerations can also be made about the distribution of the biomass parameter among 
individual phytoplankton cells, as each individual can contribute differently to the total 
biomass. It is often assumed that the biomass distribution among individuals of any species 
follows a power law distribution (Niklas 2004, Kostadinov et al. 2009, Kostadinov et al. 
2010), and this assumption has been shown to be correct at the global scale (Perkins et al. 
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2019). In such a distribution, a few large cells contribute as much to the total as many 
small ones, so the average cell biomass is not a meaningful value (Sheldon et al. 1972). 
Moreover, in such a distribution, the biomass is uniformly distributed on a logarithmic 
scale and describes a line on a logarithmic graph (Clauset et al. 2009). Since the literature 
on power law distribution of phytoplankton biomass uses the term "size" in the sense of 
"body size" or "biovolume" or "biomass" (Marquet et al. 2005, Finkel et al. 2009, Andersen 
et al. 2016, Heneghan et al. 2019), it is not clear whether the phytoplankton trait ɶbody 
sizeɷ also follow a power law. When biomass is assessed at the local scale, deviations from 
the power law are found in nearshore marine waters (Witek and Krajewska-Soltys 1989). 
Such deviations raise important questions because they indicate ecological processes that 
operate at specific ranges and scales (Armstrong 1999, Cavender-Bares et al. 2001, Hatton 
et al. 2021). 

1.3 Study Area ( Northern Adriatic)  

1.3.1 Environmental  characteristics  

The northern Adriatic basin is defined as the area north of the 100-metre isobath of the 
Adriatic Sea and represents the largest shelf area in the Mediterranean Sea (Gačić et al. 
2001). This area can be divided into oligotrophic, mesotrophic, and eutrophic regions, with 
two main gradients from east to west and from nearshore to offshore (Brush et al. 2021). 
This basin is under the influence of strong lateral (river discharge and transport to the 
south) and surface (wind and air temperature) stresses (Poulain et al. 2001). The 
easternmost part is mainly influenced by the Soča River (Malačič and Petelin 2001) and 
occasionally by the Po River plume (Viličić et al. 2013), while the western part is mainly 
influenced by the Po River plume (Poulain et al. 2001). Rivers such as Tagliamento, 
Livenza, Piave, Brenta, and Adige contribute to runoff in the western northern Adriatic, 
but overall account for only a small fraction as compared to the Po River runoff (Cozzi 
and Giani 2011). Due to the large number of rivers, high runoff, and topography of the 
basin, nutrient concentrations in this part of the Adriatic are generally higher than in other 
parts of the Mediterranean (Cozzi and Giani 2011).  
The water column of the northern Adriatic is seasonally mixed and stratified (Poulain 

et al. 2001), and in many areas the euphotic zone exceeds the depth of the upper mixed 
layer for most of the year (Talaber et al. 2014). Very low transparency values have also 
been observed due to input of particles from rivers and other nearshore sources, as well as 
resuspension processes, active lateral advection in lower water layers, and storms (Bernardi 
Aubry et al. 2004).  
The northern Adriatic is under the influence of two main winds, the "bora" and the 

"jugo" (scirocco), the first of which blows from the northeast and the second from the 
southeast. The bora is a strong katabatic wind that affects the water column in two ways, 
i.e. by mixing and cooling. Jugo, on the other hand, is a constant wind and in the eastern 
part of the basin has a chaotic effect on the current circulation (Malačič and Petelin 2001). 
The general circulation in the northern Adriatic is divided into three persistent sub-gyres 
(Poulain et al. 2001, Petelin et al. 2013). The circulation in the northernmost part of the 
basin is characterized by cyclonic advection of water, which is even enhanced during bora 
events (Boicourt et al. 2021), when this circulation moves the surface water masses 
alongshore towards the western coasts. The surface outflow from the basin is balanced by 
the inflow of cold deep water. Thus, this bora-driven circulation results in upwelling in the 
GoT (Crise et al. 2006). The surface water from the GoT reaches the western part of the 
northern Adriatic, while deeper water from the Gulf of Venice (GoV) is transported back 
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to the eastern part, with one branch flowing into the GoT (Malačič et al. 2012). Cyclonic 
circulation is also responsible for the occasional advection of river water, nutrients, and 
phytoplankton from the western to the eastern side of the Adriatic (Viličić et al. 2013). In 
contrast, during sirocco events, the surface circulation usually splits into two branches, one 
of which enters the GoT and the other circulates in a cyclone in the basin area (Boicourt 
et al. 2021). When the winds die down, the stratification in the northern Adriatic shifts 
eastward, beginning in the western part at the end of spring and reaching the strongest 
stratification state at the end of summer (Degobbis et al. 2000). In the GoT, however, the 
strongest stratification occurs at the end of spring; at this time, the Soča River outflows in 
the Gulf remain blocked in the surface layer moving clockwise (Malačič and Petelin 2009). 

1.3.2 The phytoplankton community  

The environmental forces in the northern Adriatic, like mixing, river discharge, and benthic 
influences described so far, create a complex environment for the phytoplankton 
community, which here exhibits all the life strategies of the Reynolds' Intaglio. This basin 
is generally considered as one of the most productive areas in the Mediterranean 
(d'Ortenzio and Ribera d'Alcalà 2009), but with considerable spatial differences. 
Chlorophyll-a concentrations in the northern Adriatic mimic the nutrient gradient, with 
higher values in the north and west and lower in the south and east, usually exhibiting 
two seasonal peaks, one in spring and one in autumn (Brush et al. 2021). At the basin 
scale, an oligotrophication trend was observed in the 2000ɴs (Mozetič et al. 2010), following 
the reduction of freshwater discharge between 2003 and 2007 and improved control of 
nutrient inputs with waste waters. This decline in phytoplankton biomass was probably 
the consequence of intensified nutrient imbalance in the northern Adriatic, since the 
reduction of phosphates were not accompanied by a concomitant reduction in nitrates 
leading to an even more intensified P-limitation (Grilli et al. 2020, Brush et al. 2021). In 
some parts of the northern Adriatic, however, there are signs of a reversal of this trend. 
For example, in the southern part of the basin, an increase in inorganic phosphorus and 
nitrogen concentrations has been observed in recent years, followed by an increase in 
phytoplankton abundance and biomass, but also with concomitant changes in the 
seasonality of the main groups (Totti et al. 2019). So far, no reversal of the biomass trend 
has been observed in the Gulf of Trieste (Flander-Putrle et al. 2021), but changes in 
seasonality have been observed, as the bloom in late winter-early spring has almost 
disappeared, while the spring bloom is most pronounced (Cerino et al. 2019).  
These significant differences in the structure of the phytoplankton community between 

different areas of the northern Adriatic were depicted also by Brush et al. (2021). In the 
western part, diatoms dominate the phytoplankton community, accounting for 67% 
abundance and 81% of biomass (Bernardi Aubry et al. 2004). The dominance of diatoms 
follows the same gradient of nutrients and chlorophyll-a levels, which decrease with 
distance from the Po River plume (Mangoni et al. 2008). In fact, in the eastern part of the 
basin, nanoflagellates dominate the community in terms of abundance (66%), while diatoms 
contribute only a smaller part (29%) to the total abundance (Brush et al. 2021). 
Chlorophyll-a values show that biomass in the eastern part of the basin is more evenly 
distributed among the main phytoplankton groups, again with a lower proportion of 
diatoms than in the western part (Flander-Putrle et al. 2021).  
In the western part, relatively small species with high surface-to-volume ratios generally 

predominate (Brush et al. 2021). Diatoms such as Skeletonema marinoi, Cerataulina 
pelagica and species of the genera Cylotella, Thalassiosira, Chaetoceros, Pseudo-nitzschia, 
as well as nanoflagellates thrive here (Bernardi Aubry et al. 2006). It has been suggested 
that the blooms occur at the same time of year in the area, probably due to the modulation 



1.4. Purpose of the Dissertation 15 

of large-scale meteorological characteristics mentioned above (Brush et al. 2021). Indeed, 
a regular seasonal pattern was observed in the phytoplankton community of the northern 
western Adriatic (Bernardi Aubry et al. 2012). However, after 2006, a shift in the seasonal 
succession of species and an increase in irregularities with sudden diatom blooms were 
observed in the southernmost area, reflecting the increasing variability of meteorological 
events (Totti et al. 2019).  
The eastern part of the basin has been suggested as the area of the seed population for 

spring phytoplankton blooms in the western part of the basin (Godrijan et al. 2013), so 
the phytoplankton communities are similar in terms of typical phytoplankton taxa in the 
eastern and western northern Adriatic (Brush et al. 2021). However, even here, some 
differences in taxa composition have been described between the northernmost part, the 
Gulf of Trieste (GoT) and the Istrian coast (Brush et al. 2021). The common pattern of 
the eastern phytoplankton community is the importance of non-diatom groups in the 
seasonal succession, especially those in the nano-size fraction (Cabrini et al. 2012, Marić et 
al. 2012, Mozetič et al. 2012, Godrijan et al. 2013). Nevertheless, the seasonality of 
phytoplankton taxa in different parts of the eastern north Adriatic basin is diverse and 
subject to high interannual variability due to meteorological influences, changes in 
circulation pattern and river discharge (Brush et al. 2021). In summary, the phytoplankton 
community in the northern Adriatic shows fast response to environmental perturbations, 
making the phytoplankton studies a good tool for early indication of changes in the pelagic 
habitat. 

1.4 Purpose of the Dissertation  

Phytoplankton research is crucial for deciphering the marine ecosystem, which is a 
multilevel network of several biotic compartments and abiotic drivers. Specifically, shifts 
in community composition of phytoplankton can alter also other trophic levels, which can 
be in turn reflected in altered ecological services (e.g. changes in biogeochemical pathways, 
influences on mariculture productivity). A thorough understanding of the ecological and 
physiological characteristics of phytoplankton in dynamic coastal environments is, 
however, difficult due to the variability of processes and the complexity of anthropogenic 
influences (Cloern and Jassby 2008). The extensive but still insufficient knowledge of 
phytoplankton community composition and the ever-increasing amount of data implies the 
need to integrate relevant environmental processes into standard biological models 
(Margalef 1978, Kemp and Villareal 2018) through modelling. Ecological modelling is one 
of the essential and increasingly necessary steps in the ocean management process, as it 
can greatly improve the understanding of the pressure-response relationship also for 
phytoplankton communities (Ford et al. 2017).  
Appropriate models of the relationship between environmental conditions and 

phytoplankton are critical for accurate predictions of community structure. These 
predictive models in combination with forecasts of environmental conditions in turn provide 
tools for effective management. With climate change on the horizon, deciphering these 
relationships becomes even more important. Also, understanding the representativeness of 
current sampling strategy and the limitations of current analytical tools in describing 
phytoplankton characteristics and dynamics will contribute to a cost-benefit analysis of 
future monitoring and research planning. 
The ecology of phytoplankton is an extensively studied subject. Still several open 

questions remain. The definition of the phytoplankton assemblages as well as the ecological 
interpretation of their succession is uncertain. Clear rules for the prediction of speciesɴ 
appearance and disappearance are hidden in the huge variability of local phenomena while 
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the redundancy in the biology of the species is still partially inexplicable given the known 
set of relevant environmental variables. Finally, a wide spectrum of promising alternatives 
for measuring phytoplankton such as, for example, the size and the shape remain poorly 
investigated. The main ecological questions on which the dissertation will dig in are: 

 
I. Reduce the complex mosaic of coastal phytoplankton community into 

assemblages defined by the main co-occurring species. 
II. Interpret the phenology of the found assemblages in light to the relation 

with environmental variables, disentangling the influence of mesoscale patterns 
from local species succession. 
III. Describe the seasonal dynamics in terms of biomass and diversity, starting 

from individual-traits. 
 

Thus, the purpose of this dissertation is to test and evaluate the accuracy of established 
and new phytoplankton distribution models. By effectively describing the relationship 
between phytoplankton and the environment, as well as several key ecological aspects such 
as bloom phenology, seasonality of assemblages, and biomass distribution, the dissertation 
will provide a comprehensive portrait of the phytoplankton key components in the pelagic 
habitat of the Gulf of Trieste and broader in the northern Adriatic. In addition, through 
new approaches (e.g., relevance of taxa, assemblagesɴ determination, individual based 
data), the dissertation will provide methodological guidance for data preparation, analysis 
and modelling. 
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Chapter 2 

2 Community Structure  and Phenology  

2.1 Paper: Phytoplankton Time -Series in a LTER Site of the 

Adriatic Sea: Methodological Approach to Decipher 

Community Structure and Indicative Taxa  

This chapter presents a detailed study on the variability of phytoplankton phenology at a 
Long-Term Ecological Research (LTER) site in the Gulf of Trieste, from 2005 to 2017. The 
study aimed to decipher the community structure and identify indicative taxa using two 
multivariate analysis protocols, one found in literature and a modified version of it. This 
chapter highlights the importance of using appropriate methodologies to avoid losing 
critical information and provided insights into the complex seasonal patterns and 
variability of a phytoplankton community. 
The key differences between the original and modified protocols in the study revolve 

around several methodological adjustments. In the original protocol, taxa selection was 
based on their frequency of appearance, with a threshold set at 12%. In contrast, the 
modified protocol introduced the FREVE index, which combines frequency and evenness 
to better preserve the information from the original dataset. The ordination method has 
also been modified. The original protocol employed Principal Component Analysis (PCA), 
which preserves Euclidean distance. The modified protocol, however, used Correspondence 
Analysis (CA), which preserves chi-square distance and is more suitable for species 
frequency tables. Clustering was handled differently as well. The original protocol relied 
on a Bayesian probability-based criterion to evaluate partitions, whereas the modified 
protocol used k-means Calinski pseudo-F and Ratkowsky indices, which are based on the 
analysis of variance. Finally, the identification of indicative taxa differed between the 
protocols. The original protocol relied solely on the IndVal index, while the modified 
protocol supplemented IndVal with a likelihood ratio method (Xproj) to better identify 
taxa responsible for cluster formation. These modifications aimed to improve the accuracy 
and reliability of the analysis, better preserving the dataset's information and providing a 
more realistic representation of phytoplankton community structure and seasonal patterns. 

 
Key findings include: 
I. Phenology: Seasonal phytoplankton dynamics showed a cyclic behaviour with 

diatom peaks in spring and autumn. 
II. Assemblages structure: Two significant partitions of the time series were 

possible, into four and eighteen assemblages. The average lifespan of the 
phytoplankton assemblages was short (2-4 months). 
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III. Inter- and intra-annual variability: The study identified typical seasonal 
assemblages and bloom events, with significant changes observed in the second 
half of the year and towards the end of the series. 

 
The findings emphasize the importance of long-term monitoring for detecting ecological 

shifts and understanding the impact of environmental drivers. The observed variability in 
phytoplankton dynamics underscores the sensitivity of coastal ecosystems to climatic and 
anthropogenic pressures. The clustering partition find will be the starting point for the 
subsequent association with environmental variables. 

 
Goal:  
I. Determine the phenology of the recurrent phytoplankton assemblages in the Gulf 

of Trieste.  
 

Hypothesis: 
I. The phytoplankton community in the Gulf of Trieste follows a predictable 

succession of assemblages (temporal co-occurrence of taxa), which are characterized 
by indicative species or taxa. 
 

The goal is accomplished, and hypothesis is confirmed by the results presented in this 
chapter. 

 
The research work is presented in the following publication and is listed below: 
Vascotto, I., Mozetič, P., & Francé, J. (2021). Phytoplankton time-series in a LTER 

site of the Adriatic Sea: methodological approach to decipher community structure and 
indicative taxa. Water, 13(15), 2045. 

 
Ivano Vascotto contributed to this paper as follows: conceptualisation, data curation, 

methodology, formal analysis, writing the original draft, revising and editing. 
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