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1. INTRODUCTION 

 

1.1 Introduction to the Mediterranean 

 

The Mediterranean is a unique geographic body. The most important 

characteristic of the Mediterranean Sea is the fact that many processes in the sea 

are similar to those observed in the world ocean, but in the sea they are more 

pronounced and manifest themselves on much smaller spatial scales. Thus, the 

Mediterranean can be considered as an experimental basin with splendid 

possibilities for studying hydrophysical and climatic processes and events; a 

specific characteristic of the basin is its complicated morphology. From the 

climatological point of view, the Mediterranean Sea is in the transitional zone, 

where the influence both of midlatitude climate and tropical climate is important 

and it is completely pronounced, forming specific characteristics of climate 

variability in the region. The Mediterranean Sea influence on the climate of 

Europe and other nearby regions is also great (Zveryaev and Arkhipkin, 2008). 

The term Mediterranean derives from the latin word “Mediterraneus” 

that means “between lands”; this elongated, marginal semi-enclosed sea is hence 

situated between Europe, Asia and Africa, and, excluding the Black Sea, covers 

2.542 x 106 Km2, with an average depth close to 1.500 m. The Black Sea, the 

Eastern Mediterranean, and the Western Mediterranean form a string of basins 

which finally open in to the Atlantic. The Western Mediterranean covers 

860,000 Km2. It is effectively limited by the sills of Sicily – Tunis (close to 400 

m depth) and of Gibraltar – Morocco (extending down to 320 m). The maximal 

depth of the Western Mediterranean is 3700 m. The salinity is close to 38.5 in 

the deep water and a little less closer in the surface layers. The deep water 

temperature is near 13°C and is relatively constant, while the temperature of the 

superficial layer varies between approximately 13°C in winter and about 26°C 

in summer. The water is well oxygenated throughout (Margalef, 1985). The 

Mediterranean tidal amplitudes are small by world ocean standards. This, 

together with the existence of narrow continental shelves, results in very little  
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tidal amplification along its coasts. Consequently, the Mediterranean is often 

considered a tideless sea. The Mediterranean lies in an area where evaporation 

exceeds both direct rainfall and the water carried by rivers. 

Water of relatively high salinity is formed by evaporative concentration 

and, being denser, sinks to the bottom and cascades across the Gibraltar sill to 

the Atlantic, at a level where the Atlantic water is characterized by a lower 

density. The Mediterranean water pouring into the Atlantic sinks to the level 

where it finds equal density and is carried northwards, along the Portuguese 

coast where it interferes with the upwelling of deep water along the western 

coast of the Iberian Peninsula. The loss of deep Mediterranean water is over–

compensated by the Atlantic water that enters with the superficial current of 

Gibraltar. The excess of evaporation in the Mediterranean basin not only draws 

from the Atlantic the necessary water to compensate it, but also generates a 

much more important horizontal exchange. The Mediterranean loses deep water, 

relatively rich with mineralized or recycled nutrients, and receives surface 

Atlantic water, in which most nutrients have been used before entering 

Gibraltar. 

The Mediterranean shows no appreciable upwelling; all of them are 

dispersed and sporadic, the extension of their enriching effect is not large, being 

limited to nearshore areas, and in the conditions when some nutrient-rich water 

is present at appropriate levels. In a broad sense, “upwelling” is the phenomenon 

by which a significant mass of nutrient-rich and relatively cold water (from 

below the level of the seasonal thermocline, or equivalent depth) rises in mass, 

by advection, to the surface (Flos, 1985). In general vertical mixing can, 

however, influence adjacent areas by a mechanism which is more similar to that 

of a lake than to that in large oceans. In other ways the formation of cold and 

dense water in the Mediterranean is similar to that occurring in oceans at high 

latitude (Margalef, 1985). 
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1.1.1 Western Mediterranean circulation 

 

The western basin comprises the Alborán Sea, the Balearic Sea or Algero 

– Provençal basin and the Tyrrhenian Sea. The Alborán Sea is the westernmost 

part of the Mediterranean and beside being bordered by the Spanish and the 

Morocco coasts, it is moreover limited by the Strait of Gibraltar which links the 

Atlantic Ocean to the Western Mediterranean. The area covers 54,000 Km² and 

its maximum depth is around 1500 m. The Algero – Provençal Basin comprises 

the Gulf of Valencia, the Alborán and the Ligurian Sea. The area is about 

240,000 Km² with a maximum depth around 2800 m. The north-western 

Mediterranean is one of the most productive zones of the Mediterranean Sea due 

to a number of environmental features which includes a wide shelf, a strong 

vertical mixing in winter, occasional coastal upwelling and important river 

runoff. The Tyrrhenian basin is the deepest part of the western Mediterranean 

with its 3800 m of maximum depth; its area is bounded by the Italian Peninsula 

and the islands of Sardinia , Corsica and Sicily. 

Surface water: The first major circulation feature to which the AW 

(Atlantic water mass) is exposed is a large anticyclonic gyre occupying the 

Alborán Sea. This has been well described by Allain (1960) and Lanoix (1974) 

among others. Hopkins (1978) estimated that about 65% of the AW is 

recirculated within the Alborán gyre. The escaping portion moves eastward 

toward Cape Aiguille where the Algerian coastline appears to deflect the AW 

stream northeastwards. Further to this deflection, a branch of the AW stream 

continuing north-eastward towards the Balearic Islands, and the other part 

continuing eastward along the North African coast. This marks the first in a 

sequence of cyclonic breakaway throughout the entire Mediterranean from the 

otherwise eastward zonal route of the AW (Fig.1.1.1(1-2)). 
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Fig. 1.1.1(1) Surface circulation in the Mediterranean. 

 

The next major turning occurs in the vicinity of 7°E just before the 

Sardinian Channel. The portion moving north along the south-western Sardinian 

coast splits again and recirculated cyclonically in the Southern Balearic Sea. The 

other portion continues northward, joined by the AW of the Balearic islands, 

then flows past the northern coast of Corsica where it cyclonically circuits the 

shores of the Ligurian Sea, and finally returns to the south-west along the 

French and Spanish coasts. 

The portion of AW that continues through the Sardinian channel suffers 

another bifurcation with the larger portion exiting through the Sicily Strait to the 

EMED (Eastern Mediterranean) and the smaller portion into the Tyrrhenian. 

Béthoux (1980) estimated this as a two thirds and one third split, respectively. 

The Tyrrhenian portion favours a cyclonic circuit of the sea. The general surface 

circulation has, in fact, much greater detail. It is well known that the summer 

surface flow is more complex owing to more diverse and smaller-scale wind 

regimes. The increased complexity in summer is often manifested in smaller 

gyre-like flow cell; for example, the Tyrrhenian may have several cyclonic 

surface features in contrast to one basin-side winter cyclone. 

Intermediate water: The WMED (Western Mediterranean) has two 

types of intermediate water; the LIW (Levantine Intermediate Water) which is 

imported from the EMED via the Strait of Sicily and which occupies the ≈ 200 

to 700 m depth range (Fig. 1.1.1b); and the WMIW (Western Mediterranean 

Intermediate Water) which is formed locally in varying quantities and water  
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types throughout the WMED as a result of local buoyancy extraction during the 

cooling season. The WMIW is not as dense as the LIW and resides between the 

surface water and the LIW at depth of approximately 50 to 200 m. The LIW 

appears to move around the western tip of Sicily into the Tyrrhenian Sea and to 

move westward south of Sardinia where some of it appears to move north on 

into the Ligurian Sea and some of it to continue westward toward the Alborán 

Sea. Near Gibraltar, both the bathymetry and dynamics favour a more northerly 

exit for the LIW. 

Deep water formation: The site or sites of dense water formation can be 

located anywhere within the basin; in the WMED (Fig.1.1.1b), the site is located 

at the opposite end from the sill providing the longest possible route for the DW. 

The favoured site is that location where both meteorological and oceanographic 

conditions are optimal, and for the WMED this is the Liguro – Provencial Basin 

and more specifically off the Gulf of Lions.  

In wintertime the area is affected by the fast cooling of the surface layer 

due to the Mistral wind so that these waters sink into the deep layers enabling 

the turnover of the deep water in the western basin. 

 
Fig. 1.1.1(2) Scheme of the surface AW (Atlantic Water Mass) circulation into the 

Mediterranean, the outflow of LIW (Levantine Intermediate Water) and the deep water 

formation (DW). 
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1.1.2 The Mediterranean, an oligotrophic ecosystem 

 

Nutrients are minor elements in the chemistry of the seawater but, 

nevertheless, indispensable for the formation of organic materials in 

photosynthesis (Cruzado, 1985). Among these, various forms of nitrogen 

(nitrate, nitrite, ammonia), phosphorus (as orthophosphate) and silicon (as 

orthosilicate). Redfield et.al., (1963) established the principle that the elements 

involved in the production of organic matter in the oceans (C:O:N:P:Si) are 

taken up and regenerated by organisms in similar proportions to their actual 

concentrations in sea – water. However, the proportions given for the world 

ocean do not hold exactly for the Mediterranean Sea. 

The Mediterranean, is one of the largest nutrient-depleted area in the 

world (Thomsen, 1931; McGill, 1961); it is generally characterized by the 

presence of oligotrophic conditions, which are more pronounced in the eastern 

sector (Crispi et al., 2001). The gradient of nutrient-depletion from west to east 

is particularly pronounced for phosphorus (Krom et al., 1991). The basin seems 

to be peculiar in having phosphorus as the most limiting factor for primary 

production (Thingstad and Rassoulzadegan, 1995).  

The average concentration of phosphorus in deep Mediterranean water is 

only 0.2 µM (6 mg m-3), in surface layers much less, down to indetectable; on 

the contrary, in the major oceans the average phosphorus concentration in deep 

water is around 2.4 µM (Cruzado, 1985). 

This semi-enclosed sea has relevant exchanges only at the Gibraltar Strait 

and is splitted in two basins by the Sicily Strait, a shallow sill that substantially 

decouples its eastern and western parts (Crispi et al., 2001). On the interannual, 

or longer scale, there is a large variability both in the dynamics (Röther et al., 

1996) and in the biochemical budgets (Béthoux et al., 1992). The Mediterranean 

response is relatively fast compared to the ocean and this suggests that 

physical/ecological interactions at basin scale have a profound influence in 

determining the evolution of the ecosystem (Crispi et al., 2001). 
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The exchanges at Gibraltar Strait compensate the slightly deficient water 

and heat budgets, which drive the thermohaline cell controlling the upper 

circulation in Mediterranean (Gilman and Garrett, 1994). Thus, the surface 

layers are affected by the modification and redistribution of the AW (Atlantic 

water mass) inflow into the western and the eastern basins, while the deeper 

layers are connected through an opposite flux of the outflowing LIW. This 

mechanism, known as the inverse estuarine circulation is thought to be reason of 

the nutrient depleted Mediterranean (Redfield et al., 1963). In fact, the amount 

of nutrients flowing in the surface layer from the Atlantic Ocean is smaller then 

the one flowing out in the bottom layer. This loss is dynamically compensated 

by anthropic and natural sources. Analogous reasons are also used to explain the 

permanence of the westerly increasing trophic gradient, which is present both in 

upper and in deeper layers (Crispi et al., 2001). 

The role played by the biotic component, through the so-called biological 

pump, should also be taken into account. The detritus, fed by planktonic biota is 

subject to sinking phenomena, potentially able to alter the mass distribution 

along the basin. Indeed, yearly simulations (Crise et al., 1999) showed that by 

increasing the downward flow of matter related to sinking velocity, the 

magnitude of the trophic gradient increased as well. 

The inverse estuarine circulation and the unbalanced river inputs, with 

minor total inputs in the eastern basin both for nitrogen and for phosphorus, are 

partly able to explain the nutrient-depleted content of the deeper layers of the 

Mediterranean Sea with respect to the ocean. It appears that the downward 

fluxes of organic matter play a major role in sustaining and stabilizing the 

oligotrophy as found in the observations of Crispi et al., 2001. 

Indeed the trophic gradients between the Western and the Eastern 

Mediterranean arise as a consequence of the unbalance of the loads discharged 

in the basins, with greater inputs into the western, but, in any case, they are 

maintained in the long run by the biological pump. Other biological and 

geochemical processes such as atmospheric inputs, nitrogen fixation and 

microbial food web should also affect the general oligotrophy of the basin and  
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can be introduced in this framework to give a finer representation and a more 

precise evolution (Crispi et al., 2001). 

 

1.1.3 Life and productivity of the Western Mediterranean 

 

The oligotrophy reflects on the low productivity of this marginal semi-

enclosed sea, which can be compared to the low productivity of the Sargasso 

Sea and other central oceanic gyres (Sournia, 1972). However, the 

Mediterranean, and especially the western basin, is far from uniformly poor. As 

in the higher plants, the production of organic material by algae is not only 

dependent on water, light, and Carbon dioxide, but also on the availability of 

elements such as nitrogen and phosphorus, which in the aquatic environment 

appears basically as nitrates and phosphates (Estrada et.al., 1985). The 

photosynthetic activity of the phytoplankton depletes the water of these nutrients 

in the superficial illuminated (euphotic) layers. The maintenance of a high 

primary production thus requires the return to the surface of the nutrients that 

slowly become stored in the deeper and dark water layers. This return may be 

produced by rise to the surface of deep-water masses (upwellings) or by 

turbulent mixing of the water column. In both cases, the movement of water 

require an expenditure of energy to do the work. In broad terms, the energy is 

supplied by the interaction between the atmosphere and the sea (wind, currents, 

etc.). 

The processes that control the supply of nutrients to the euphotic layer in 

the Western Mediterranean such as the winter mixing of the water column or the 

exchange with the Atlantic operate at a global scale while others, like coastal 

upwelling and the effects of river discharge, are of much more local character. 

The Mediterranean has been compared with a miniature ocean or a very 

large negative estuary. Both are relevant to the understanding of its large scale 

production patterns. As in large oceans, winter formation of deep water occurs 

in some parts of the basin. In the Western Mediterranean this occurs in the Gulf 

of Lions, characterized all year round by the presence of a large cyclonic gyre.  
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The spread of dense water favours the rise to shallower levels of layers 

which contain relatively high nutrient concentration (Estrada et.al., 1985). 

Beyond the region of the Gulf of Lions, winter mixing is less intense but leads 

also to the enrichment of the surface layers. The alteration of stratified (spring-

summer) and mixing periods (autumn-winter) imposes a strong seasonality on 

primary production in most of the Mediterranean. At some regions of the coast 

coastal upwelling may bring up deep water which is relatively rich in nutrients. 

Wind-driven upwelling occurs in the littoral of the Gulf of Lions under strong 

NW (Mistral) winds. During summer, doming of intermediate waters may 

increase the availability of nutrients in the upper layers; domes and fronts are 

known in the Ligurian Sea (Jacques et.al., 1976) and in other western 

Mediterranean areas (Cahet et.al., 1972; Margalef et.al., 1966; Minas and Blanc, 

1970; Estrada, 1985). 

In south-western Mediterranean, relatively high primary production 

values have been attributed to the “Atlantic current”, which brings Atlantic 

waters into the Mediterranean. The concentration of nutrient in the Atlantic 

inflow is low but higher than that of the surface Mediterranean water and may 

be responsible for the relative fertility of some regions. However, other effects 

of Atlantic waters must be taken into account. Upwelling in the Alboran Sea off 

the Spanish coast is associated with an anticyclonic gyre, caused by the flow of 

Atlantic water through the Strait of Gibraltar (Estrada et.al., 1985). 

A significant factor in coastal fertilization along the northern shores of 

the west Mediterranean basin is the discharge of rivers; they contribute large 

amount of phosphates, nitrates and other nutrients. The influence of the Rhône 

on the hydrographic and biological regimes of neighbouring and distant areas 

has been noted by several authors (Coste and Minas, 1967; Jacques et.al., 1976). 

In Spain, the delta of the Ebro is one of the most productive zones of the littoral. 

At some times of the year, temporary run-off due to storms may have powerful 

effects on the primary production of limited coastal areas. According to the 

estimates of Béthoux in 1981, terrestrial inputs of phosphorus account for one 

third of the potential new production in the Tyrrhenian Sea and in the northern 

part of the Ligurian basin. The remaining two third are contributed mainly by  
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vertical transfer through mixing or upwelling from deep to shallow water 

layers. The terrestrial-nutrient input is much smaller in the southern part of the 

Mediterranean basin, due to the much lower rainfall over the coastal countries. 

Freshwater inflow also have fertilizing effects which enhance primary 

production. 

 

1.2 The marine plankton 

 

The word “plankton” comes (Thurman, 1997) from the Greek word 

“Plazo” which means “wonderer” or “drifters” and it was first coined by the 

German marine biologist Victor Hensen in 1887 with reference to the large class 

of tiny organisms that fluctuate passively in the water, moved by the currents in 

any natural body of water. Some of these are able to move, mainly vertically, 

but they are unable to contrast currents and strong hydrodynamism. 

Since the beginning of the 80s the traditional classification of organisms 

in zooplankton, phytoplankton and bacterioplankton has been changed with an 

ordination based on dimensions (Sieburth et. al., 1978). In each dimensional 

class, organisms with different trophic modality are identified. The knowledge 

about higher dimensional classes is quite updated, but only with the advances in 

epifluorescence microscope technique (Hobbie et. al., 1977; Waterbury et. al., 

1979; Porter and Feig, 1980) the massive presence of the smaller organisms 

dealing to nanoplancton, picoplankton and femtoplankton has been revealed. 

According to this classification plankton is discerned in: 

 

� femtoplankton: organisms in the size range 0.02-0.2 µm, represented by 

viruses even if Nystrom et. al. in 1990 highlighted the presence of 

sporadic ultramicrobacterial cells smaller than 0.2 µm. 

� picoplankton: prokaryotic organisms in the size range 0.2-2 µm, 

essentially represented by heterotrophic and autotrophic bacteria. 

� nanoplankton: eukaryotic organisms in the size range 2-20 µm, 

represented by autotrophic mixotrophic and heterotrophic flagellates; 
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among these, small dinoflagellates as well as nanociliates, 

coccolithophorids, and small diatoms (Shapiro and Gullard, 1986). 

� microplankton: organisms in the size range 20-200 µm represented by 

aloricate ciliates and loricate ciliates (tintinnids); among the others, small 

radiolarianas, heterotrophic and autotrophic dinoflagellates, euglenoids, 

diatoms, foraminiferans, acantharians but it also refers to small rotifers, 

meroplanktonic organisms such as the larvae of cirripeds, molluscs and 

juvenile phase of copepods (nauplii). 

� mesoplankton: Metazoans in the size range 2-20 mm, represented by 

small crustaceans; among these, copepods and cladocerans. Protozoans of 

bigger size such as diatoms, radiolarians, foraminiferans are present. 

� macroplankton: organisms in the size range 2-20 cm which include 

crustaceous and chaetognaths. 

� megaplankton: organisms in the size range 20-200 cm represented by 

cnidarians and colonies of tunicates. 

 

Planktonic organisms are traditionally distinguished in zooplankton and 

phytoplankton. The first indicates the heterotrophic metabolism and the latter 

the autotrophic one. Heterotrophs by definition are able to use only carbon from 

organic sources for biosynthesis. It is made up by a large variety of organisms 

that can spend all their life in the pelagic realm (holoplankton) or alternatively 

as drifters only part of the life (meroplankton) on the contrary, autotrophs are 

self-sustaining and able to obtain nutrition from inorganic compounds. 

Phytoplankton is made up by microscopic organisms that inhabit the upper 

sunlit layer (euphotic zone) of almost all oceans and body of freshwater. They 

are agents for primary production, the uptake of inorganic carbon from the 

environment into living organisms, a process that sustains the aquatic food web. 

It is well-known that phytoplankton contributes about half of the global primary 

production, the other half being due to the terrestrial plants. By sustaining the 

aquatic food web and controlling the biogeochemical cycles through primary  
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production, phytoplankton exerts a dominant influence on the earth. Mixotrophs 

require investment in both photosynthetic and heterotrophic cellular apparatus, 

and the benefits must outweigh the costs involved. 

 

1.2.1 Planktonic trophic webs and carbon fluxes 

 

Carbon fluxes in the ocean and in the coastal areas mostly depend on the 

efficiency of primary production and the biogeochemical processes within the 

photic zone, as well as on the structure of the pelagic food webs. The structural 

partitioning into different size classes of planktonic organisms is of fundamental 

importance in driving organic carbon fluxes along pelagic food webs. 

Until the beginning of the 80s it was believed that energy flow along the 

trophic webs was regulated by the relationship between microphytoplanktonic 

primary producers and their predators, mainly represented by the 

mesozooplankton (i.e. copepods). Photosynthesized biomass was believed to 

flow along the so called “Classic pelagic food web” to higher trophic levels. In 

this scheme, microphytoplanktonic organisms were the only responsible for the 

primary production and the loss of organic matter representing the substrate for 

bacterial degradation was not considered at all (Azam, 1998) (Fig. 1.2.1(1)). 

Thus, bacteria didn’t play a pivotal role. 

 

Sun

microphytoplankton

Inorganic nutrientsInorganic nutrients

Herbivorous

Small grazers

Classic pelagic food web

Predators

 

Fig. 1.2.1(1) The Classic pelagic food web. 
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Since then, our knowledge of the biochemical processes in the ocean has 

steadily increased, leading to a new perception of the marine food webs and the 

discover of the existing enormous numbers of small size organisms in the range 

from 0.02 to 2 µm, including viral like particles and auto-heterotrophic bacteria 

(Pomeroy, 1974; Azam et. al., 1983; Rassoulzadegan, 1993; Legendre and 

Rassoulzadegan, 1995; Fonda Umani, 2000). The new epifluorescence 

microscope technique proposed by Daley and Hobbies in 1975 increased the 

interest in studying marine bacteria. The new methodology allowed us to discern 

between autotrophic microorganisms, on the basis of the natural fluorescence of 

their photosynthetic pigments (Waterbury et.al., 1979), and the heterotrophic 

ones, detectable by means of the new staining techniques. 

The capacity of individuating and counting microbial cells also allowed 

us to quantitatively estimate heterotrophic and autotrophic prokaryotes, ranging 

between 107-109 cells L-1 and 105-108 cells L-1 respectively, from eutrophic to 

ultraoligotrophic environments. Thus, it was extremely difficult to believe that 

such abundant organisms did not play a key role in the regulation of energy flow 

through the biotic compartment. Bacteria started to be taken into account as the 

basis of the pelagic trophic web (Pomeroy, 1974). Prokaryotes are in fact the 

only organisms able to utilize dissolved organic matter (DOM) and transform it 

into available biomass for grazers (Azam et.al., 1983). Bacteria did not only 

utilize DOM but are able to degradate the particulate organic matter (POM) as 

well. 

Azam et. al., in 1983 introduced the concept of “microbial loop”  

referring to the trophic interactions between pico-, nano- and microplankton 

starting from a quantitative assumption: the highest percentage of organic 

carbon in the sea is in dissolved phase. The origin of DOC (Dissolved Organic 

Carbon) could be various; it can derive from microalgal essudation (Williams, 

1990), loss of cellular matter during grazing processes (sloppy feeding) (Eppley 

et. al., 1981), natural cell lyses or due to viral infection (Fuhrman and Suttle, 

1993; Fuhrman and Noble, 1995), detritivors degradation of zooplankton faecal 

pellets (Honio and Roman, 1978), excretion processes, and so on. 

 



 
 

1. Introduction 

 14 

 

Modern studies have established that bacteria account for a major 

fraction of the oceanic biomass and particulate carbon pool. Bacteria act directly 

on the dissolved organic matter (DOM) producing biomass. The biomass is 

grazed by heterotrophic nanoplancton which is successively grazed by 

microzooplankton. All these organisms restore the environment inorganic 

carbon (CO2) through respiration and release DOM (Dissolved Organic Matter) 

as well, enclosing in this way the loop. Nanoplankton can feed on both 

heterotrophic and autotrophic bacteria but also on small eukaryotic cells, 

whereas microzooplankton can utilize as a source of energy both the 

heterotrophic and autotrophic nano- and picoplankton fractions. 

The energy channelled through bacteria can enter the classic grazing 

web, when protozoans are ingested by upper level consumers (e.g. copepods), 

constituting the so called “mistivourous food web” (Fig. 1.2.1(2)). Generally 

the three food pathways coexist within the so called mistivourous food web 

(Fonda Umani, 2000). The prevalence of one trophic web over the other one is 

of great implication in the time of turn over of CO2 on a worldwide scale. 
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Fig. 1.2.1(2) The marine mistivourous food web. 
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In the world oceans two kinds of “CO2 Pumps” were highlighted (Volk 

and Hoffert, 1985): the “Solubility Pump” which is linked to the solubility of the 

carbon dioxide in the transitional layer between ocean and atmosphere and 

whose activity is joined to the deep-water formation and the “Biological Pump” 

controlled by the marine food web which can involve the sedimentation of the 

organisms equipped with calcareous shells and the soft-tissue pump 

(Fig.1.2.1(3)). 

 

 

 

Fig. 1.2.1(3) The oceanic carbon cycle. The biological pump (left box), controlled by the marine 

food web, and the solubility pump (right box), which is driven by chemical and physical 

processes. Note how only a small proportion of the photosynthetically fixed organic carbon that 

sinks out of the upper mixed layer is sequestered in the deep ocean. The majority is 

remineralised and released as CO2 back into the atmosphere. This figure was taken from 

Chisholm (2000). 

 

Legendre and Le Fevre in 1992 proposed a classification of the pools of 

biogenic carbon in the ocean on the basis of their turnover times (i.e. the time 

elapsed between the photosynthetic uptake of carbon and its return as CO2 to the 

atmosphere) and defined three main compartments: short-lived organic carbon 

(turnover <10-2 years), long-lived organic carbon (turnover between 10-2- 102 

years) and sequestered biogenic carbon (turnover > 102 years). Short-lived 

organic carbon consists of organisms with short turnover times as well as labile 

dissolved organic compound, and it mainly transits through the “microbial food 

web”; it is properly represented by small phytoplankton, heterotrophic bacteria  
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and protozoans. Long-lived organic carbon comprises renewable marine 

resources and transits through the “Classic food web” (Azam, 1998); it is 

represented by fish, marine mammals and also heterotrophic bacteria involved in 

the breakdown of organic matter derived from large heterotrophs. The latter 

stressed the fact that the turnover time of biogenic carbon is not the same as the 

doubling time of organisms which mediate the turnover, e.g. heterotrophic 

bacteria decomposing a whale carcass may have individual doubling times ≤ 1 d 

but they are part of a carbon pool whose turnover time is tens of years. 

Sequestered biogenic carbon may appear in different ways, among them, as 

organic remains buried in sediments (including petroleum), inorganic deposits 

of biogenic origin (e.g. calcareous ooze, coral reefs, continental limestone), 

refractory dissolved organic matter and dissolved CO2 in deep waters resulting 

from the in situ oxidation (respiration) of organic compounds (Legendre, 1996). 

The world climate change may be amplified or mitigated by the 

quantitative of sequestered carbon and/or fossilized. Primary production may be 

respired within the euphotic layer, or can be channelled by vertical export of 

sinking materials and/or through the biomass of large consumers. The size of 

photosynthetic producers, i.e. large (> 2-5 µm) or small (<2-5 µm) 

phytoplankton, and the nature of dissolved organic carbon that can be labile or 

refractory can strongly influence the belonging of biogenic carbon to the short-

live, long-lived or sequestered pools. 

Planktonic communities can shift from the prevalence of the microbial 

loop to the dominance of the classic food web over short-medium periods of 

time. Classic food web may occur in shallow turbulent environments, with 

strong hydrodynamism where nutrient availability is pulsed or episodic such as 

coastal areas or upwelling zones and where large booms of diatoms occur 

(Kiorbe, 1996). 

Large size phytoplankton, whether actively fed by zooplankton with 

consequent excretion of relatively heavy faecal pellets, or sank by means of 

aggregation processes when inadequate feeding activity is present, cause a rapid 

removal of the fixed carbon from the photic layer. On the contrary, microbial 

food web is typical of low energy environments, where the inflow of nutrients  
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are scarce and the system is mostly based on regeneration processes (Kiorbe 

1996). As a consequence, the final fate of photosynthesised carbon can strongly 

change over time within the environment as function of planktonic food web 

structures. 
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2. MICROZOOPLANKTON  

 

 

Microzooplankton, is a group of heterotrophic and mixotrophic 

planktonic organisms in the size range 10 or 20 (depending on the classification 

used) to 200 µm, which include many protists such as loricate (tintinnids) and 

naked ciliates, heterotrophic and mixotrophic dinoflagellates, foraminiferans, 

radiolarians, acantharians, heliozoans, as well as small metazoans such as 

copepod nauplii, some copepodites and some meroplanktonic larvae. For 

practical reasons and in order to define the functional role of the organisms in 

question more accurately, Kivi (1996) proposed the term microprotozoans 

instead of microzooplankton for micro-sized unicellular planktonic phagotrophs. 

According to their food preferences they can be classified as herbivorous, 

detritivorous, omnivorous or carnivorous. 

The abundance and role of microprotozoans in the planktonic food web 

were long underestimated, mainly for the inadequate methods applied in 

collecting and preserving samples. Despite the undoubted importance of this 

fraction, nowadays there is still not a commonly accepted sampling technique 

(net vs bottle); neither a common consensus on the volume to observe nor on the 

best fixative (and relative concentration) to use (Choi and Stoecker, 1989; Sherr 

and Sherr, 1993; Leakey et al., 1994; Stoecker et al., 1994; Gifford and Caron, 

2000; Zinabu and Bott, 2000; Karayanni et al., 2004; Modigh and Castaldo, 

2005). When nets are used in sampling, only a small fraction of micro- or nano-

sized cells tend to be captured. Small species, which actually are the most 

abundant, pass through the nets, and naked species are often ruptured (e.g. 

Johannes 1965; Smetacek 1981). The fixatives also destroy fragile cells such as 

naked ciliates or dinoflagellates (Putt and Stoecker 1989; Stoecker et. al., 1994). 

Due to these shortcomings in sampling techniques, the less frail components of 

microprotozoan communities, the tintinnids, have been more intensively studied 

than, aloricate ciliate species (e.g. Jørgensen 1927; Kofoid and Campbell 1929; 

Verity 1985, 1987; Heinbokel 1978 a,b; Heinbokel and Beers 1979). 
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Microprotozoan communities are regulated by environmental resources 

such as prey abundance and size (Heinbokel and Beers 1979; Fenchel 1980b; 

Verity 1985; Jonsson 1986; Rassoulzadegan et al., 1988; Hansen 1991; Hansen 

et al., 1994), and grazing pressure from higher trophic levels, mainly exerted by 

crustacean zooplankton (Stoecker and Egloff 1987; Stoecker and Capuzzo 1990; 

Gifford 1991; Kivi et al., 1996). 

Although heterotrophic dinoflagellates and naked ciliates dominate both 

in terms of abundance and biomass the microzooplankton fraction, tintinnids are 

a species rich group, found in nearly all marine and estuarine systems (Dolan et 

al., 2009) that sometimes represent up to 50% of microzooplankton abundance 

and biomass and are ideal organisms for studies concerning changes in the 

structure or composition of microzooplankton communities (Thompson et al., 

1999). For these reasons, tintinnids are object of plenty investigations. 

Loricate ciliates are characterized by the possession of a species-specific 

shell (lorica), shaped like a bowl or vase or tube (Dolan et al., 2005) on which 

their taxonomy is based. They form an order of the ciliate subclass 

Choreotricha, and represent a monophyletic group, in agreement with traditional 

ciliate taxonomy, and more recent molecular data, even among competing ciliate 

classification (Petz and Foissner 1992, Adl et al., 2005). They are easily 

identified on the basis of the lorica shape into which the ciliate cell can 

withdraw, and for this reason there is a rich literature on their biogeography 

(Pierce and Turner 1993, Thompson and Alder 2005, Dolan et al., 2005, 2007), 

as well as their ecology (Dolan 2000). 

Marine planktonic ciliates are considered to be suspension feeders 

(Fenchel, 1980), using ciliary membranelles to remove suspended particles of 

food from water. The size of the particles removed appears to be a function of 

the spacing of the membranelles, which varies with species (Fenchel, 1980). 

Stoecker (1988) suggested that many marine planktonic ciliates are not 

indiscriminate suspension feeders, but rather selective grazers which can 

discriminate prey type based on a variety of mechanisms including 

chemosensory ones. On the other hand, tintinnids are estimated to be able to 

ingest particles 41-45% of the lorica oral diameter (Spittler, 1973). Whereas the  
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concentration of suitable prey is no doubt the main factor affecting feeding 

efficiency in suspension-feeding ciliates, the mode of feeding of planktonic 

ciliates has been found to vary from species to species and to be subject to 

environmental dynamics. 

Dinoflagellates are an heterogeneous group of microprotozoans, with 

more than 2000 living species described. Approximately 90 % of these species 

are marine; moreover, 50 % of free-living species lack chloroplasts and rely on 

the ingestion of particulate food (Gaines and Elbrächter 1987). There are also 

species that can combine phototrophy and heterotrophy. These species usually 

have permanent chloroplasts and are primarily photosynthetic, but there are also 

“colourless” species that use chloroplasts robbed from their algal prey for 

photosynthesis (Stoecker, 1999). A dinoflagellate cell normally has two flagella, 

which enable active movement of the organism. The swimming speed of a 

phagotrophic dinoflagellate is commonly greater than that of its prey. 

Phagotrophic dinoflagellates incorporate three different types of feeding 

mechanism: direct engulfment, pallium feeding with a pseudopodium that 

envelopes the prey outside the predator cell, and tube feeding, sucking out the 

prey contents with a feeding tube (Hansen and Calado, 1999). Direct engulfment 

occurs mainly among naked species and pallium feeding among heterotrophic 

thecate species. Tube feeding has been described for both heterotrophic and 

mixotrophic thecate and athecate species. The proposed optimum predator to 

prey size ratio for heterotrophic dinoflagellates is about 3:1 (range 7:1 to 1:0.4) 

(Hansen et al., 1994). 

Mixotrophy is prevalent in planktonic unicellular organisms, such as 

chrysophytes, prymnesiophytes, dinoflagellates and ciliates, and among the 

sarcodines (Stoecker 1998 and references therein). The term mixotroph 

commonly refers primarily to phototrophic algae capable of phagotrophy or 

osmotrophy, and to phagotrophic protozoa able to photosynthesize. Mixotrophy 

may be used to renew cellular reserves of carbon, macronutrients, amino acids 

(Stoecker and Gustafson 2003) and trace elements such as iron or phospholipids 

(Raven 1997; Stoecker 1998). The role of mixotrophy in different environments 

is difficult to quantify, since there is probably a continuum between strictly  
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autotrophic and heterotrophic organisms. Mixotrophy is presumably regulated 

by environmental factors, such as the availability of light, nutrients and prey, all 

of which have an influence on cell physiology. Thus, mixotrophy is regulated in 

different ways in different species. Chloroplast enslavement in planktonic 

ciliates is confined mainly to the oligotrichs, to the family Strombidiidae in 

particular (Jonsson 1987; Stoecker et al., 1987; Laval-Peuto and 

Rassoulzadegan 1988; Lindholm and Mörk 1989; Stoecker and Silver, 1990). 

Whereas in some taxa mixotrophy seems to be associated with 

oligotrophic environments, mixotrophic protists may be abundant in eutrophic 

and mesotrophic environments as well (Stoecker, 1998). 

 

2.1 The trophic role of microzooplancton in marine systems 
 
 

The importance of microzooplankton in energy flow through pelagic 

marine ecosystems became increasingly recognized over the last two decades. 

Traditionally, microzooplankton has been relegated to the ranks of secondary 

contributors when describing the dynamics of marine ecosystems, especially 

those of productive waters (Calbet, 2008). Furthermore, the complete relevance 

is not yet reflected in many conceptual and predictive food web models (Barber 

and Hiscock, 2006; Rothstein et al., 2006). However, increasing evidence 

indicates that this group is one of the most important, along with phytoplankton 

and bacteria, in marine geochemical cycles of bioactive elements (Sherr and 

Sherr, 2002; Calbet and Landry, 2004). 

From a trophic point of view, microzooplankton plays a fundamental role 

as principal carrier of energy from primary producers (Calbet and Landry, 2004) 

to upper trophic levels (Gifford, 1991; Calbet and Saiz, 2005) as it is the 

foremost predator of nanoplankton (2 – 20 µm) and picoplankton (0.2 – 2 µm) 

in the “Microbial loop”, as well as consumer of microphytoplankton and prey of 

mesozooplankton in the “Classic food web”. The microbial loop is the dominant 

component in strongly stratified, oligotrophic environments (Baretta-Bekker et 

al., 1997; Andersen and Ducklow 2001) such as the Mediterranean, in which 

regenerated ammonium is the only available form of inorganic nitrogen and  
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where recycling dominates (Kiørboe 1993). Thus, in oligotrophic systems, only 

a small part of the organic matter produced by autotrophs take the “fast lane” to 

upper trophic levels, grazed directly by large metazoans (copepods) (Calbet, 

2008); most of the primary production circulates through different trophic 

levels, including microzooplankton, and it is eventually respired within the 

microbial loop (Azam et al., 1983; Sherr et al., 1986). Therefore, 

microzooplankton is an important link between the microbial loop and the 

higher trophic levels within the classic food web. 

A recent review of the grazing activity of microzooplankton assessed by 

the dilution technique (Landry and Hassett, 1982) revealed microzooplankton as 

the main predator of phytoplankton in tropical and subtropical oligotrophic 

waters. On average, their consumption is 75% of particulate primary production 

and about half of the phytoplankton biomass per day (Calbet and Landry, 2004). 

Most of the remaining production is grazed by mesozooplankton (0.2-20 mm) 

(Calbet, 2001), resulting in little or no export production, as expected for this 

sort of recycling-based systems (Wassmann, 1998). The role of 

microzooplankton as grazers is also evident in other types of ecosystems. For 

instance, in temperate climates, the daily grazing activity of microzooplankton 

accounts for ca. 60% of the primary production and half of the phytoplankton 

biomass per day (Calbet, 2008). Regarding the trophic characteristics of the 

system, it is interesting that even in very productive areas, such as estuaries and 

upwellings, the grazing impact of microzooplankton is high, an average of 60% 

of primary production being consumed per day (Calbet and Landry, 2004). This 

value contrasts with the small overall impact of mesozooplankton (on average, 

10% of the primary production consumed daily; Calbet, 2001). The modest 

average contribution of mesozooplankton to total community grazing in 

upwelling and very productive systems, even if variable (Dagg and Turner, 

1982; Dubischar and Bathman, 1997; Barquero et al., 1998; González et al., 

2000), diverges from the traditional view of these ecosystems, which are 

presented as the archetype of a classical herbivorous food web (diatoms-

copepods-fish). Many mesozooplankters, even if able to feed on these algae, 

don’t do it efficiently (Berggreen et al., 1988); the reasons of this, may be linked  
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to the long turnover (weeks or months) of copepods and large metazoans 

compared to the short (days) developmental times of the microzooplankton 

feeders. Due to this disadvantage, in many instances, mesozooplankton cannot 

cope with the strong fluctuations in food supply (Cushing, 1975). 

Nowadays there is a general consensus that microzooplankton is 

important in mesozooplankton diet, providing an essential food supply (Kleppel, 

1993; Roman and Gauzens, 1997; Calbet and Landry, 1999; Roman et al., 2000; 

Rollwagen Bollens and Penry, 2003; Calbet and Saiz, 2005; Irigoien et al., 

2005; Liu et al., 2005). When available, microzooplankton and especially 

ciliates are selectively eaten by mesozooplankton (Wiadnyana and 

Rassoulzadegan, 1989; Stoecker and Capuzzo, 1990; Verity & Paffenhofer, 

1996; Roman et al., 2000; Rollwagen Bollens and Penry, 2003; Calbet and Saiz, 

2005; Liu et al., 2005) but the reported contribution of microzooplankton to 

mesozooplankton carbon ration is very variable (Calbet and Saiz, 2005; Fonda 

Umani et al., 2005). Furthermore, mesozooplankton, as well as having an 

important role as grazers in the pelagic food web and representing the primary 

food source for fish, is also responsible for providing a sink of organic carbon 

through sinking faecal pellets (Le Borgne and Rodier 1997; Roy et al., 2000) 

and dial vertical migration (Morales et al., 1993; Morales 1999). It also 

maintains phytoplankton growth by providing recycled nutrients to otherwise 

nutrient-depleted oligotrophic waters (Banse 1995; Isla et al., 2004). 

It seems conceptually proper to identify small flagellates as the main 

grazers of low-production ecosystems, where prokaryotic cells and pico-sized 

autotrophs are the dominant primary producers (Campbell et al., 1994; Worden 

et al., 2004; Sherr et al., 2005; Not et al., 2007). This is corroborated by the 

relative biomass distribution patterns of nanoflagellates and large 

microzooplankton in every oligotrophic area. 

The growing body of results is revealing the importance of 

microzooplankton within the marine food web. Ciliates are not the only relevant 

fraction; other groups, often ignored and poorly sampled, can play a crucial role 

in the food web. Among them, heterotrophic and mixotrophic small flagellates 

and dinoflagellates seem to be very important, but it is likely that, radiolarians,  
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foraminiferans, meroplanktonic larvae, copepod nauplii, etc., also play 

significant roles. We must go one further and try to open the microzooplankton 

“black box”; only in this way, the dynamics of the food webs will be latter 

understood. 

 

2.1.1 Microzooplankton distribution in Western Mediterranean 

 

In Western Mediterranean (as all over the world) the first researches on 

microzooplankton were strictly taxonomic (Entz, 1904, 1909, Laackmann, 1913, 

Jorgensen, 1924, Rampi, 1948, 1950); only from the 80s researches were 

devoted on distribution patterns and ecology, and it was not until early 90s that 

heterotrophic dinoflagellates were considered. Since then, several research 

projects and oceanographic cruises focused on microzooplankton were carried 

out; most of them are addressed to the most abundant fraction: the ciliates. 

First data on distribution date back to the late 80s, when cruises were 

performed in the Tyrrhenian Sea, around the Elba Island (Fonda Umani and 

Monti, 1993). Among Ciliates, aloricate genera as Strombidium and Lacrimaria 

accounted on average for less than 13% of total specimens due to the loss of the 

smaller size fraction over the nets during the inverse filtration; on the contrary, 

micrometazoans, in some cruises account for more than 50% of total 

microzooplankton while tintinnids clearly dominated the community. A total of 

167 species were identified, and 30 of these were reported for the first time in 

the Mediterranean Sea. Overall tintinnids with agglutinated lorica were more 

abundant in the coastal area, while hyaline ones, clearly prevailed off shore. In 

spring and summer there was a sharp costal-off shore gradient. 

In Southern Tyrrhenian, (Gulf of Naples) first data on microzooplankton 

date back to 1984-1985 (Scotto di Carlo et al., 1985); here, three peaks of 

abundance were reported (two in spring and one in autumn) corresponding to 

phytoplankton blooms, dominated by one or few species. A high variability in 

tintinnids’ abundance and fast changes in specific composition of the 

community were observed as well. Researches on protists resumed in 1997 at  
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the same fixed stations of the previous study and are still going on (Modigh, 

2001; Modigh and Castaldo, 2002). In 2002, Modigh and Castaldo published the  

results on ciliates abundance and composition of a 4 years study at the same 

fixed station. Over the four years 55 species of tintinnids were reported, among 

them only 15 were signalled as “common”, 8 out of the latter corresponded to 

the species found all year round in the Northern Tyrrhenian Sea, and only 7 

species accounted for 81% of total tintinnid numbers. Species of the genus 

Tintinnopsis showed maximum occurrence in early spring, Helicostomella 

subulata in late spring, Metacylis annulifera and Eutintinnus tubulosus in 

summer, Salpingella decurtata in late summer and S. curta from late summer to 

autumn. Around Aeolian islands two cruises were carried out in July 1994-1995. 

In July 1994 tintinnids’ community was relatively rich. The most abundant 

species were Acanthostomella conicoides, Amphorella quadrilineata var. minor, 

Craterella armilla, Dadayella ganimedes, Eutintinnus tubulosus, Salpingella 

decurtata and the genus Undella. (Fonda Umani et al., 1995). 

In the same area the year later, (1995) 10 stations were sampled and 25 

tintinnids’ species were identified (Fonda Umani and Cataletto, 1996). Only 11 

of them (A. quadrilineata var. minor, Craterella armilla, C. torulata, D. 

ganimedes, Epiplocylis acuminata, Eutintinnus apertus, E. fraknoi, E. tubulosus, 

Tintinnopsis compressa, T. tregouboffi, Xystonella longicauda) were reported in 

the previous study. Abundance was very low and the dominant species was E. 

apertus. In two sampling stations, dilution experiments concerning 

microzooplankton grazing on microphytoplankton were performed (Fonda 

Umani and Zanon, 2000). In the same area in November 2002 and May 2003 

sampling was performed at 6 sites (Fonda Umani et al., in prep.). With respect 

to previous studies 16 new species for this area were identified, therefore total 

species in the Aeolian area account for 79. Tintinnids represented more than 

50% of total microzooplankton abundance (heterotrophic dinoflagellates 

included) and were dominated by A. quadrilineata var. minor, D. ganymedes, 

Steenstrupiella steenstrupii, Acantostomella conicoides and the genus 

Salpingella. In a Southern Tyrrhenian coastal site (Gulf of Milazzo) a 15 

months’ study on tintinnids was conducted from March 2003 to May 2004  



 
 

2. Microzooplankton 

 26 

 

(Sitran et al., 2009). During the summer period (end of July), a monospecific 

Tintinnopsis beroidea bloom at the surface was registered. To summarize this 

overview of published and unpublished data on microzooplankton, and 

particularly on tintinnids, in the Tyrrhenian we can point out that: 

 

� D. ganimedes was considered part of the “core” species in north western 

Mediterranean by Dolan et al. (2009): this species was found in the Western,  

Central and Eastern Mediterranean (Dolan et al., 1999) and was considered a 

common species for the Mediterranean Sea (Dolan et al., 2000). The same is 

true for S. steenstrupii and S. nivalis (Dolan et al., 2000). 

� 59 species out of 167 encountered in the northern Tyrrhenian Sea were 

exclusive for this area: among these only Codonellopsis tubercolata and 

Ormosella bresslaui were found in all cruises.  

� 6 species were exclusively reported in the Gulf of Naples, namely 

Proplectella columbiana, P. ostenfeldi, P. urna; Stenosemella pacifica; 

Tintinnopsis sinuata, Undella declivis. Rhabdonella elegans was recorded 

only in the north of Sicily. 

� Overall there is a continuous decreasing trend in tintinnids’ richness 

moving form the Northern Tyrrhenian to the south. Rarefaction particularly 

affects Clymacocylis, Codonella, Codonellopsis, Cyttarocilis, Dictyocista, 

Ormosella, Parundella, Rhabdonella, Tintinnopsis, Xystonella and 

Xystonellopsis genera, that, besides Tintinnopsis, Codonella and 

Codonellopsis, are all hyaline genera. As a general rule hyaline species are 

more abundant and diversified in off shore areas rather than in the more 

coastal sites. 

 

In recent years, among the numerous researches focused on ciliates along 

the Italian, French Spanish coastal sites as well as in West Mediterranean off 

shore waters, the one of Dolan et al. (2002) (within the PROSOPE project; 

September 1999) referred to 11 stations located along a cruise track from the 

Morocco atlantic coasts to the Eastern Mediterranean and back to the French 

Mediterranean coasts. This research stated that the diversity of tintinnids  
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increased from the Atlantic upwelling area into the western basin of the 

Mediterranean, and declines slightly towards the eastern basin. The major 

mechanism influencing tintinnids diversity is likely due to the size-composition 

of the phytoplankton; furthermore, the diversity of tintinnids in the 

Mediterranean basin is correlated to the depth of the chlorophyll maximum layer 

(DCM) (Dolan, 2000), which is gradually located in deeper waters from west to 

east. During this study, the upwelling assemblages was dominated by open 

water forms but included tintinnids generally found in coastal waters such as 

Tintinnopsis species. The dominant species were Salpingella decurtata and 

Metacylis mereschkowskii, which together formed over 50% of tintinnid 

community. From the upwelling site into the Western Mediterranean, the 

dominant species remained Salpingella. However, smaller species of the genus 

were common. Dolan et al., (1999) analyzed samples taken through the euphotic 

layer from 18 stations between the Ligurian Sea and the Levantine basin. 

Contrary to the latter studies of Dolan et al. (2002), the species diversity of 

tintinnids ciliates appeared higher in the central and eastern more oligotrophic 

basins compared to the west. Moreover, corresponding to the west to east 

increases in diversity were increases in community averages of lorica oral 

diameter and overall length (Dolan, 2000). Lorica diameter is related to the 

maximum size of food particle that a tintinnid can ingest (Spittler, 1973; 

Heinbokel, 1978). Overall community averages of lorica diameter change 

seasonally and are thought to reflect changes in the size spectrum of food 

particles (Middlebrook et al., Verity, 1987; Gilron et al., 1991). 

The results assessed for the tintinnid ciliate group may not exactly fit for 

other minor components of this group; for instance, Dolan, (2000) stated that 

species abundances of foraminifera, in contrast with tintinnids, do not appear to 

increase from west to east but rather are maximal in the central basin, both in 

late summer with stratified water columns and in winter, when water columns 

are well mixed (Pujol and Vergnaud Grazzini, 1995). Hence it appears that, even 

among planktonic protists, processes or factors influencing diversity likely differ 

between groups. 
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With reference to the abundances, Dolan et al., (1999) suggest that 

ciliates concentrations varied irregularly compared to the longitudinal decline 

west to east, in chlorophyll concentration; the lower chlorophyll values of the 

Levantine basin for instance, corresponded with a relatively high stock of 

ciliates; contrarily Pitta et al., (2001) registered an integrated ciliate biomass and 

abundance generally increased by a factor of two in the western basin compared 

to the Eastern Mediterranean. 

 

2.2 Aim of the research 

 

Preliminary remarks: 

• Biological and physical processes in the ocean control the air-sea 

carbon dioxide (C02) balance and are key factors in the planetary 

climate system. 

 

• The ability of the world oceans in regulating the atmospherical carbon 

dioxide (C02) is due to the highest percentage of dissolved organic 

carbon (DOM) in the sea and the contemporary activity of the 

“Solubility Pump” (which is linked to the solubility of the carbon 

dioxide in the transitional layer between ocean and atmosphere) and 

the “Biological Pump” (controlled by the marine food webs). 

 

• The prevalence of one trophic web over the other (Microbial loop vs. 

Classical food web) one is of great implication in the time of turn 

over of CO2 on a worldwide scale. 

 

• The world climate change may be amplified or mitigated by the 

quantitative of sequestered carbon and/or fossilized. 

 

 

 

 



 
 

2. Microzooplankton 

 29 

 

The main purposes of the V.E.C.T.O.R. project (Vulnerability of the coasts 

and of the Italian marine ecosystems to the climate change and their role in 

the Mediterranean carbon cycles) are: 

 

• To deepen our knowledge of the impact exerted by Global Climate 

Changes on the Mediterranean marine environment. 

• To focus our attention on sedimentary, physical and biogeochemical 

processes throughout the water masses. 

• To investigate the active roles played by the Mediterranean basin in 

the Global Carbon cycle. 

• To assess whether the basin mainly act as a “Source” or a “Sink” of 

C02. 

 

Scientific topics: 

 

• Data acquisition from multi-parametric probe 

• Chemical analysis and experiments on N-fixation 

• Microbial ecology 

• Analysis of DOC (Dissolved organic matter) 

• Bio-optics 

• Primary production 

• Phytoplankton and virus 

• Distribution, microzooplankton and heteronanoplankton (HNAN) 

production and grazing (surface layer and the bathyal zone), 

Mesozooplankton grazing 

• Mesozooplankton 

• Atmospheric carbon dioxide (CO2) 
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Scientific organizations involved: 

 

CoNISMa – Ancona; CNR-ISMAR – Trieste; CNR-IAMC – Messina; CNR-

IBF – Pisa; SNZ – Napoli; CoNISMa – Trieste; CoNISMa – Messina; CNR-

ISMAR – Bologna; ENEA – Brasiamone. 

 

Aim of the PhD thesis: 

 

1. Quantify the carbon fluxes through microbial community determining 

microzooplankton grazing impact on heterotrophic and autotrophic 

picoplankton, nanoplankton and microphytoplankton, performing 

grazing experiments by means of the dilution method. 

2. Identify both predator and prey communities according to main 

groups, genus and species (when possible). 

3. Determine any prey selectivity exerted by the heterotrophic 

communities. 

4. Analyse how the so called “black box” works within the microbial 

loop: synergistic and antagonistic effects of the grazing impact of 

both microzooplankton and nanoflagellates on autotrophic and 

heterotrophic picoplankton. 

5. Quantify the specific growth rates (secondary production) of the 

predators represented by microzooplankton. 

6. Evaluate mesozooplankton grazing impact on microplanktonic 

community. 

7. Define the spatial distribution of microzooplankton. 

8. Compare the composition and the abundance of microzooplankton 

assessed with three different sampling and conservation techniques. 

 

2.3 Assessment of the grazing activity 

 

Although pelagic protists are now recognized as important, the 

assessment of their grazing rates and trophic interactions continue to be  
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problematic. Of the various approaches that have been used to determine 

protistan grazing impact in natural community, each has specific advantages as 

well as specific weakness and ambiguities which preclude application under all 

conditions. The available methods for assessing grazing rates of planktonic 

protists can be placed into three main categories (Landry, 1994): 

 

• Inference from natural populations: pigment budget, frequency of 

dividing cells (FDC), vacuole contents, digestive enzyme assay 

• Tracer techniques: radioisotope labelling, mini-cell recapture, 

Fluorescently labelled prey  

• Community manipulations: size fractionation, dilution, metabolic 

inhibitors 

 

Inferential approaches use quantifiable characteristics of field 

collected samples, such as pigment breakdown products, stage of cell 

division, vacuole contents, or digestive enzymes, as the basis for an index of 

feeding rate. This approaches require no contained incubation, hence, no 

disruption of the natural assemblages. 

Tracer techniques use either radioisotopes or fluorescent stains to 

label the target prey populations. These techniques add only a small external 

component to the system, and they require short incubations, generally less 

than the vacuole turnover time. Consequently, they involve, in principle, 

relatively minor disruptions of the natural assemblages. 

Community manipulations include size fractionation or dilution of the 

natural assemblage inhibitors to suppress the growth or grazing of component 

populations. As the term “manipulation” implies, these techniques involve 

substantial disruptions of one or more component populations and 

incubations are sufficiently long to measure significant changes in population 

abundances. 

Among the number of approaches that have been used to measure the 

grazing impact of both micro- and nano-predators on a wide range of prey, 

most used the dilution method (Landry et Hassett, 1982; reviewed by Dolan  
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et al., 2000). In addition to the classical approach of monitoring chl a 

concentration following dilution, several researchers estimated taxon- or 

pigment-specific mortality rates using pigment analysis by HPLC (Strom and 

Welschmeyer 1991; McManus and Ederington-Cantrell 1992; Verity et al., 

1993; Waterhouse and welschmeyer, 1995; Latasa et al., 1997; Schlüter 

1998) and flow cytometry (Landry et al., 1995; Reckermann and Veldhuis, 

1997, Kuipers and Witte, 1999, Stelfox-Widdicombe et al., 2000). 

In my PhD thesis I applied the dilution technique and conducted 

microscopical counts of microzooplankton, phytoplankton (Mc Manus, 1995; 

Verity et al., 1996; Nejstgaard et al., 1997; Fonda Umani and Zanon, 2000), 

enumeration of nanoplankton, and both autotrophic and heterotrophic 

picoplankton by epifluorescence microscopy (Campbell and Carpenter 1986; 

Verity et al., 1993; Ayukai 1996, James and Hall 1998, Fonda Umani and 

Beran, 2003; Fonda Umani et al., 2005). 
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3. MATERIALS AND METHODS 

 

3.1 Study area 

 

 

Fig.3.1 Study area and sampling stations: VA (Atlantic coast of Morocco), V4 (Alborán Sea), 

V3 (Balearic Sea), V1 (Ligurian Sea), V2 (South Tyrrhenian). 

 

The study presented in my PhD thesis was conducted from 28 May 

to 11 June 2007 during the II Leg. of the “Transmediterranean cruise” (TMC-

07; Line 8 CARPEL – Activity 8.5 TASK), in the frame of the V.E.C.T.O.R. 

project (VulnErability of Coasts and marine italian ecosystems to Climate 

change and their rOle in the mediterranean caRbon cycles), under the 

supervision of Co.N.I.S.M.a. 

The oceanographic cruise carried out on board of the N/O URANIA-

CNR, is referred to 5 selected stations located along a cruise track from the 

Moroccan Atlantic coast to the Western Mediterranean, following a longitudinal 

trophic gradient (west-east); the study area is indicated in fig. 3.1. The surface 

layer of the water column is the focus of my research, in which all the 

experiments were performed. In table 3.1 are reported dates, locations, 

geographic positions and depths of the sampled stations. 
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DATE STATION LONGITUDE LATITUDE DEPHT 

29/05/07 VA Atlantic Ocean 08°19.899' W 35°00.027' N 6.0 m 
01/06/07 V4 Alborán Sea 00°59.850' W 36°30.137' N  5.1 m 
03/06/07 V3 Balearic Sea 06°04.372' E 39°18.839' N  5,3 m 
05/06/07 V1 Ligurian Sea 08°00.002' E 43°29.992' N  4,8 m 
08/06/07 V2 Tyrrhenian Sea 12°59.953' E 39°29.992' N 4,4 m 

 

Tab. 3.1. Dates, locations, longitudes, latitudes and depths of the sampled stations. 

 

3.2 Environmental variables 

 

Hydrological parameters such as temperature (°C) and Salinity (psu) 

were deduced by means of a multi-parametric probe, SBE911 provided by 

sensors of temperature, conductibility, oxygen, fluorescence, transmittance, pH, 

and altimeter coupled to a sampler SBE carousel, equipped by a 24 Niskin bottle 

rosette, each furnished with 12 L Niskin bottles fitted-out by silicon elastic 

ribbon and red silicon O rings. 

Sensors of temperature and conductibility were previously calibrated. 

Continuous verifications were performed on board in order to control the 

appropriate functioning of the basic sensors (mainly temperature and 

conductivity) by means of laboratory analysis and digital reversing 

thermometers. 

 

Biogeochemical parameters such as dissolved oxygen, (AOU Wink.), 

inorganic nutrients (NO3, NO2, SiO2, PO4), as well as dissolved organic 

phosphorus (TDP) and nitrogen (TDN) were useful for both the characterization 

of the water column and the investigation on biological processes relative to the 

euphotic layer. Biogeochemical analysis was carry out by previous sampling of 

the water mass performed by means of a CTD- Niskin bottles rosette; whereas 

the data set, derived by experimentations. 

Dissolved oxygen was analysed on board, through the Winkler method; 

the comparison among dissolved organic oxygen data from the samples with the  

ones obtained from the CTD probe, enable the rectification of continuous 

profiles assessed by the probe. Dissolved inorganic nutrients (such as nitrate,  
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nitrite, reactive phosphorus and silicon) were sampled and stored at -20 C° until 

processed at C.N.R.-I.S.M.A.R. laboratories in Trieste; the analogous sampling 

procedure was followed for dissolved organic phosphorus (TDP) and nitrogen 

(TDN). 

 

Primary production  was measured in situ along the water mass, 

employing radioisotopes and in order to estimate the rate of carbon production 

exerted by the phytoplankton community. Seawater (500 mL) was collected and 

samples were settled in glass bottles inoculated with 14C and incubated in situ 

conditions for 4 hours. Bottles were lowered in the seawater fasten to a graduate 

rope (equipped with surface buoys) and filtered according to different sizes onto 

Whatmann GF/F (diameter 25mm) and polycarbonate filters then, stored at -20 

C° until processed. Following analysis were carried out at the “A. Dohrn” 

Zoological Station, (SZN). 

 

Chlorophyll a was sampled with the analogous procedure performed for 

primary production and 5 L were collected in order to calculate the ratios 

Production/Biomass. Samples were then filtered (in 3 replicates) onto Fiberglas 

(GF/F) and polycarbonate filters according to different sizes then, immediately 

stored in liquid nitrogen. 

 

3.3 Dilution method: theoretical considerations 

 

Among the different approaches employed in determining the grazing 

impacts of microzooplankton on a variety of prey, the dilution method is the 

most broadly used in plankton ecology. The method, first established by Landry 

and Hassett (1982) and modify by Landry et al., (1995) is nowadays considered 

as a standard protocol (Dolan et al., 2000) that unlike the other available 

approaches, is extremely easy to be performed, involves minimal handling and 

physical disruption of the organisms and in the meantime enables the separation 

between consumers and prey since they belong to the analogous size classes. 
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By means of this protocol, we are able to determine both, the specific 

growth and grazing rates of the predators represented by microzooplankton, as 

well as the specific growth and mortality rates of the prey consisting of 

heterotrophic and autotrophic bacteria, nanoplankton and microphytoplankton 

(fonda Umani and Beran, 2003). Dilution grazing experiments, apply to a large 

variety of marine and estuarine systems ranging from estuaries and coastal areas 

to open ocean waters (Bec et al., 2005; Berninger and Wickham, 2005; Collos et 

al., 2005; Fileman and Leakey, 2005; Garces et al., 2005; Jochem et al., 2005; 

Leising et al., 2005; Strzepek et al., 2005; Troussellier et al., 2005; Fonda 

Umani et al., 2005; Yokokawa and Nagata, 2005). 

The dilution approach relies on the reduction of encounter rates between 

prey and their grazers (Gallegos, 1989). Natural assemblages are amended with 

varying proportions of filtered seawater (particles-free water) creating a dilution 

series, and grazing rate is estimated as the increase in apparent prey growth rate 

with dilution factor. Specifically, microzooplankton grazing rate is estimated as 

the slope of a regression of apparent prey growth in the various dilutions against 

dilution factor. Growth rate of the prey is estimated as apparent growth rate 

extrapolated to 100 % dilution (growth in the absence of grazers) (Gallegos, 

1989; Dolan et al., 2000; Dolan and McKeon, 2005). The proceeding theoretical 

development involves three restrictive assumptions: 

 

 

1. The growth of individual prey is not directly affected by the presence or 

absence of other prey. The implication of this assumption is that a 

reduction in the density of cells in natural seawater will not, in and of 

itself, directly cause a change in the growth rate of remaining cells. To 

satisfy this assumption, dissolved nutrients must remains non-limiting, or 

equally limiting, to growth at all dilutions during the experimental 

incubations; the growth of individual prey is exponential. 

 

2. The clearance rate of individual consumer is assumed to be constant at 

all dilutions, therefore microzooplankton community does not vary 

during incubation (Evans and Paranjape, 1992). 
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3. The probability of a prey being consumed is a direct function of the rate 

of encounter of consumers with prey cells. This implies that consumers 

are not food-satiated at natural prey densities and that the number of prey 

ingested by given consumer is linearly related to prey density. 

 

The grazing rates of microzooplankton as well as the specific growth rate 

of the prey are calculated from regression of apparent growth against dilution 

factor (Landry et Hassett, 1982; Landry, 1993). Change in the density of a prey 

C, over a period of time t can be represented appropriately by the following 

exponential equation, based on Landry and Hassett protocol (1982) (Landry, 

1993): 

 

Ct = C0 e (k-g)t 

or 

(1/t)ln(Ct/ C0) = k-g 

Where: 

C0 = the concentration of the prey (or total biomass) at the beginning of the 

experiment 

Ct = the concentration of the prey (or total biomass) at the end of the incubation 

(time t) 

k = the instantaneous coefficient of population growth 

g = the instantaneous coefficient of grazing mortality 

t = the incubation time 

 

From the first postulate, the instantaneous coefficient of population 

growth k is not influenced by the dilution series, it remains constant during 

incubation; the instantaneous coefficient of grazing mortality g in accordance 

with the third postulate is proportional to the consumers and prey density. Since 

k is constant and g is proportional to the dilution series, the equation with two 

unknown k and g may be graphically solved from regression of apparent growth 

against dilution factor: 
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Y =  -gx + k

 
Tab.3.3. Linear regression model I. 

 

Growth rate of pico-, nano- and microphytoplankton, and 

microzooplankton grazing rate can be calculate from Model I regressions of 

apparent growth against dilution factor, based on Landry and Hassett (1982) 

(Landry, 1993) (Fig. 3.3). 

The apparent growth rate coefficient (1/t)ln(Ct/ C0) is on the ordinate 

axis, while the dilution rates are on abscissa axis. The Y-axis intercept, where g 

= 0 is the prey growth rate (k), while the negative slope of this relationship is the 

grazing coefficient (g). 

When parameters such as the concentration of the prey at the beginning 

of the experiment (C0), the instantaneous coefficient of population growth (k) 

the grazing coefficient (g) are provided, then, we are able to calculate the 

production (P) and the ingestion rate (I) as well as further parameters (Ruiz et 

al., 1998). The real production (Pr), the potential production (Pp), the potential 

production removed by grazing (PP%), and the initial production removed by 

grazing (SP%) are useful data for a more accurate data analysis. 

The ingestion rate is defined as the biomass (µCL-1d-1) removed by 

grazing over a fixed period of incubation (t) and volume. In order to calculate 

the ingestion rate, and the production (P), the average biomass of the prey (Cm) 

should be previously determined. 
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Production (P) is calculated as:  

P = k * Cm 

 

Ingestion (I) is calculated as: 

I = g * Cm 

where: 

 

Cm = the average concentration of the prey during the incubation as according to 

Frost (1972) (Strom and Strom, 1996). 

 

Cm = P0 e (k-g) – P0 / k – g 

 

The real production (Pr) is the biomass (µCL-1) produced by the prey in the 

presence of the consumers, during experimentation: 

 

Pr = C0 e (k-g)t – C0 

 

The potential production (Pp) is the biomass (µCL-1) that might be produced in 

the absence of consumers: 

 

Pp = C0 e k*t- C0 

 

The potential production removed by grazing (PP%) represents the incidence of 

grazing on the potential production: 

 

PP% = [(Pp-Pr)/Pp]*100 

 

Finally, the initial production removed by grazing (SP%): 

 

SP% =[(Pp-Pr)/Pr+C0)]*100 
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3.4 Sampling procedures 

 

Among the numerous experimentations performed during the II Leg of 

the “Transmediterranean cruise”, the ones included in the present study are 

referred to: 

• Microzooplankton grazing experiments (application of the dilution 

method) 

• Microzooplancton secondary production 

• Microzooplankton distribution 

• Mesozooplankton grazing experiments. 

 

The experiments mentioned were carry out on board of the N/O 

URANIA-CNR, at 5 selected stations from the Atlantic coast of Morocco to the 

Western Mediterranean, following a longitudinal trophic gradient and focussing 

on the upper layer (surface water). Procedures and equipment have been adapted 

to the system under study, the scope and scale of the problems encountered 

during the oceanographic cruise. Sampling was executed by means of a SBE 

sampler carousel equipped by a 24 Niskin bottles rosette, each furnished with 12 

L Niskin bottles fitted-out by silicon elastic ribbon and red silicon O rings 

(Fig.3.4(1-3)). An amount of ca. 100 L was collected from the surface, at each 

selected station. 

 
Fig. 3.4(1) CTD-Niskin bottles rosette. 
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Fig. 3.4(2-3) Sampling on the deck of N/O Urania-CNR. 

 

3.4.1 Dilution experiments 

 

In order to eliminate any possible mesozooplanktonic grazer, 

immediately after collection, natural assemblages (100 L ca.) were gently 

poured through a nylon sieve with a 200 µm mesh size into 5 polypropylene 

carbuoys (20 L capacity) whereas, an amount from the same natural assemblage 

was filtered onto 0.22 µm pore size millipore filters (diameter of 142 mm) by 

means of a peristaltic pump (Fig. 3.4.1(1-2)). This filtration step eliminated all 

but some very small bacteria, mostly vibrios. 70 L ca. was the necessary amount 

of surface water employed in dilution experiments. 

 

  
Fig. 3.4.1(1-2) Filtration step (a) and dilution experiments (b). 

 

Protozoans are particularly susceptible to destruction by vigorous filling 

and mixing procedures; thus, special care was observed to control the effects of 

manipulations. The gentlest approach to proceed to the dilution series was to 

pour measured volumes of water from the carbuoys into polycarbonate  
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incubation bottles and successively, dilute them with the ones filtered onto 0.22 

µm, according to four dilution levels (100% whole water, 80%, 50%, 20%) and 

performing 3 replicates each dilution level. The experiment involved 4 

parameters: microzoo-, microphyto-, nano- and picoplankton (fig. 3.4.1(3-4)). 

 

  
Fig. 3.4.1(3-4) Dilution series. (3 replicates*4 dilution levels)*4 parameters at C0 and 

C24. 

 

In dilution experiments 24 bottles (12 polycarbonate incubation bottles 

and 12 plastic bottles; 2 L each capacity) concerning microplankton were 

employed and added to these, another set of 24 bottles for nano- and 

picoplankton (250 mL and 50 mL each capacity) were prepared. The initial 

samples (C0) were filled with the same procedure mentioned for incubation 

bottles, and immediately conserved in 2% buffered formaldehyde, stored in a 

cold room (5°C) maintained in the dark. For picoplankton fraction only, the 

preservative was pre-filtered onto 0.2 µm by means of Acrodisc® Syringe Filter, 

in order to eliminate any possible impurity. 

As nutrient limitation during summer was anticipated in the 

Mediterranean basin, and autotrophic fractions could be constrained in growing 

during incubation, nutrients were added equally to each incubation bottle in an 

amount sufficient to support one or two doublings of phytoplankton biomass in 

the most concentrated samples. The nutrient addition was: 5 µM NaNO3 and 1 

µM KH2PO4 respectively. 

Since experimental bottles should be incubated under conditions 

approaching, as closely as possible, those in the ambient environmental, 

incubations were carried out on the main deck, in a flowing seawater incubator 

maintaining in situ conditions of temperature and light. All dilution bottles were  
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constantly monitored during incubation time (fig.3.4.1(5)); after 24 hours, (Ct) 

samples were poured into plastic bottles and conserved as the initial ones. 

Nanoplanktonic organisms (C0 and C24 samples) were preserved in 1% buffered 

glutaraldheyde contrarily to the other protozoans, since glutaraldheyde is 

commonly used as preservative for nanoplankton (Sherr and Sherr, 1993). 

 

 
Fig. 3.4.1(5) Incubation in situ conditions. 

 

3.4.2 Microzooplankton growth: secondary production 

 

Contemporary to the dilution experiments, microzooplankton growth 

(secondary production) was also investigated. Secondary production is the 

biomass produced by microzooplankton consumers per volume unit and time 

(µg C L-1d-1). 

On board, 6 L ca. of pre-filtered water (onto 200 µm), were necessary to 

perform the experiment. The whole water (100%) was first, gently poured into 3 

further polycarbonate incubation bottles (2 L each capacity) with the equal 

addition of nutrients; then, samples were immediately incubated at the in situ 

conditions for at least 48 hours. At the end of the incubation time, samples were 

poured into plastic bottles as the initial ones (C0), preserved in 2% buffered 

formaldehyde and stored in a cold room maintained in the dark (5°C). 
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3.4.3 Microzooplankton distribution 

 

For quali-quantitatives analysis of the consumers’ community, 

distribution experiments were performed along the cruise track, at each selected 

station. 5 L of surface water were collected, by means of the CTD-Niskin bottles 

rosette and without sustaining any filtration procedure. In the meantime, 300 mL 

of whole water were poured into glass bottles and fixed in 2% Lugol’s solution; 

whereas the remaining amount was immediately filtered onto 10 µm pore size 

sieve by inverse filtration. The concentrated samples were gently poured into 

250 mL plastic bottles, preserved in 2% buffered formaldehyde and stored in the 

dark as the previous ones, in a cold room (5°C). Samples preserved in Lugol’s 

solution were collected in all but in the Balearic station (V3). 

Lugol’s solution and formalin are the most commonly used fixatives for 

ciliate assemblages. In the present study, a double preservation was 

accomplished with the purpose of a comparison between the two fixatives. 

Advantages and disadvantages among fixatives and sampling procedures were 

also considered. 

 

3.4.4 Mesozooplankton grazing experiments 

 

There are several methods to estimate mesozooplankton grazing rates 

(gut pigment, 14C labelled algae, plant pigment analysis by High Performance 

Liquid Chromatography (HPLC), or dual labelling technique), but the most 

reliable method is the analysis of particle removal in bottle incubations 

(Båmstedt et al., 2000). However, this method may still present some problems, 

besides the obvious bottle effect, because of interferences with 

microzooplankton feeding activity on the same prey (Nejstgaard et al., 2001a). 

To overcome this problem it is necessary to simultaneously estimate the 

microzooplankton grazing rates in separate dilution experiments (Nejstgaard et 

al., 1997, 2001a). 

Grazing of mesozooplankton is calculated according to the equations of 

Frost (1972), corrected for reduced microzooplankton grazing due to predation  
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by mesozooplankton (k), according to the formula given by Nejstgaard et. al. 

(1997, 2001a): 

 

gcorr,p = gnoc,p + kp 

where gcorr,p is the corrected grazing coefficient of mesozooplankton 

consumer (d-1) for prey p and gnoc,p is the uncorrected grazing coefficient of the 

same consumer for prey p. kp is the correction for the loss of microzooplankton 

grazing on prey p in the bottle with mesozooplankton kp is calculated according 

to the equation: 

 








 −=
C

*CC
 gk pmic,p  

with  

 

C= (Ct - C0) ln (Ct/C0)
-1 

and  

 

C* = (Ct* - C0) ln (Ct*/C0)
-1 

 

gmic,p is the microzooplankton grazing coefficient for prey p (d-1), obtained from 

the simultaneous dilution experiment. C is the average carbon concentration of 

all microzooplankton in the control without nutrients and C* the carbon 

concentration in the bottle with mesozooplankton while C0 is the 

microzooplankton concentration at the start of the experiment, Ct the 

concentration at the end in the control, and Ct* is the concentration at the end 

with mesozooplankton. For a detailed discussion see the original publication 

(Nejstgaard et. al., 2001a). 

 

During the “Transmediterranean cruise” both dilution and 

mesozooplankton grazing experiments were run simultaneously, with the 

exception of three occasions: the Atlantic ocean (VA), the Alborán station (V4) 

and in Balearic one (V3) where, the massive presence of gelatinous cnidarians 

all over the nets, did not permit the collection of mesozooplankton community. 
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Thus, the two easternmost locations of the western basin represented by the 

Ligurian station (V1) and the south Tyrrhenian site (V2) were the only two 

stations being sampled. 

 

  
Fig. 3.4.4(1-2) Zooplankton sampling (a); collection of zooplankton at the laboratory on 

board (b). 

 

Mesozooplankton was collected by means of oblique tows, with a 0.25 

m2 sampling area and a 200 µm mesh plankton WP2 net (Fig. 3.4.4(1)). 

Immediately after capture, mesozooplankton was diluted into a 5 L glass 

incubator and finally transferred at the laboratory on board, where a number of 

dominant species were selected by a previous overview of individuals at the 

stereomicroscope (Fig. 3.4.4(2)).To make captures easier, dry ice was put under 

Petri incubators (a procedure adopted to reduce the great motility of this 

fraction). 

To assess the grazing rate of mesozooplankton on microplankton, 3 

further polycarbonate bottles (2 L each capacity) of whole water 100% (filtered 

onto 200 µm, only) were simultaneously performed without any nutrient 

addition. In each bottle, a number of selected species were equally inoculated 

into incubation bottles. Incubations were carried out on board at the simulate in 

situ conditions for 24h. The 100% bottles from the dilution series also served as 

initial (C0) and control (C24) samples, for the ones containing mesozooplankton. 

After 24h, samples were poured into plastic bottles, preserved in 2% buffered 

formaldehyde and stored in a cold room (5°C) maintained in the dark. 
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3.5 Quali-quantitative samples analysis 

 

The quali-quantitative analysis was carried out at the University of 

Trieste, in the laboratories of the Department of Life Science, under the 

supervision of the Prof. Serena Fonda Umani. During my PhD thesis, a number 

of 750 samples were analysed. 

 

3.5.1 Picoplankton 

 

Picoplankton samples were preserved in pre-filtered formaldehyde (0.2 

µm by means of Acrodisc® Syringe Filter) at 2% final concentration, and 

filtered onto black 0.2 µm polycarbonate membrane filters (NTG) laid over pre-

wetted 0.45 µm nitrocellulose backing filters (Millipore) by means of a filtration 

apparatus and producing a depression between 0.2 – 0.3 atm. (Fig. 3.5.1(1)). 

 

 
Fig. 3.5.1(1) Filtration apparatus. 

 

The analysis was carried out following a modification of the Porter and 

Feig (1980) method. Heterotrophic cells were stained for at least 15 minutes in 

the dark with 4’6 – diamidino – 2 – phenylindole (DAPI, Sigma) at 1µg mL-1 

final concentration, while the autotrophic share was filtered separately. For both 

heterotrophic and autotrophic picoplankton, sample volumes were adjusted per 

dilution: 10 mL for 20%, 6 mL for 50%, 4 mL for 80% and 3 mL for 100% 

whole water for the heterotrophic fraction; 20 mL for 20 and 50% dilutions, 15 

mL for 80% and 10 mL for 100% whole water for autotrophic cells respectively.  
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Heterotrophic bacteria were filtered in 9 replicates whereas 3 replicates 

were filtered for the autotrophic ones. Filters were finally maintained at -20°C 

until processed. 

Picoplankton enumeration was conducted with a 100x oil immersion 

objective using an Olympus BX60 F5 epifluorescence microscope equipped 

with a 100 W high – pressure mercury burner (HPO 100 W/2) (Fig. 3.51(2-4)). 

  

 
Fig. 3.5.1(2-4) Heterotrophic (b) autotrophic (c) enumeration at the epifluorescence microscope 

(d). 

 

The abundance of autotrophic bacteria was determined using blue 

excitation (450 to 490 nm) and counting at least 150 cells, whereas the 

heterotrophic ones, under a UV filter set (365 nm) and counting at least 200 

cells. 

Cell numbers of hetero- and autotrophic picoplankton were converted to 

carbon biomass using a factor of 20 fgC cell -1 (Ducklow and Carson 1992) and 

200 fgC cell -1(Caron et al., 1991) respectively. 
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3.5.2 Nanoplankton 

 

Nanoplankton was preserved in 1% glutaraldheyde and processed as 

described by Verity et al. (1993). Sample volume was 100 mL for 20 and 50% 

dilutions, 80 mL for 80%, and 60 mL for 100% whole water. Samples were 

filtered onto black 0.8 µm polycarbonate filters (NTG) positioned on 1.2 µm 

nitrocellulose backing filters (Millipore). Cells were stained with 4’6 – 

diamidino – 2 – phenylindole (DAPI, Sigma) at 1µg mL-1 final concentration, 

and stored at -20°C before being processed. 

Nanoplanktonic cells (3 replicates) were counted by a 100x oil 

immersion objective using an Olympus BX60 F5 epifluorescence microscope 

equipped with a 100 W high – pressure mercury burner (HPO 100 W/2). 

Autotrophic nanoflagellates were indistinct from the heterotrophic component, 

mainly due to the loss in Chl.a fluorescence, thus, the fraction was only 

separated in 3 dimensional sizes: < 3 µm, 3-5 µm e >5 µm. The dimensional 

size between 10 – 20 µm which normally belonged to the nanoplankton fraction, 

was on the contrary analysed at the inverted microscope since this technique 

(applied for microplankton counting) still allows a correct distinction of tiny 

organisms whose dimensions are < 20 µm. 

The abundance of nanoplankton was conducted under a UV filter set 

(365 nm) and counting at least 100 cells. Carbon content for each size was 

calculated using a conversion factor of 183 fg C µm-3 (Caron et. al. 1995) 

 

3.5.3 Microplankton 

 

Microphyto – and microzooplankton samples were preserved in 

formaldehyde (2% final concentration) and stored in a cold room maintained in 

the dark (5°C) until processed. Volume of sedimentation cylinder used for this 

purpose, according to Uthermöhl (1958), was 100 mL. Original samples (2 L) 

after being still for at least 48 h (in order to allow the pre-sedimentation of 

cells), were successively concentrated to 200 mL ca. and previous  

 



 
3. Materials and methods 

 50 

 

homogenization, 100 mL was settled by sedimentation for al least 72 hours (3 

hour * height (cm.) of the sedimentation cylinder) (Fig. 3.5.3(1-2)). 

 

  
Fig.3.5.3(1-2) Sedimentation cylinder (a); sedimentation chamber(b) 

Uthermöhl method (1958). 

 

Sample analysis was performed in 3 replicates (C0, C24) and conducted at 

the inverted microscope Leitz Diavert using a 32x objective (Fig.3.5.3(3)). Half 

sedimentation chamber was observed for the autotrophic fraction whereas, the 

whole chamber was analyzed for the heterotrophic one. 

 

 
Fig. 3.5.3(3) Reversed microscope Leitz Diavert. 

 

For counts to be considered significant, at least 100 phytoplanktonic cells 

L-1 per sample of each observed group were counted; negligible abundances 

were not included in the elaboration. Tintinnids were identified on the basis of 

the lorica morphology and the species descriptions found in Kofoid and 

Campbell (1929, 1939) and Marshall (1969); whereas aloricate ciliates, 

foraminiferans, radiolarians, acantarians in accordance to the descriptions of 

Neudruck Asher et. al. (1929). The identification of the metazoans larvae and 

copepod nauplii was executed on the basis of Trègouboff and Rose (1957).  
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Diatoms were identified in accordance to Rampi and Beinhard (1978), 

Hasle and Syvertsen (1997) as well as Steidinger and Tangen (1997) for the 

dinoflagellates. Other flagellates were recognized on the basis of Throndsen, 

(1997) whereas the coccolithophorids in accordance to Heimdal (1997). The 

term nanociliates was used in this study to describe ciliates < 20 µm (Pitta et.al., 

2001). Microplankton individuals were converted into cell L-1 and carbon 

biomass was assessed by previous determination of biovolumes by means of 

standard geometrical formulae, and measuring the species’ linear dimensions 

which were compared to standard geometrical shapes (Edler, 1979), thus, the 

consequent biovolumes were finally converted in carbon content using specific 

conversion factors available in literature (Tab. 3.5.3). 

 

Microplankton 
Conversion factors 

pg C µm-3 
Reference 

Aloricate ciliates 0,14 Putt and Stoecker, 1989 

Nanociliates, 

Dinoflagellates  < 20 µm, 

Coccolithophorids, 

Foraminiferans < 50 µm 

0,183 Caron et al., 1995a 

Loricate ciliate: tintinnids 444,5+(bv*0,053) Verity and Langdon 1984 

Naked dinoflagellates 0,13 Lessard, unpublished data 

Armoured dinoflagellates 0,14 Lessard, 1991 

Foraminiferans > 50 µm 0,089 Michaels et al., 1995 

Acantharians 0,0026 Michaels et al., 1995 

Meroplanktonic larvae, 

Copepod nauplii 
0,08 Beers and Stewart, 1970 

Radiolarians 0,14 Michaels et al., 1995 

Diatoms 0,288*bv*0,811 Menden Deur and Lessard, 2000 

                            Tab.3.5.3 Biomass conversion factors for microplankton. 
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3.5.4 Microzooplankton distribution 

 

All samples from the distribution analysis (both the pre-concentrated 

ones preserved in 2% buffered formaldehyde and those conserved in 2% 

Lugol’s) were homogenized before being settled through sedimentation. Volume 

of sedimentation cylinder used for this purpose, according to Uthermöhl (1958), 

ranged from 50 mL to 100 mL, depending on the cell concentration. Samples 

were settled by sedimentation from 36 to 72 hours, depending on the height of 

the sedimentary cylinder. 

Sample analysis was conducted at the inverted microscope Leitz Diavert 

using a 32x objective (Fig.3.5.3(3)) and counts were executed on the whole 

chamber. Microplankton individuals were finally converted into cell L-1. 

Tintinnids were identified on the basis of the lorica morphology using the 

species descriptions of Campbell (1942), Jörgensen (1924), Kofoid and 

Campbell (1929,1939) and Marshall (1969), whereas aloricate ciliates, 

following Neudruck Asher et. al. (1964) and recognized on the basis of the cell 

dimensions and shapes, the structure and dimension of the cilia and the typical 

feature of the cytostome area. Foraminiferans, are typically recognized by the 

feature of the shell and as the other groups, such as radiolarians, and acantarians 

were identified in accordance to the descriptions of Neudruck Asher et. al. 

(1964). The identification of the metazoans larvae and copepod nauplii was 

executed on the basis of Trègouboff and Rose (1957). 

 

 

3.5.5 Microzooplankton growth: secondary production 

 

In order to assess microzooplankton growth (secondary production), 

composition and carbon biomass (µCL-1) at the beginning (C0) and at the end 

(C48) of the experiment were compared; 3 replicates of C48 samples (100% 

whole water) were processed as the initial ones (C0), following the Uthermöhl 

(1958) method; by sedimentation of 100 mL for at least 72 hours and conducing 

sample analysis at the inverted microscope Leitz Diavert using a 32x objective  
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(Fig.3.5.3c) whereas counts were extended to the whole chamber. Cells 

numbers, were converted in cell L-1 and finally into carbon biomass by means of 

specific conversion factors available in literature (Tab. 3.5.3). 

 

3.5.6 Mesozooplankton grazing experiments 

 

In order to measure the grazing activity exerted by mesozooplankton on 

microplankton fraction, the abundance as well as the biomass of the prey at the 

beginning and at the end of the experiment was evaluated. Thus, the 100% 

bottles from the dilution series served as initial (C0) and control (C24) samples, 

for the 100% bottles (C24) containing mesozooplankton. 

An amount of 100 mL from the pre-concentrate samples (3 replicas) were 

used for microscopic analysis using sedimentation chambers (Uthermöhl, 1958) 

and an inverted microscope. Half sedimentation chamber was analyzed for 

microphytoplankton whereas the entire chamber was observed for the 

microphytoplankton fraction. 

All replicas containing the dominant copepods (C24), were filtered onto 

200 µm by inverse filtration then, mesozooplankton was counted at the 

stereomicroscope Olympus SZH 10 in order to verify the abundance of the 

consumers selected at the beginning of the experiment. Cells numbers, were 

converted in cell L-1 and finally into carbon biomass by means of specific 

conversion factors available in literature. 
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4. RESULTS 

 

4.1 Environmental data 

 

Water quality variables for all stations are summarised in Tab. 4.1. 

Surface temperature ranged from 18.29 °C in V3 (Balearic Sea) to 20.49 °C in 

V2 (South Tyrrhenian) respectively. Salinity increased from the Atlantic ocean 

to the western Mediterranean with max. values of 38.18 (psu) reported in V3. 

The low temperature and the high salinity of the surface water mass encountered 

in V3 can mainly be attributed to a wind event which mixed the water column 

bringing dense and cool water to the surface. Total Chl a was over all the 

sampled grid very low, and ranges from 0.07 to 0.22 µg L-1; maximum values 

are reported in V1 (Ligurian Sea) which also accounted for the highest primary 

production of the western basin (2.19 µgC L-1h-1). As typical at this season of 

the year, surface waters, were exhausted in nutrients. From the Atlantic Ocean to 

the Western Mediterranean, the apparent oxygen utilization (AOU) indicates a 

massive predominance of respiration rather than photosynthesis. 

 

Surface stations VA V4 V3 V1 V2 
Temperature °C 19,17 19,15 18,29 19,46 20,49 

Salinity (psu) 36,51 37,09 38,18 37,01 37,68 

Tot. Chl a(µg L-1) 0,07 0,11 0,08 0,22 0,1 

PP (µgCL-1 h-1) 0,65 0,23 0,49 2,19 0,77 

AOU Wink. µM-O2 -7,61 -8,21 -6,02 -12,13 -4,44 

NO3  µM-N 0,04 0,29 0,13 0,09 0,35 

NO2 µM-N 0 0,01 0 0 0,04 

SiO2 µM-Si 0,48 0,46 0,77 1,92 1 

PO4 µM-P 0,02 0,18 0,03 0,02 0,1 
TDP µM-P 0,26 0,2 0,12 0,16 0,12 
TDN µM-N 6,38 8,02 9,76 7,2 7,35 

 

Tab. 4.1 Ambient environmental conditions at the beginning of the experiments. Temperature 

and salinity, biogeochemical parameters, primary production and chlorophyll a were kindly 

issued by DISMAR (University of Ancona), CNR-I.S.MAR (Trieste) and U.O. Saggiomo, 

Zoological Station A. Dohrn (Napoli) 
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4.2 Dilution experiments 

 

In order to quantify carbon fluxes through pelagic marine ecosystem, 

microzooplankton grazing impact on autotrophic and heterotrophic 

picoplankton, nanoplankton and microphytoplankton in 5 selected stations (VA, 

V4, V3, V1, V2) was analysed by means of the dilution method (Landry and 

Hassett, 1982; modified by Landry et al., 1995) at the beginning (C0) and at the 

end of the experiments (C24). 

 

4.2.1 Picoplankton 

 

Microzooplankton grazing on autotrophic prokaryotes 

 

beginning of incubation (C0): An overall analysis of the initial samples 

(C0) shows that each experiment (VA, V4, V3, V1, V2) was correctly 

performed; increasing dilutions correspond to an effective dilution of the 

organisms (Fig. 4.2.1(1-5)). 
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Fig. 4.2.1(1) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.85. 
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Fig. 4.2.1(2) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.84. 
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Fig. 4.2.1(3) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.90. 
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Fig. 4.2.1(4) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.93. 
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Fig. 4.2.1(5) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.95. 

 

 

End of incubations (C24): The apparent growth rate was calculated for 

each dilution level (Fig. 4.2.1(6-10)). In the Atlantic station (Fig. 4.2.1(6)), there 

is a significant correlation between the apparent growth rate and the dilution 

factor (r = 0.82; ρ<0.01). 
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Fig. 4.2.1(6) The apparent growth rate presents a significant correlation with ρ<0.01; r = 0.82. 

 

 

 

The instantaneous coefficient of autotrophic population growth k = 0.18, 

and the instantaneous coefficient of grazing induced mortality g = -1.03 

determine a potential ingestion rate I = 0.48 µgC L-1 d-1, a potential production  
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removed by grazing PP% = 436.4% and a potential removal of the standing 

stock by grazing SP% = 77.4%. 

The plot of apparent growth rate against dilution factors in the Alborán 

Sea is reported in Fig. 4.2.1(7); in which is evident that there is not a significant 

relation between the apparent growth rate and the dilution factor. 
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Fig. 4.2.1(7) The plot does not display a significant correlation. 

 

 

 

In the Balearic Sea (Fig. 4.2.1(8)), there is an almost significant 

correlation between the apparent growth rate and the dilution factor (r = 0.52). 

The potential instantaneous coefficient of autotrophic population growth k = 

0.65, and the instantaneous coefficient of grazing mortality g = -0.83 determine 

a potential ingestion rate I = 0.32 µgC L-1 d-1, a potential production removed by 

grazing PP% = 110.4% and a potential removal of the standing stock by grazing 

SP% = 72.72%. 
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Fig. 4.2.1(8) The apparent growth rate presents an almost significant correlation; r = 0.52. 

 

The apparent growth rate in the Ligurian Sea is reported in Fig. 4.2.1(9); 

there is not a significant correlation between the apparent growth rate and the 

dilution factor. 
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Fig. 4.2.1(9) The plot does not display a significant correlation. 

 

 

In south Tyrrhenian, (Fig. 4.2.1(10)), there is a quasi significant 

correlation between the apparent growth rate and the dilution factor (r = 0.55). 

The potential instantaneous coefficient of autotrophic population growth k = 

0.18, and instantaneous coefficient of grazing mortality g = -0.43 determine a 

potential ingestion rate I = 0.31 µgC L-1 d-1, a potential production removed by 

grazing PP % = 193.8% and a potential removal of the standing stock by grazing 

SP% = 35.2%. 
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Fig. 4.2.1(10) The apparent growth rate presents a quasi significant correlation r= 0.55. 

 

Results obtained from dilution experiments are reported in Tab. 4.2.1(1). 

k = the instantaneous coefficient of autotrophic population growth, g = the 

instantaneous coefficient of grazing mortality, C0 = the concentration of 

autotrophic bacteria (or total biomass) at the beginning of the experiment (µgC 

L-1), Cm = the average concentration of the prey during incubation time (µCL-1), 

I = ingestion rate (µgC L-1 d-1), Pr = the real production (µCL-1 d-1) in the 

presence of the consumers during experimentation, PP% = the potential 

production removed by grazing and SP% = the initial standing stock removed by 

grazing both expressed in percentages. 

 

 

 

St. k g C0                      

µgCL -1 
Cm               

µgCL -1 
I                

µgCL -1d-1 
Pr                

µgCL -1d-1 
Pp        

µgCL -1d-1 PP% SP% 

VA 0,18 -1,03 0,62 0,46 0,48 -0,53 0,11 436,4% 77,42% 

V3 0,65 -0,83 0,44 0,38 0,32 -0,08 0,29 110,4% 72,7% 

V2 0,18 -0,43 0,88 0,73 0,31 -0,22 0,16 193,8% 35,2% 

 

Tab.4.2.1(1) Microzooplankton grazing on autotrophic prokaryotes. In V3 and V2 values are at 

the limit of significance. 
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Microzooplankton grazing on heterotrophic prokaryotes 

 

beginning of incubation (C0): An overall analysis of the initial samples 

(C0) shows that each experiment (VA, V4, V3, V1, V2) was correctly 

performed; increasing dilutions correspond to an effective dilution of the 

organisms (Fig. 4.2.1(11-15)). 
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Fig. 4.2.1(11) Abundances (µgC L-1) at the beginning of the experiment (C0) present a 

significant correlation with ρ = <0.001; r = 0.96 . 
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Fig. 4.2.1(12) Abundances (µgC L-1) at the beginning of the experiment (C0) present a 

significant correlation with ρ<0.001; r = 0.96. 
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Fig. 4.2.1(13) Abundances (µgC L-1) at the beginning of the experiment (C0) present a 

significant correlation with ρ<0.001; r = 0.96. 
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Fig. 4.2.1(14) Abundances (µgC L-1) at the beginning of the experiment (C0) present a 

significant correlation with ρ<0.001; r = 0.94. 
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Fig. 4.2.1(15) Abundances (µgC L-1) at the beginning of the experiment (C0) present a 

significant correlation with ρ<0.001; r = 0.94. 



 
 

4. Results 

 63 

  

End of incubations (C24): the apparent growth rate was calculated for 

each dilution level (Fig. 4.2.1(16-20)). In the Atlantic station (Fig. 4.2.1(16)), 

there is a significant correlation between the apparent growth rate and the 

dilution factor (r = 0.81; ρ<0.01). The instantaneous coefficient of heterotrophic 

population growth k = -0.12, and the instantaneous coefficient of grazing 

mortality g = -0.44 determine an ingestion rate I = 4.16 µgC L-1 d-1, a potential 

production removed by grazing PP% = 297.1% and a removal of the standing 

stock by grazing SP% = 35.5%. The presence of a negative value for the 

instantaneous coefficient of heterotrophic population growth (k) indicates that 

even in the more diluted samples, the growth does not occur; the reason of this, 

may be attributed to a probably natural mortality or viral infection that affect 

picoplankton cells beside grazing mortality. 
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Fig. 4.2.1(16) The apparent growth rate presents a significant correlation; ρ<0.01 r = 0.81. Each 

point represents the mean (±STD) of the 3 replicates for each replica. 

 

 

 

In the Alborán station (Fig. 4.2.1(17)), there is a significant correlation 

between the apparent growth rate and the dilution factor (r = 0.85; ρ<0.001). 

The instantaneous coefficient of heterotrophic population growth k = 2.06, and 

the instantaneous coefficient of grazing mortality g = -2.37 determine an 

ingestion rate I = 27.14 µgC L-1 d-1, a potential production removed by grazing 

PP% = 112.6% and a removal of the standing stock by grazing SP% = 232%. 
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Fig. 4.2.1(17) The Apparent growth rate presents a significant correlation; ρ<0.001 r = 0.85. 

Each point represents the mean (±STD) of the 3 replicates for each replica. 

 

 

 

In the Balearic station (Fig. 4.2.1(18)), there is a significant correlation 

between the apparent growth rate and the dilution factor (r = 0.89; ρ<0.001). 

The instantaneous coefficient of heterotrophic population growth k = 0.05, and 

the instantaneous coefficient of grazing mortality g = -0.36 determine an 

ingestion rate I = 3.52 µgC L-1 d-1, a potential production removed by grazing 

PP% = 651.8% and a removal of the standing stock by grazing SP% = 32.4%. 
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Fig. 4.2.1(18) The apparent growth rate presents a significant correlation; ρ<0.001 r = 0.89. 

Each point represents the mean (±STD) of the 3 replicates for each replica. 
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The apparent growth rate in the Ligurian Sea is reported in Fig. 4.2.1(19); 

there is not a significant correlation between the apparent growth rate and the 

dilution factor. 
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Fig. 4.2.1(19) The plot does not display a significant correlation. Each point represents the mean 

(±STD) of the 3 replicates for each replica. 

 

In South Tyrrhenian (Fig. 4.2.1.20), there is a significant correlation 

between the apparent growth rate and the dilution factor (r = 0.96; ρ<0.001). 

The instantaneous coefficient of heterotrophic picoplankton growth k = 2.45, 

and the instantaneous coefficient of grazing mortality g = -2.61 determine an 

ingestion rate I = 24.56 µgC L-1 d-1, a potential production removed by grazing 

PP% = 101.9% and a removal of the standing stock by grazing SP% = 249%. 
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Fig. 4.2.1(20) The apparent growth rate presents a significant correlation; ρ<0.001 r = 0.96. 

Each point represents the mean (±STD) of the 3 replicates for each replica. 
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Results obtained from dilution experiments are reported in Tab. 4.2.1(2) 

k= the instantaneous coefficient of heterotrophic population growth, g = the 

instantaneous coefficient of grazing mortality, C0 = the concentration of 

heterotrophic bacteria (or total biomass) at the beginning of the experiment 

(µgC L-1), Cm = the average concentration of the prey during incubation time 

(µCL-1), I = ingestion rate (µgC L-1 d-1), Pr = the real production (µCL-1 d-1) in 

the presence of the consumers during experimentation, PP% = the potential 

production removed by grazing and SP% = the initial standing stock removed by 

grazing both expressed in percentages. 

 

 

 

St. k g C0                      

µgCL -1 
Cm               

µgCL -1 
I                

µgCL -1d-1 
Pr                

µgCL -1d-1 
Pp           

µgCL -1d-1 PP% SP% 

VA -0,12 -0,44 11,70 9,46 4,16 -3,74 1,40 297,1% 35,5% 

V4 2,06 -2,37 11,70 11,45 27,14 -3,63 27,14 112,6% 232,0% 

V3 0,05 -0,36 10,85 9,79 3,52 -3,36 0,54 651,8% 32,4% 

V2 2,45 -2,61 9,84 9,41 24,56 -1,57 24,11 101,9% 249% 

 

Tab.4.2.1(2) Microzooplankton grazing on heterotrophic prokaryotes. 
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The instantaneous coefficient of population growth k (x-axis) is 

correlated to the instantaneous coefficient of grazing mortality g (y-axis) (Fig. 

4.2.1(21)). The absolute values of both coefficients k and g indicate the grazing 

control exerted on picoplankton growth, when k < g, microzooplankton has an 

efficient control on prokaryotic prey; conversely when k > g, picoplankton 

growth overcomes grazing pressure. Results confirm a “top down control” 

exerted by microzooplankton on both auto- and heterotrophic bacteria Fig. 

4.2.1(21). 
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Fig. 4.2.1(20) Microzooplankton efficient top down control (k < g). Blue boxes are referred to 

heterotrophic picoplankton whereas pink pints to the autotrophic fraction. 

 

 

 

 

In order to understand the energy fluxes through pelagic marine 

ecosystem more accurately, it is of fundamental importance to assess 

microzooplankton and nanoplankton (HNF) grazing pressure on picoplankton 

fraction. Thus, a series of independent experiments were performed, in which 

microzooplankton grazers were eliminated to assess the impact of the only HNF. 

Data processing, highlights different models as indicated in Fig. 4.2.1(21). 
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Microzooplankton and HNF grazing 
on heterotrophic prokaryotes in West Mediterranean 
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Fig. 4.2.1(21) Simultaneously grazing pressure of microzooplankton and nanoplankton (HNF) 

on picoplankton prey. 

 

In the Atlantic Ocean (VA), I assessed a microzooplankton 

ingestion (I) = 4.124 µg C L-1d-1, and a HNF ingestion (I) = 30.52 µg C L-1d-1; 

the experiment indicates that picoplankton grazing mortality is mostly exerted 

by HNF; on the contrary in Alborán (V4) microzooplankton is the relevant 

predator (I = 27.155 µg C L-1d-1), whereas HNF plays a minor role (I = 14.32 µg 

C L-1d-1). In the Balearic (V3) and Ligurian (V1) Seas, there are two opposite 

situations; in V3 only microzooplankton feed on picoplankton, (I = 0.06 µg C L-

1d-1) whereas in V1 picoplankton is only grazed by HNF (I = 21.50 µg C L-1d-1). 

A similar situation displayed in the Alborán station, is showed in southern 

Tyrrhenian, where HNF ingestion was 5 06 µg C L-1d-1 and microzooplankton 

ingestion 24,54 µg C L-1d-1 respectively. 

 

 

 

 

 

 

 

 

 

 



 
 

4. Results 

 69 

  

4.2.2 Nanoplankton 

 

The analysis evaluate nanoflagellates in three dimensional sizes (<3 µm, 

3 – 5 µm, > 5 – µm) without any distinction between autotrophic and 

heterotrophic components. Heterotrophic percentage on total abundances (24%) 

is deduced in Fig. 4.2.3(36-37) from a data set referred to north western 

Mediterranean (Blanes Bay) (Jürgens and Massana, 2008). 

 

 

 

Microzooplankton grazing on nanoplankton fraction. 

 

 

beginning of incubation (C0): An overall analysis of the initial samples 

(C0) shows that each experiment (VA, V4, V3, V1, V2) was correctly 

performed; increasing dilutions correspond to an effective dilution of the 

organisms (Fig. 4.2.2(1-5)). 

 

 

 
St. VA

Nanoplankton
y = 4,9356x - 0,9753

r2 = 0,8178

0

1

2

3

4

5

6

0% 20% 40% 60% 80% 100%

Dilution

µg
C

 L
-1

 
Fig. 4.2.2(1) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.90. 
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Fig. 4.2.2(2) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.84. 
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Fig. 4.2.2(3) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.85. 
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Fig. 4.2.2(4) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.87. 
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Fig. 4.2.2(5) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.01; r = 0.84. 

 

End of incubations (C24): the apparent growth rate was calculated for 

each dilution level (Fig. 4.2.2(6-20)) and for three dimensional sizes (<3 µm, 3-5 

µm, > 5 µm). In the Atlantic station, there is a significant correlation between 

the apparent growth rate and the dilution factor only for size 3 – 5 µm (Fig. 

4.2.2(7)) (r = 0.83; ρ<0.01), whereas any significant correlation is displayed for 

nanoflagellates < 3 µm and > 5 µm (Fig. 4.2.2(6-8)). The instantaneous 

coefficient of nanoplankton growth k = 0.19, and the instantaneous coefficient 

of grazing mortality g = -1,04 determine an ingestion rate I = 0.79 µgC L-1 d-1, a 

potential production removed by grazing PP% = 359% and a removal of the 

standing stock by grazing SP% = 73.1%. 
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Fig. 4.2.6(6) The plot does not display a significant correlation. 
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Fig. 4.2.2(7) The apparent growth rate presents a significant correlation; r = 0.83; ρ<0.01. 
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Fig. 4.2.2(8) The plot does not display a significant correlation. 

 
 
 
 
 
 

In the Alborán station, there is a significant correlation between the 

apparent growth rate and the dilution factor only for nanoflagellates > 5 µm 

(Fig. 4.2.1(11)) (r = 0.77; ρ<0.01). No correlation are found for cells < 3 µm and 

3-5 µm (fig. 4.2.1(9-10)). The instantaneous coefficient of nanoplankton growth 

k = 1,25, and the instantaneous coefficient of grazing mortality g = -2.18 

determine an ingestion rate I = 6.13 µgC L-1 d-1, a potential production removed 

by grazing PP% = 114.8% and a removal of the standing stock by grazing SP% 

= 143.5%. 
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Fig. 4.2.2(9) The plot does not display a significant correlation. 
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Fig. 4.2.2(10) The plot does not display a significant correlation. 
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Fig. 4.2.2(11) The apparent growth rate presents a significant correlation; r = 0.77; ρ<0.01. 
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In the Balearic station (Fig. 4.2.2(12-14)), there is not a significant 

correlation between the apparent growth rate and the dilution factor for any of 

the three dimensional sizes (<3 µm, 3-5 µm, > 5 µm). 
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Fig. 4.2.2(12) The plot does not display a significant correlation. 
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Fig. 4.2.(13) The plot does not display a significant correlation. 
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Fig. 4.2.2(14) The plot does not display a significant correlation. 

 

 

 
In the Ligurian station (Fig. 4.2.1(15-17)) there is a significant correlation 

between the apparent growth rate and the dilution factor for all dimensional 

sizes. Nanoflagellates < 3 µm displays r = 0.89 and ρ<0.001; the instantaneous 

coefficient of nanoplankton growth k = 0.57, and the instantaneous coefficient 

of grazing mortality g = -1.10 determine an ingestion rate I = 0.78 µgC L-1 d-1, a 

potential production removed by grazing PP% = 144.4% and a removal of the 

standing stock by grazing SP% = 83% (Fig. 4.2.2(15)). 
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Fig. 4.2.2(15) The apparent growth rate presents a significant correlation; r = 0.89; ρ<0.001. 
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Nanoplankton 3-5 µm displays r = 0.72 and ρ <0.01; the instantaneous 

coefficient of nanoplankton growth k = 1.53 and the instantaneous coefficient of 

grazing mortality g = -1.95 determine an ingestion rate I = 3.43 µgC L-1 d-1, a 

potential production removed by grazing PP% = 86% and a removal of the 

standing stock by grazing SP% = 131.4% (Fig. 4.2.2(16)). 
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Fig. 4.2.2(16) The apparent growth rate presents a significant correlation; r = 0.72; ρ<0.01. 

 
 

Nanoplankton >5 µm (r = 0.81; ρ<0.01); the instantaneous coefficient 

growth k = 3.19 and the instantaneous coefficient of grazing mortality g = -5.08 

determine an ingestion rate I = 13.67 µgC L-1 d-1, a potential production 

removed by grazing PP% = 83.2% and a removal of the standing stock by 

grazing SP% = 265.4% (Fig. 4.2.2(17)). 
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Fig. 4.2.2(17) The apparent growth rate presents a significant correlation; r = 0.81; ρ<0.01. 
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In South Tyrrhenian (Fig. 4.2.2(18-20)) there is not a significant 

correlation between the apparent growth rate and the dilution factor for all 

dimensional sizes. 
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Fig. 4.2.2(18) The plot does not display a significant correlation. 
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Fig. 4.2.2(19) The plot does not display a significant correlation. 
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Fig. 4.2.2(20) The plot does not display a significant correlation. 

 

Results obtained from dilution experiments are reported in Tab. 4.2.2 k= 

the instantaneous coefficient of nanoplankton growth, g = the instantaneous 

coefficient of grazing mortality, C0 = the concentration of nanoplankton (or total 

biomass) at the beginning of the experiment (µgC L-1), Cm = the average 

concentration of the prey during incubation time (µCL-1), I = ingestion rate (µgC 

L-1 d-1), Pr = the real production (µCL-1 d-1) in the presence of the consumers 

during experimentation, PP% = the potential production removed by grazing 

and SP% = the initial standing stock removed by grazing both expressed in 

percentage. 

 
 
 
 

 

St. sizes k g C0                      

µgCL -1 
Cm               

µgCL -1 
I                

µgCL -1d-1 
Pr                

µgCL -1d-1 
Pp           

µgCL -1d-1 PP% SP% 

VA 3 - 5 µm 0,19 -1,04 1,08 0,76 0,79 -0,91 0,22 359,0% 73.1% 

V4 > 5 µm 1,25 -2,18 4,27 2,18 6,13 -3,97 5,34 114.8% 143.5% 

V1 < 3 µm 0,57 -1,10 0,94 0,71 0,78 -0,50 0,54 144,4% 83,0% 

 3 - 5 µm 1,53 -1,95 2,61 1,76 3,43 -1,10 3,99 86,0% 131,4% 

 > 5 µm 3,19 -5,08 5,15 2,69 13,67 -9,73 16,43 83,2% 265,4% 

                      

 
             Tab. 4.2.2 Microzooplankton grazing on nanoplankton fractions. 
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The instantaneous coefficient of population growth k (x-axis) is 

correlated to the instantaneous coefficient of grazing mortality g (y-axis) (Fig. 

4.2.2(21)). The absolute values of both coefficients k and g indicate the grazing 

control exerted on nanoplankton growth, when k < g, microzooplankton has an 

efficient control on nanoplankton prey; conversely when k > g, nanoplankton 

growth overcomes grazing pressure. Results confirm a “top down control” 

performed by microzooplankton on nanoflagellates (Fig. 4.2.2(21)). 
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Fig. 4.2.2(21) Microzooplankton efficient top down control (k < g). 
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4.2.3 Microphytoplankton 
 

 

From microphytoplankton analysis a floristic list of microorganisms has 

been arranged (Tab.4.4.3(1)). 6 taxonomic groups were identified: 

Bacillariophyceae (diatoms), Dinophyceae (dinoflagellates), Primnesiophyceae 

(coccolithophorids), Euglenophyceae (euglenoids) Dictyochophyceae and 

Incertae sedis (Fig. 4.2.3(1-12)). 

Among diatoms, 20 genera were identified for a whole amount of 14 

species: Asterolampra spp., Asteromphalus spp., Chaetoceros messanensis, C. 

peruvianus, Coscinodiscus spp., Cyclotella spp. Dactyliosolen fragilissimus, 

Guinardia striata, Haslea wawrikae, Leptocylindrus danicus, L. mediterraneus, 

Licmophora gracilis, Lioloma spp., Lithodesmium spp., Navicula spp., Nitzschia 

longissima, Pleurosigma spp., Proboscia alata, Pseudo-nitzschia delicatissima, 

P. galaxiae, Rhizosolenia spp., Thalassionema spp., Thalassiosira 

mediterranea, T. rotula. 

Among dinoflagellates, 26 genera were identified for a whole amount of 47 

species: Alexandrium spp., Blepharocysta spp., Ceratium candelabrum, C. 

concilians, C. declinatum, C. furca, C. fusus, C. horridum, C. inflatum, C. 

limulus, C. longipes, C. macroceros, C. massiliense, C. paradoxides, C. 

pentagonum, C. pulchellum, C trichoceros, C. tripos, Ceratocorys. horrida, 

Chorythodinium tesselatum, Cochlodinium polikrikoides, Dinophysis caudata, 

D. rotundata, Diploneis spp., Diplopsalis spp., Gonyodoma polyericum, 

Gonyaulax fragilis, G. hyalina, G. polygramma, Gyrodinium impudicum, 

Karenia spp., Katodinium rotundatum, Lingulodinium polyedrum, Mesoporos 

perforatus, Ornithocercus magnificus, Oxyphysis oxytoxoides, Oxytoxum 

caudatum, O. variabile, O. viride, O. scolopax, Phalacroma circumstum, P. 

mitra, P. rotundatum, Podolampas palmipes, Prorocentrum balticum, P. 

compressum, P. gracile, P. micans, P. minimum, P. triestinum, Protoceratium 

spp., Pyrocystis lanula, Pyrophacus spp., Scrippsiella trochoidea. 

Among coccolithophorids, 11 genera were identified for a whole amount 

of 11 species: Calciosolenia murrayi, Discosphaera tubifer, Emiliania huxleyi,  
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Hallopappus adriaticus, Helicosphaera carteri, Phonthosphaera siracusana, 

Rhabdosphaera claviger, Scyphosphaera apsteinii, Syracosphaera histrica, S. 

pulchra, Umbilicosphaera sibogae. 

Among euglenoids, 3 genera were identified: Euglena spp., Eutreptia 

spp. and Eutreptiella spp.; whereas among the incertae sedis, 1 species was 

identified: Lectocryptos marina. 

Among Dictyochophyceae 1 genus and 2 species were identified: 

Dychtyocha fibula, D. speculum. 

 

PHYCOPHYTA 

 
BACILLARIOPHYCEAE 

Asterolampra spp. 

Asteromphalus spp. 

Chaetoceros messanensis (Castracane 1875) 

Chaetoceros peruvianus (Brightwell 1856) 

Coscinodiscus spp. (Ehrenberg 1839 emend. Hasle & Sims 1986) 

Cyclotella spp. (Kützing 1833) 

Dactyliosolen fragilissimus (Bergon) (Hasle 1996) 

Guinardia striata (Stolterfoth 1879) 

Haslea wawrikae (Hustedt) (Simonsen 1974) 

Leptocylindrus danicus (Cleve) 

Leptocylindrus mediterraneus (Peragallo) (Hasle 1975) 

Licmophora gracilis (Ehrenberg) (Grunow) 

Lioloma spp. 

Lithodesmium spp. 

Navicula spp. (Bory de St.-Vincent 1822) 

Nitzschia longissima (Brébisson 1849) (Ralfs 1861) 

Pleurosigma spp. (W. Smith 1852) 

Proboscia alata (Brightwell) (Sundström) 

Pseudo-nitzschia delicatissima (Cleve) (Heiden 1928) 

P. galaxiae (Lundholm & Moestrup 2002) 

Rhizosolenia spp.  

Thalassionema spp. 

Thalassiosira mediterranea (Hasle 1990) 

Thalassiosira rotula (Meunier 1910) 
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PRIMNESIOPHYTA 

PRIMNESIOPHYCEAE 

COCCOLITHOPHORALES 

Calciosolenia murrayi (Gran 1912) 

Discosphaera tubifer (Murray & Blackman) (Ostenfeld 1900) 

Emiliania huxleyi (Lohman) (Hay & Mohler 1967) 

Hallopappus adriaticus (Schiller 1914) 

Helicosphaera carteri (Wallich) (Kamptner 1954) 

Phonthosphaera siracusana (Lohmann 1902) 

Rhabdosphaera claviger (Murray & Blackman 1898) 

Scyphosphaera apsteinii (Lohmann 1912) 

Syracosphaera districa (Kamptner 1941) 

Syracosphaera pulchra (Lohman 1902) 

Umbilicosphaera sibogae (Weber-van Bosse) (Gaarder 1970) 

 

EUGLENOPHYTA 

EUGLENOPHYCEAE 

Euglena spp. 

Eutreptia spp. 

Eutreptiella spp. 

 

HETEROKONTOPHYTA 

DICTYOCHOPHYCEAE 

Dychtyocha fibula (Ehrenberg 1839) 

Dychtyocha speculum (Ehrenberg 1839) 

 

INCERTAE SEDIS 

Leucocryptos marina (Braaud) (Butcher 1967) 

 

PROTOZOA 

SARCOMASTIGOPHORA 

MASTIGOPHORA 

DINOFLAGELLIDA 

Alexandrium spp. 

Blepharocysta spp. 

Ceratium candelabrum (Ehrenberg) (Stein 1883) 

Ceratium concilians (Jörgensen 1920) 
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Ceratium declinatum (Karsten) (Jörgensen 1911) 

Ceratium furca (Ehrenberg) (Claparède et Lachmann 1859) 

Ceratium fusus (Ehrenberg) (Dujardin 1841)  

Ceratium horridum (Cleve) (Gran 1902) 

Ceratium inflatum (Kofoid) (Jørgensen 1911) 

Ceratium limulus (Gourret 1883) 

Ceratium longipes (Bailey) (Gran 1902) 

Ceratium macroceros (Ehrenberg) (Vanhöffen 1897) 

Ceratium massiliense (Gourret) (Jørgensen 1911) 

Ceratium paradoxides (Cleve 1900) 

Ceratium pentagonum (Gourret 1883) 

Ceratium pulchellum (Schröder 1906) 

Ceratium trichoceros (Ehrenberg) (Kofoid 1908) 

Ceratium tripos (O.F. Müller) (Nitzsch 1817) 

Ceratocorys horrida (Stein 1883) 

Chorythodinium tesselatum (Loeblich Jr. & Loeblich III 1966) 

Cochlodinium polikrikoides (Margalef 1961) 

Dinophysis caudate (Saville-Kent 1881) 

Dinophysis rotundata (Claparéde & Lachmann 1859) 

Diploneis spp. 

Gonyodoma polyericum (Pouchet) (Jørgensen 1899) 

Gonyaulax fragilis (Schütt) (Kofoid 1911) 

Gonyaulax hyalina (Ostenfeld & Schmidt 1901) 

Gonyaulax polygramma(Stein 1883) 

Gyrodinium impudicum (Fraga et al. 1995) 

Karenia spp. (G. Hansen & Moestrup 2000) 

Katodinium rotundatum (Lohmann) (Loeblich III 1965) 

Lingulodinium polyedrum (Stein) (Dodge 1989) 

Mesoporos perforatus (Gran) (Lillick 1937) 

Ornithocercus magnificus (Stein 1883) 

Oxyphysis oxytoxoides (Kofoid 1926) 

Oxytoxum caudatum (Schiller 1937) 

Oxytoxum variabile (Schiller 1937) 

Oxytoxum viride (Schiller) 

Oxytoxum scolopax (Stein 1883) 

Phalacroma circumstum (Karsten 1907) 

Phalacroma mitra (Schütt 1895) 

Phalacroma rotundatum (Claparède & Lachmann) (Kofoid & Michener 1911) 
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Podolampas palmipes (Stein 1883) 

Prorocentrum balticum (Lohmann) (Loeblich III 1970) 

Prorocentrum compressum (Bailey) (Abé ex Dodge, 1975) 

Prorocentrum gracile (Schütt 1895) 

Prorocentrum micans (Eherenberg) 

Prorocentrum minimum (Pavillard) (Schiller 1933) 

Prorocentrum triestinum (Schiller 1918) 

Protoceratium spp. 

Pyrocystis lunula (Schütt 1896) 

Pyrophacus spp. 

Scrippsiella trochoidea (Stein) (Loeblich III 1976) 

 

 

 

Tab. 4.4.3(1) Floristic list. 
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Fig. 4.2.3(1-2) Asterolampra spp. (1); Navicula spp. (2). 

 

 

   

 

Fig. 4.2.3(3-4) Ceratium declinatum (3); Ceratium furca (4). 

 

 

 

   

 

Fig. 4.2.3(5-6) Dinophysis spp. (5); Ceratium fusus (6). 
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Fig. 4.2.3(7-8) Prorocentrum micans (7); Nitzschia spp. (8). 

 

 

 

 

   

 

Fig. 4.2.3(9-10) Euglena spp. (9); Discosphaera tubifer (10). 

 

 

 

 

   

Fig. 4.2.3 (11,12) Syracosphaera pulchra (11); Dychtyocha speculum (12). 
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Microzooplankton grazing on microphytoplankton. 

 

Microzooplankton grazing on microphytoplanktonic groups was 

evaluated on at least 100 cells L-1 (counts referred to half sedimentation 

chamber). On the basis of this valuation method, for counts to be considered 

significant 6 taxonomic groups were considered: diatoms, armoured 

dinoflagellates < 20 µm and > 20 µm, coccolithophorids and other flagellates < 

20 µm and > 20 µm. 

 

 

beginning of incubation (C0): An overall analysis of the initial samples 

(C0) shows that each experiment (VA, V4, V3, V1, V2) was correctly 

performed; increasing dilutions correspond to an effective dilution of the 

organisms (Fig. 4.2.3(1-5)). 
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Fig. 4.2.4(1) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.86. 
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St. V4 

Phytoplankton
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Fig. 4.2.4(2) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.92. 
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Fig. 4.2.4(3) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.88. 
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Fig. 4.2.4(4) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.87. 
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St. V2 

Phytoplankton
y = 0,3558x + 0,1918
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Fig. 4.2.4(5) Abundances (µgC L-1) at the beginning of the experiment (C0) present a significant 

correlation with ρ<0.001; r = 0.83. 

 

 

End of incubations (C24): the apparent growth rate was calculated for 

each dilution level (Fig. 4.2.3(6-28)) and for significant phytoplanktonic groups. 

In the Atlantic station (VA), there is a significant correlation between the 

apparent growth rate and the dilution factor for pennate diatoms (Fig. 4.2.3(6)) (r 

= 0.84; ρ<0.001), centric diatoms (Fig. 4.2.3.7) (r = 0.78; ρ<0.01), armoured 

dinoflagellates < 20 µm (Fig. 4.2.3(8)) (r = 0.67; ρ<0.05), coccolithophorids (fig. 

4.2.3(9)) (r = 0.92; ρ<0.001) and other flagellates > 20 µm (Fig. 4.2.3(10)) (r = 

0.66; ρ<0.05), whereas any significant correlation is displayed for the armoured 

dinoflagellates > 20 µm (fig. 4.2.3(11)) and for other flagellates < 20 µm (Fig. 

4.2.3(12)). 

 

For pennate diatoms, the instantaneous coefficient of population growth 

k = 1.09, and the instantaneous coefficient of grazing mortality g = -2.23 

determine an ingestion rate I = 0.09 µgC L-1 d-1, a potential production removed 

by grazing PP% = 118.4% and a removal of the standing stock by grazing SP% 

= 128.6% (fig. 4.2.3(6)). 
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St. VA 
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Fig. 4.2.1(6) Apparent growth rate presents a significant correlation; r = 0.84; ρ<0.001. 

 

For centric diatoms, the instantaneous coefficient of population growth k 

= 1.03, and the instantaneous coefficient of grazing mortality g = -3.05 

determine an ingestion rate I = 0.06 µgC L-1 d-1, a potential production removed 

by grazing PP% = 200% and a removal of the standing stock by grazing SP% = 

200% (Fig. 4.2.3(7)). 
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Fig. 4.2.1(7) The apparent growth rate presents a significant correlation; r = 0.78; ρ<0.01. 

 

For armoured dinoflagellates < 20 µm, the instantaneous coefficient of 

population growth k = 0.51, and the instantaneous coefficient of grazing 

mortality g = -1.72 determine an ingestion rate I = 0.15 µgC L-1 d-1, a potential 

production removed by grazing PP% = 187.5% and a removal of the standing 

stock by grazing SP% = 100% (Fig. 4.2.3(8)). 
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St. VA  
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Fig. 4.2.1(8) The apparent growth rates presents a significant correlation; r = 0.67; ρ<0.05. 

 

 

For coccolithophorids, the instantaneous coefficient of population growth 

k = 0.53 and the instantaneous coefficient of grazing mortality g = -2.69 

determine an ingestion rate I = 0.19 µgC L-1 d-1, a potential production removed 

by grazing PP% = 271% and a removal of the standing stock by grazing SP% = 

146.1% (Fig. 4.2.3(9)). 
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Fig. 4.2.1(9) The apparent growth rates presents a significant correlation; r = 0.92; ρ<0.001. 
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For other flagellates > 20 µm, the instantaneous coefficient of population 

growth k = 0.10 and the instantaneous coefficient of grazing mortality g = -2.27 

determine an ingestion rate I = 0.11 µgC L-1 d-1, a potential production removed 

by grazing PP% = 126.2% and a removal of the standing stock by grazing SP% 

= 122.2% (Fig. 4.2.3(10)). 
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Fig. 4.2.1(10) The apparent growth rate presents a significant correlation; r = 0.66; ρ<0.05. 
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Fig. 4.2.3(11) The plot does not display a significant correlation. 
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St. VA  
Other flagellates < 20 µm
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Fig. 4.2.3(12) The plot does not display a significant correlation. 

 

 

 

In the Alborán station (V4), there is a significant correlation between the 

apparent growth rate and the dilution factor only for the armoured 

dinoflagellates < 20 µm (Fig. 4.2.3(13)) (r = 0.89; ρ<0.001) whereas any 

significant correlation is displayed for the armoured dinoflagellates > 20 µm 

(Fig. 4.2.3(14)), for the other flagellates < 20 µm and coccolithophorids (Fig. 

4.2.3(15-16)); other phytoplanktonic groups are not significant. 

For the armoured dinoflagellates < 20 µm, the instantaneous coefficient 

of population growth k = 1.26 and the instantaneous coefficient of grazing 

mortality g = -1.32 determine an ingestion rate I = 0.026 µgC L-1 d-1, a potential 

production removed by grazing PP% = 104% and a removal of the standing 

stock by grazing SP% = 130% both expressed in percentage (Fig. 4.2.3(13)). 
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St. V4 
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Fig. 4.2.1(13) Instantaneous coefficient of population growth present a significant correlation; r 

= 0.89; ρ<0.001. 
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Fig. 4.2.3(14) The plot does not display a significant correlation. 
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Fig. 4.2.3(15) The plot does not display a significant correlation. 
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St. V4
Flagellates < 20 µm
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Fig. 4.2.3(16) The plot does not display a significant correlation. 

 

 

In the Balearic station (V3), there is a significant correlation between the 

apparent growth rate and the dilution factor only for the armoured 

dinoflagellates < 20 µm and > 20 µm (Fig. 4.2.3(17)) (r = 0.66; ρ<0.001) and for 

coccolithophorids (Fig. 4.2.3(18)) (r = 0.85; ρ<0.001), whereas any significant 

correlation is displayed for the armoured dinoflagellates < 20 µm (fig. 4.2.3(19)) 

and for the other flagellates < 20 µm (Fig. 4.2.3(20)); other phytoplanktonic 

groups are not significant. For the armoured dinoflagellates > 20 µm, the 

instantaneous coefficient of population growth k = 0.85 and the instantaneous 

coefficient of grazing mortality g = -0.94 determine an ingestion rate I = 0.38 

µgC L-1 d-1, a potential production removed by grazing PP% = 96.1% and a 

removal of the standing stock by grazing SP% = 81.7% (Fig. 4.2.3(17)). 
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Fig. 4.2.1(17) The apparent growth rate presents a significant correlation; r = 0.66; ρ<0.001. 
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For coccolithophorids, the instantaneous coefficient of population growth 

k = 0.85 and the instantaneous coefficient of grazing mortality g = -1.76 

determine an ingestion rate I = 0.035 µgC L-1 d-1, a potential production 

removed by grazing PP% = 125% and a removal of the standing stock by 

grazing SP% = 175% (Fig. 4.2.3(18)). 
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Fig. 4.2.1(18) Instantaneous coefficient of population growth present a significant correlation; r 

= 0.85; ρ<0.001. 
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Fig. 4.2.3(19) The plot does not display a significant correlation. 
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St. V3
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Fig. 4.2.3(20) The plot does not display a significant correlation. 

 

In the Ligurian station (V1), there is a significant correlation between the 

apparent growth rate and the dilution factor only for diatoms (Fig. 4.2.3(21)) (r = 

0,68; ρ<0.05), whereas any significant correlation is displayed for the armoured 

dinoflagellates < and > 20 µm (Fig. 4.2.3(22-23)) for coccolithophorids (Fig. 

4.2.3(24)) and the other flagellates < 20 µm (Fig. 4.2.3(25)); other 

phytoplanktonic groups are not significant. For diatoms, the instantaneous 

coefficient of population growth k = 0.33 and the instantaneous coefficient of 

grazing mortality g = -0.43 determine an ingestion rate I = 0.052 µgC L-1 d-1, a 

potential production removed by grazing PP% = 120.9% and a removal of the 

standing stock by grazing SP% = 40% (Fig. 4.2.3(21)). 
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Fig. 4.2.1(21) Instantaneous coefficient of population growth present a significant correlation; r 

= 0.68 ρ<0.05. One replica for 50% and one for 20 % were not processed in the analysis for their 

unreliability. 
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St. V1 
Armoured dinoflagellates 

< 20 µm

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0% 20% 40% 60% 80% 100%

Dilution

Ln
(C

t/C
0)

   
 

 
Fig. 4.2.3(22) The plot does not display a significant correlation. One replica for 50% and one 

for 20 % were not processed in the analysis for their unreliability. 
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Fig. 4.2.3(23) The plot does not display a significant correlation. One replica for 50% and one 

for 20 % were not processed in the analysis for their unreliability. 
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Fig. 4.2.3(24) The plot does not display a significant correlation. One replica for 50% and one 

for 20 % were not processed in the analysis for their unreliability. 
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St. V1 
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Fig. 4.2.3(25) The plot does not display a significant correlation. One replica for 50% and one 

for 20 % were not processed in the analysis for their unreliability. 

 

In South Tyrrhenian (V2), there is a significant correlation between the 

apparent growth rate and the dilution factor only for diatoms (Fig. 4.2.3(26)) (r = 

0.79; ρ<0.05), whereas any significant correlation is displayed for the armoured 

dinoflagellates < 20 µm and > 20 µm (Fig. 4.2.3(27-28)) for coccolithophorids 

(Fig. 4.2.3(29)) and the other flagellates < 20 µm (Fig. 4.2.3(30)); other 

phytoplanktonic groups are not significant. For diatoms, the instantaneous 

coefficient of population growth k = 0.72 and the instantaneous coefficient of 

grazing mortality g = -1.04 determine an ingestion rate I = 0.062 µgC L-1 d-1, a 

potential production removed by grazing PP% = 124% and a removal of the 

standing stock by grazing SP% = 88.6% (Fig. 4.2.3(26)). 
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Fig. 4.2.1(26) The apparent growth rate presents a significant correlation; r = 0.79; ρ<0.05. One 

replica for 80-50 and 20 % were not processed in the analysis for their unreliability. 
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Fig. 4.2.3(27) The plot does not display a significant correlation. One replica for 80-50 and 20 % 

were not processed in the analysis for their unreliability. 
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Fig. 4.2.3(28) The plot does not display a significant correlation. One replica for 80-50 and 20 % 

were not processed in the analysis for their unreliability. 
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Fig. 4.2.3(29) The plot does not display a significant correlation. One replica for 80-50 and 20 % 

were not processed in the analysis for their unreliability. 
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Fig. 4.2.3(30) The plot does not display a significant correlation. One replica for 80-50 and 20 % 

were not processed in the analysis for their unreliability. 

 

 

 

 

The results obtained from the dilution experiments are reported in Tab. 

4.2.3(2) k= the instantaneous coefficient of autotrophic bacteria growth, g = the 

instantaneous coefficient of grazing mortality, C0 = the concentration of 

nanoplankton (or total biomass) at the beginning of the experiment (µgC L-1), 

Cm = the average concentration of the prey during the incubation (µCL-1), I = 

ingestion rate (µgC L-1 d-1), Pr = the real production (µCL-1 d-1) in the presence 

of the consumers during experimentation, PP% = the potential production 

removed by grazing and SP% = the initial production removed by grazing both 

expressed in percentages. 
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Groups k g C0                      

µgCL -1 
Cm               

µgCL -1 

I                
µgC 
L-1d-1 

Pr                
µgC 
L-1d-1 

Pp           
µgC 
L-1d-1 

PP% SP% 

VA                    

Pennate diatoms 1,09  -2,23 0,07 0,04 0,09 -0,08 0,08 112,5% 128,6% 

Centric diatoms 1,03  -3,05 0,03 0,02 0,06 -0,06 0,03 200,0% 200,0% 

Armoured dinoflagellates < 20 µm  0,51 -1,72 0,15 0,09 0,15 -0,182 0,08 187,5% 100,0% 

Coccolithophorids 0,53  -2,69 0,13 0,07 0,19 -0,28 0,07 271,4% 146,1% 

other flagellates > 20 µm 1,00  -2,27 0,09 0,05 0,11 -0,11 0,09 126,6% 122,2% 

V4          

Armoured dinoflagellates < 20 µm  1,26 -1,32 0,02 0,02 0,03 -0,001 0,02 150,0% 150,0% 

V3          

Armoured dinoflagellates > 20 µm  0,85 -0,94 0,46 0,40 0,38 -0,04 0,39 97,1% 82,6% 

Coccolithophorids 1,40  -1,76 0,02 0,02 0,04 -0,01 0,03 142,9% 200,0% 

V1          

Diatoms 0,33  -0,43 0,13 0,12 0,05 -0,01 0,04 125,0% 38,5% 

V2          

Diatoms 0,72  -1,04 0,07 0,06 0,06 -0,02 0,05 124,0% 88,6% 

                    

 

Tab. 4.2.3(2) Microzooplankton grazing on Microphytoplankton. 

 

The instantaneous coefficient of population growth k (x-axis) is 

correlated to the instantaneous coefficient of grazing mortality g (y-axis) (fig. 

4.2.3(31)). The absolute values of both coefficients k and g indicate the grazing 

control exerted on microphytoplankton growth, when k < g, microzooplankton 

has an efficiently control on microphytoplankton prey; conversely when k > g, 

microphytoplankton growth overcomes grazing pressure. Results confirm a “top 

down control” performed by microzooplankton on microphytoplankton fraction 

Fig. 4.2.3(31). 
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Fig. 4.2.3(31) Microzooplankton efficient top down control. 
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Phytoplanktonic abundance (cells L-1) and biomass (µgC L-1) were 

evaluated in 3 replicates at the beginning of the experiments (C0). Abundance 

(Fig. 4.2.3(32)) in VA is about 4 x 103 cells L-1 which suddenly decreases when 

entering into Western Mediterranean (1 x 103 cells L-1) with the exception of V1 

(2.1 x 103 cells L-1), the unique sampling station located nearby the coast and 

thus, influenced by the inshore outflow. Fig. 4.2.3(33) displays the same trend; 

the maximum biomass is recorded in the Atlantic station (~ 1.5 µg C L-1) 

whereas in the Western Mediterranean the maximum value is obtained for V1 (1 

µg C L-1). 
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Fig. 4.2.3(32) Microzooplankton abundance (cells L-1). 
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Fig. 4.2.3(33) Microzooplankton biomass (µgC L-1). 
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Fig. 4.2.3(34-35) take into account abundance and biomass of each 

microphytoplanktonic group. Dinoflagellates < 20 µm (1.4 x 103 cells L-1) and 

coccolithophorids (~1.2 x 103 cells L-1) in the Atlantic station (VA), diatoms in 

the Ligurian sea (V1) (~8.0 x 102 cells L-1) and in south Tyrrhenian Sea (V2) 

(4.0 x 102 cells L-1) dominate numerically whereas, constant values are recorded 

in the other cases (< 4.0 x 102 cells L-1). Small size organisms seem to prevail all 

over the West Mediterranean, except for V1 and V2. 
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Fig. 4.2.3(34) Abundance of the phytoplanktonic groups at the beginning of the experiments. 

 

 

Dinoflagellates > 20 µm dominate microphytoplankton biomass from the 

Atlantic Ocean to Southern Tyrrhenian (Fig. 4.2.3(35)). 
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Fig. 4.2.3(35) Biomass of the phytoplanktonic groups at the beginning of the experiments. 
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Microzooplankton efficiency as carbon transfer throughout the 

trophic web is displayed in Fig. 4.2.3(36-37) where ingestions are expressed as 

percentage of standing stock (C0) removal on total autotrophic fractions 

(Fig.4.2.3(36)) and on total heterotrophic prey respectively (Fig. 4.2.3(37)). In V3 

and V2 microzooplankton removal percentages are 79.4% and 38.9% 

respectively, which do not exceed the total autotrophic standing stock (µgC L-1) 

(Fig 4.2.3(36)); ingestions are sustained by the given biomasses; whereas in VA, 

V4 and V1 consumer removal are 127%, 143.5% and 203.9% respectively, that 

widely exceed the total autotrophic standing stocks. In this cases, ingestions are 

not sustained by the given biomasses and thus, microzooplankton exerts an 

efficient top down control on its prey. 
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Fig. 4.2.3(36) Microzooplankton total removal (%) on autotrophic pico-, nano-, 

microphytoplankton. Nanoplankton autotrophic percentages are deduced from a data set referred 

to north Western Mediterranean (Blanes Bay) by Jürgens and Massana, 2008. 
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Microzooplankton total removal on heterotrophic pre y
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Fig. 4.2.3(37) Microzooplankton total removal (%) on heterotrophic pico-, 

nanoplankton. Nanoplankton heterotrophic percentages are deduced from a data set referred to 

north Western Mediterranean (Blanes Bay) by Jürgens and Massana, 2008. 

 

 

 

In VA and V3 microzooplankton removal percentages are 36.4% and 

32.4% respectively which do not exceed the total heterotrophic standing stock 

(µgC L-1) (Fig 4.2.3(37)); ingestions are sustained by the given biomasses 

whereas in V4, V1 and V2 consumer removal are 224.9%, 204.3 and 249.6% 

respectively that exceed the total heterotrophic standing stock. In this case, 

ingestions are not sustained by the given biomasses and thus, microzooplankton 

exerts an efficient top down control on its prey. 
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4.3 Microzooplankton analysis 

 

From microzooplankton analysis a faunistic list of microorganisms has 

been arranged (Tab.4.3(1)). Aloricate ciliates, tintinnids, dinoflagellates, 

foraminiferans, radiolarians, acantarians, as well as small metazoans such as 

copepod nauplii, some copepodites and some meroplanktonic larvae were 

identified (Fig. 4.3(1-31)). 

Among aloricate ciliates, 6 genera were identified for a whole amount of 

8 species: Leegaardiella spp., Lhomanniella spp., Strombidium acutum, S. 

capitatum, S. conicum, S. epidemum, S. neptuni., S. sulcatum, Strombilidium 

spp., Tontonia gracillima, Laboea strobila. 

Among tintinnids, 24 genera and 51 species were identified: 

Acanthostomella conicoides, A. lata, A. minutissima, A. obtusa, Amphorella 

amphora, A. laakmanni, A. quadrilineata, A. quadrilineata minor, Amplectella 

occidentalis, Canthariella brevis, C. pyramidata, C. truncata, Climacocylis 

leiospiralis, Codonella brevicollis, Coxliella laciniosa, Craterella armilla, C. 

torulata, Dadayiella acutiformis, D. ganymedes, Dictyocysta elegans, D. mitra, 

D. polygonata, Epiorella curta, Epiplocylis undella, Eutintinnus apertus, E. 

fraknoii, E. lusus-undae, E. macilentus, E. medius, E. tubulosus , Favella 

azorica, F. campanula, Metacylis mereschkowskii, Proplectella sp., 

Protorhabdonella curta, Rhabdonella amor, R. spiralis, Salpingella acuminata, 

S. curta, S. decurtata, S. laminata, S. rotundata, S. subconica, Steenstrupiella 

gracilis, S. steenstrupii, Stenosemella nivalis, T. beroidea, T. lindeni, T. minuta, 

T. nana, Undella ostenfeldi, Xystonella longicaudata. 

Among dinoflagellates, 6 genera and 12 species were identified: 

Gymnodinium spp., Gyrodinium fusiforme, G. impudicum, Noctiluca scintillans, 

Ornithocercus magnificus, Torodinium robustum, Protoperidinium brevipes, P. 

crassipes, P. diabolus, P. divergens, P. oceanicum, P. steini, P. subinerme. 

Among foraminiferans only 1 genus was identified: Globigerina spp. 
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PROTOZOA 

CILIOPHORA 

SPIROTRICHIA 

 

OLIGOTRICHIDA 

Strombidium acutum (Leegaard, 1915) (Kahl, 1932) 

Strombidium capitatum (Leegaard, 1915) (Kahl, 1932) 

Strombidium conicum (Lohmann, 1908) (Wulff, 1919) 

Strombidium epidemum (Lynn Montagnes & Small, 1955) 

Strombidium neptuni (Montagnes & taylor, 1904) 

Strombidium sulcatum (Claparède & Lachmann, 1859) 

Strombilidium spp. 

Tontonia gracillima (Fauré-fremiet, 1924) 

Laboea strobila (Lhomann, 1908) 

Leegaardiella spp. 

Lhomanniella spp. 

Oligotrichida indet. 

 

PERITRICHIDA 

Peritrichida indet. 

 

HOLOTRICHIDA 

Holotrichida indet.  

 

TINTINNIDA 

Acanthostomella conicoides (Kofoid & Campbell, 1939) 

Acanthostomella lata (Kofoid & Campbell, 1939) 

Acanthostomella minutissima (Kofoid & Campbell, 1929) 

Acanthostomella obtusa (Kofoid & Campbell, 1929) 

Amphorella amphora (Balech, 1959) 

Amphorella laakmanni (Jørgensen, 1924) 

Amphorella quadrilineata (Jørgensen, 1924) 

Amphorella quadrilineata minor (Jørgensen, 1924) 

Amplectella occidentalis (Kofoid & Campbell, 1929) 

Canthariella brevis (Kofoid & Campbell, 1929) 

Canthariella pyramidata (Kofoid & Campbell, 1929) 

Canthariella truncata (Kofoid & Campbell, 1929) 
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Climacocylis leiospiralis (Kofoid & Campbell, 1929) 

Codonella brevicollis (Kofoid & Campbell, 1929) 

Coxliella laciniosa (Brandt, 1906) 

Craterella armilla (Kofoid & Campbell, 1929) 

Craterella torulata (Kofoid & Campbell, 1929) 

Dadayiella acutiformis (Kofoid & Campbell, 1929) 

Dadayiella ganymedes (Kofoid & Campbell, 1929) 

Dictyocysta elegans (Kofoid & Campbell, 1929) 

Dictyocysta mitra (Haeckel) (Kofoid & Campbell, 1929) 

Dictyocysta polygonata (Kofoid & Campbell, 1929) 

Epiorella curta (Kofoid & Campbell, 1929) 

Epiplocylis undella (Kofoid & Campbell, 1929) 

Eutintinnus apertus (Kofoid & Campbell, 1929) 

Eutintinnus fraknoii (Daday, 1887) 

Eutintinnus lusus-undae (Entz, 1885) 

Eutintinnus macilentus ((Jørgensen, 1924) 

Eutintinnus medium (Kofoid & Campbell, 1929) 

Eutintinnus tubulosus (Ostenfeld, 1899) 

Favella azoica (Cleve,1900) 

Favella campanula (Schmidt) (Kofoid & Campbell, 1929) 

Metacylis mereschkowskii (Kofoid & Campbell, 1929) 

Proplectella spp. 

Protorhabdonella curta (Cleve) (Jørgensen, 1924) 

Rhabdonella amor (Cleve) (Brandt) 

Rhabdonella spiralis (Fol) (Brandt) 

Salpingella acuminata (Claparède & Lachmann, 1859) 

Salpingella curta (Kofoid & Campbell, 1929) 

Salpingella decurtata (Kofoid & Campbell, 1929) 

Salpingella laminata (Kofoid & Campbell, 1939) 

Salpingella rotundata (Kofoid & Campbell, 1939) 

Salpingella subsonica (Kofoid & Campbell, 1939) 

Steenstrupiella gracilis (Kofoid & Campbell, 1939) 

Steenstrupiella steenstrupii (Claparède & Lachmann, 1858) 

Stenosemella nivalis (Meunier, 1910) 

Tintinnopsis beroidea (Stein, 1864) 

Tintinnopsis lindeni (Daday, 1887) 

Tintinnopsis minuta (Wailes, 1925) 

Tintinnopsis nana (Lohmann, 1908) 

Undella ostenfeldi (Kofoid & Campbell, 1939) 
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Xystonella longicaudata (Brandt 1907) 

 

SARCOMASTIGOPHORA 

MASTIGOPHORA 

 

DINOFLAGELLIDA 

Gymnodinium spp. (Stein, 1878) 

Gyrodinium fusiforme (Kofoid & Swezy, 1921) 

Gyrodinium impudicum (Fraga et.al., 1995) 

Noctiluca scintillans (Kofoid & Swezy, 1921) 

Ornithocercus magnificus (Stein, 1883) 

Protoperidinium brevipes (Paulsen, 1908) (Balech, 1974) 

Protoperidinium crassipes (Kofoid) (Balech, 1974) 

Protoperidinium diabolus (Cleve) (Balech, 1974) 

Protoperidinium divergens (Ehrenberg) (Balech 1974) 

Protoperidinium oceanicum (Van Höffen) (Balech, 1974) 

Protoperidinium steini (Jørgensen) (Balech, 1974) 

Protoperidinium subinerme (Pausen) (Loeblich III, 1970) 

Torodinium robustum (Kofoid & Swezy, 1921) 

 

FORAMINIFERIDA 

Foraminiferida indet. 

Globigerina spp. 

 

RADIOLARIA 

Radiolaria indet. 

 

ACANTHARIA 

Acantharia indet. 

 

METAZOA 

Medtazoa ova 

Metazoi larvae 

 

ARTHROPODA 

CRUSTACEA 
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COPEPODA 

Copepoda nauplii 

Tab. 4.3(1) Faunistic list. 

 

   
Fig. 4.3(1-2) Aloricate ciliates. Laboea strobila (1), Strombidium spp. (2) 

       

                

Fig. 4.3(3-8) Tintinnids. From the left: Craterella torulata(3), Steenstrupiella steenstrupii (4), 

Favella azorica (5), Rhabdonella spiralis (6), Dadayella ganymedes (7), Eutintinnus tubulosus (8). 
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Fig. 4.3(9-11). Dinoflagellates. From the top: Gymnodinium spp. (9-10), Protoperidinium 

divergens (11). 

 

 

 

   
Fig. 4.3(12-13) Other protozoans. From the left: Radiolaria indet. (12), Globigerina spp. 

(Foraminifera) (13). 
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Microzooplankton abundance (Fig. 4.3(14)) (ind. L-1) and biomass (µgC 

L-1) (Fig. 4.3(15)) were evaluated in 3 replicates at the beginning of 

experimentation (C0). Figures display a well established decreasing trophic 

gradient from the westernmost station (VA) into the Western Mediterranean; 

with the exception of V1, a peculiar station for its proximity to the shoreline. 
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Fig. 4.3.(14) Microzooplankton concentration (ind. L-1). 
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Fig. 4.3.(15) Microzooplankton biomass (µgC L-1). 
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Fig. 4.3(16-17), take into account abundance and biomass of 5 identified 

microzooplanktonic groups: aloricate ciliates, tintinnids, dinoflagellates, other 

protozoans (foraminiferans, radiolarians, acantharians), Micrometazoans 

(meroplanktonic larvae, copepod nauplii). 

Aloricate ciliates and heterotrophic dinoflagellates prevail in Western 

Mediterranean whereas tintinnids are the dominant group in the Atlantic station 

followed by heterotrophic dinoflagellates (Fig. 4.3(16)). 
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Fig. 4.3(16) Microzooplankton abundance (cells L-1). 

 

All biomasses do not exceed 0.2 µgC L-1, except Tintinnids in V1 and 

micrometazoans (~ 0.4 µgC L-1); despite the scarce concentration of the least, 

their presence is relevant in term of biomass from west to east. (Fig.4.3(17)). 
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Fig. 4.3(17) Microzooplankton biomass (µgC L-1). 
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4.3.1 Secondary production 

 

 

Microzooplankton composition and biomass (µgC L-1) was 

estimated in three replicates at 100% (whole water) at the beginning and at the 

end of the experiments (C0, C48). The increasing biomass within 48 hours, 

indicates the consumers’ hypothetical growth. 

 

 

In the Atlantic station (V1) (Fig. 4.3.1(18)), most of the predators 

were not sustained by the given biomasses; the scarce secondary production is 

only detected for aloricate ciliate and for the heterotrophic dinoflagellates which 

account for 72% (0.04 µgC L-1 d -1) and 31% (0.01 µgC L-1 d -1) of the growth 

increment respectively. On the contrary, in Alborán (V4), most of the grazers 

grow within 48 hours except micrometazoans; higher increments rates are 

displayed for heterotrophic dinoflagellates (206%) and for the other protozoans 

(422%), whereas aloricate and loricate ciliates account for lower increment 

rates: 14% and 17% respectively (Fig. 4.3.1(19)). In this case, microzooplankton 

found its prey and was able to perform a secondary production. 
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Fig. 4.3.1(18) Microzooplankton biomass at C0 and C48. 
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Fig. 4.3.1(19) Microzooplankton biomass at C0 and C48. 

 

 

Fig. 4.3.1(20), shows narrow growth rates for 3 of the given grazers: 

aloricate ciliates (20%), heterotrophic dinoflagellates (47%) and 

micrometazoans (10%); thus, secondary production is almost undetectable in the 

Balearics. 
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Fig. 4.3.1(20) Microzooplankton biomass at C0 and C48. 

 

 

In the Ligurian Sea (Fig. 4.3.1(21)) the highest growth rate is registered 

for aloricate ciliate (717%) followed by micrometazoans (212%), whereas the 

other groups, although having found their prey and survived during 48 hours, 

remain almost unvaried. 
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Fig. 4.3.1(21) Microzooplankton biomass at C0 and C48. 

 

All grazers, in South Tyrrhenian (Fig. 4.3.1(22)) found their prey during 

incubation time and thus, relevant growth rates are displayed especially for 

aloricate ciliates and tintinnids with 188.3% and 405.6% of growth increment 

respectively. 
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Fig. 4.3.1(22) Microzooplankton biomass at C0 and C48. 

 

 

Despite the narrow secondary production found all over the sampling 

stations, aloricate ciliate account for the highest secondary production in 

Western Mediterranean, 0.6 µgC L-1 in V1 and 0.2 µgC L-1  respectively in V2. 
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4.3.2 Distribution 

 

In order to compare microzooplankton distribution (100% whole water, 

C0) assessed with three different sampling methodologies and treated with 

different kind of preservatives, a statistical analysis was performed by means of 

the test of variance ANOVA. The aims of the statistical analysis were first of all 

to determine whether the 3 replicates (2 L, fixed in 2% buffered formaldehyde) 

from each dilution experiment were statistically different from each other or not; 

the second goal was to compare the average value of the 3 replicates with both 

samples collected in 5 L and fixed in 2% buffered formaldehyde and the 300 mL 

samples fixed in Lugol’s solution at 2%. 

The one way test ANOVA, stated that there were no statistical 

differences between the 3 replicates (2 L, fixed in 2% buffered formaldehyde) 

from each dilution experiment; results are presented in Tab. 4.3.2(1). 

 

one way ANOVA     
analysis of variance F P 

VA 0,42 0,66 
V4 0,54 0,59 
V3 0,05 0,82 
V1 0,81 0,45 
V2 0,77 0,47 

 

Tab. 4.3.2(1). One way test ANOVA. Comparative analysis on 3 replicates collected in 2 L and 

fixed in 2% buffered formaldehyde; for the Balearic station only 2 replicates were considered 

significant for the following statistical analysis. F values are the ratio of the groups’ mean square 

over the error mean square. If this value is close to 1.0 you can conclude that there are no 

significant differences between the groups. If this value is large, you can conclude that one or 

more of the samples was drown from a different population. P values determine if there is a 

statistically significant difference between the group. If this value is below a certain level 

(usually 0.05), the conclusion is that there is a difference between the groups. 
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In Fig. 4.3.2(1-2), total microzooplankton surface distribution and species 

composition were evaluated on the basis of 5 L samples collection and the 

preservation in 2% buffered formaldehyde. Total microzooplankton abundance 

varies from maximum 70.5 ind. L-1 in Alborán (V4), to nearly 50 ind. L-1 in 

South Tyrrhenian (V2) following a general increasing oligotrophy trend (west – 

east). 
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Fig. 4.3.2(1) Total microzooplankton surface distribution referred to 5 L collected and preserved 

in 2% buffered formaldehyde. 

 

 

Aloricate ciliates abundance is generally lower compared to the one of 

tintinnids as described in Fig. 4.3.2(2) with the exception of the Alborán Sea 

(V4). Tintinnids present a maximum in the Atlantic station (VA) and in the 

Balearics (V3) with 29.5 ind. L-1. Other taxonomic groups are of minor 

importance; dinoflagellates distribution never exceed 10 ind. L-1 recorded in 

Alborán (V4). The presence of other protozoans and micrometazoans are almost 

undetectable, apart of V1 where micrometazoans reported 15 ind. L-1. 
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Fig. 4.3.2(2) Microzooplankton surface composition referred to 5 L collected and preserved in 

2% buffered formaldehyde. 

 

The analogous analysis was conducted on the basis of 300 mL samples 

collection and the preservation in 2% Lugol’s solution. Microzooplankton 

distribution is generally higher as regards the previous analysis Fig. 4.3.2(3-4).  
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Fig. 4.3.2(3) Total microzooplankton surface distribution referred to 300 mL collected and 

preserved in 2% Lugol’s solution. 

 

 

By means of this preservative as described in Fig. 4.3.2(4), relevant 

ciliates concentration are found (102 ind. L-1); anyhow abundances overcome the 

analysis conducted in 2% buffered formaldehyde. Identification of aloricate 

ciliates was mostly evaluated to genus and species level when possible. 

Tintinnid concentrations are very scarce and badly conserved; the identification  
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was complicated and thus, most of the time the analysis was conducted to only 

genus level. 

Dinoflagellates reveal valuable concentrations; some of them, as the case 

of Gyrodinium fusiforme and Gymnodinium spp. are well represented along the 

cruise track. Noctiluca scintillans displays a peak value in V4. Other protozoans 

and micrometazoans presence is always narrow when present. 
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Fig. 4.3.2(4) Microzooplankton surface composition referred to 300 mL collected and preserved 

in 2% Lugol’s solution. 

 

Tintinnids diversity, referred to 5 L sampled and fixed in 2% buffered 

formaldehyde, was calculated by means of the specific software, Stadiv, and the 

application of the Shannon index. The general trend of the Fig. 4.3.2(5), is not 

regular; microzooplankton diversity remains almost unvaried from the Atlantic 

ocean to the Alborán Sea; then, it increased towards the Balearics, then again 

decreased towards the Ligurian Sea and finally increased again in South 

Tyrrenian. V3 and V2 are the most diverse sampling stations in Western 

Mediterranean. 
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Fig.4.3.2(5) Tintinnids surface diversity calculated by means of the Shannon index (software 

Stadiv); elaboration kindly issued by Dott.ssa Ganis, Dep. of Life Science; University of Trieste. 

 

From the Atlantic ocean to the Western Mediterranean Sea, 59 species 

and 25 genera of tintinnids were recorded. Acanthostomella obtusa, A. 

minutissima, Amphorella amphora, Amplectella occidentalis, Canthariella 

brevis, C. truncata, Climacocylis leiospiralis, Codonella brevicollis, C. galea, 

C. nationalis, Codonellopsis contracta, C. robusta, Craterella armilla, 

Ceaterella torulata, C. urceolata, Dadayella curta, D. ganymedes, Dictyocysta 

elegans, D. fenestrata, D. mitra, D. polygonata, E. lata, Eutintinnus apertus, E. 

elegans, E. fraknoii, E. lusus-undae, E. perminutus, E. tenuis, E. tubulosus, 

Favella azorica, F. composita, F. ehrenbergi, F. fistulicaudata, Helicostomella 

subulata, Metacylis jorgenseni, M. mereschkowski, Osmasella bresslauri, 

Proplectella ovata, P. pentagonata, P. curta, P. simplex, R. ciliensis, R. conica, 

R. exilis, R. hebe, R. spiralis, Rhabdonellopsis intermedia, R. minima, 

Salpingella decurtata, Steenstrupiella entzi, S. gracilis, S. intumescens, S. 

steenstrupii, Stenosemella nivalis, S.oliva, T. karajacensis, T. nana, T. parvula, 

Xystonella longicaudata, X. treforti; whereas for aloricate ciliates, 2 species and 

2 genera were recorded: Lhomaniella oviformis and Strombidium neptuni. 

Among dinoflagellates, 9 species and 4 genera were detected: Gymnodinium 

spp., Gyrodinium fusiforme, G. impudicum, Noctiluca scintillans, 

Protoperidinium crassipes, P. diabolus, P. divergens, P. oceanicum, P.steini, P. 

subinerme. Among other protozoans, only 2 genera of Radiolarians were found: 

Chollengeron spp. Coelodendrida spp. 
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Despite the considerable microzooplankton abundance of samples 

recorded in 2% Lugol’s solution, only 9 species and 8 genera of loricate ciliates 

were observed: Amphorella amphora, Codonella spp., Codonellopsis contracta, 

C. turgescens, Dictyocysta spp., Eutintinnus lusus-undae, Protorhabdonella 

curta, Stenosemella nivalis, Steenstrupiella steenstrupii, Tintinnopsis 

infundibulum, T. karajacensis, whereas aloricate ciliates account for 7 species 

and genera: Didinium spp., Laboea strobila, Leegaardiella sol, Lhomanniella 

oviformis, Strombidium conicum, S. stylifer, S. neptunii, Tontonia gracillima. 

Among dinoflagellates, 7 species and 4 genera were registered: Gymnodinium 

spp., Gyrodinium fusiforme, G. impudicum, G. Lachryma, Noctiluca scintillans, 

Protoperidinium crassipes, P. diabolus, P. divergens, P. steini. 2 genera and 2 

species of Radiolars were found: Coelodendrum ramosissimum and 

Entocannula irsuta 

 

The one way test ANOVA for the comparative analysis of the variance 

referred to different sampling methodologies and preservation fixatives stated 

that all the samples were statistically different from each other; results are 

presented in Tab. 4.3.2(2). 

one way ANOVA     
analysis of variance F P 

VA 2,01 0,14 
V4 2,35 0,10 
V3 6.79 0.01 
V1 1,35 0,26 
V2 4,41 0,01 

 

Tab. 4.3.2(2). One way test ANOVA. Comparative analysis between 2 L samples fixed in 2% 

buffered formaldehyde, 5 L samples fixed in 2% buffered formaldehyde and 300 mL samples 

preserved in Lugol’s solution, for V3 only 2 replicates were considered significant for following 

statistical analysis. F values are the ratio of the groups’ mean square over the error mean square. 

If this value is close to 1.0 you can conclude that there are no significant differences between the 

groups. If this value is large, you can conclude that one or more of the samples was drown from 

a different population. P values determine if there is a statistically significant difference between 

the group. If this value is below a certain level (usually 0.05), the conclusion is that there is a 

difference between the groups. 
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4.4 Mesozooplankton grazing experiments 

 

Mesozooplankton grazing on microphyto- and microzooplankton were 

calculated comparing three 100% (whole water) replicas from the beginning 

(C0) and the end of the experiments (C24 with and without the selected 

mesozooplankton species). The 100% bottles from the dilution series served as 

initial (C0) and control (C24) samples, for the 100% bottles (C24) containing 

mesozooplankton. 

 

 

The decreased abundance (cells L-1) of bottles (C24) containing 

mesozooplankton compared to the control (C24) ones, might indicate a positive 

consumers’ hypothetical grazing activity on its prey; the contrary, suggests a 

lack in grazing activity. Any grazing activity on diatoms and dinoflagellates < 

20 µm, prey is exerted by Centropages spp. in the Ligurian Sea (Fig. 4.4(1-2)); 

C24 samples (with on average 6 individuals per bottle) increased their abundance 

compared to the C24 samples without mesozooplankton. 
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Fig. 4.4(1) Any grazing activity was recorded on diatoms in the Ligurian Sea. 
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Fig. 4.4(2) Any grazing activity was recorded on dinoflagellates < 20 µm in the 

 Ligurian Sea. 

 

 

No grazing activity is noted from the plot on phytoflagellates < 20 µm; 

abundance at the end of incubation time with and without Centropages spp. 

remains invariant (Fig. 4.4(3)). 
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Fig. 4.4(3) Any grazing activity was recorded on phytoplagellates < 20 µm in the 

Ligurian Sea. 
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Grazing activity exerted by Centropages spp. is on the contrary recorded 

for dinoflagellates > 20 µm and coccolithophorids in the Ligurian Sea (V1) (Fig. 

4.4(4-5)). 
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Fig. 4.4(4) Grazing activity was recorded on dinoflagellates >20 µm in the Ligurian Sea. 
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Fig. 4.4(5) Grazing activity was recorded on coccolithophorids in the Ligurian Sea. 
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Any grazing activity is exerted by Corycaeus spp. on all prey in Southern 

Tyrrhenian (Fig. 4.4(6-10)); C24 samples (with on average 20 individuals per 

bottle) increased their abundance compared to the C24 samples without 

mesozooplankton. 
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Fig. 4.4(6) Any grazing activity was recorded on diatoms in Southern Tyrrhenian. 
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Fig. 4.4(7) Any grazing activity was recorded on dinoflagellates < 20 µm in Southern 

Tyrrhenian. 
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Fig. 4.4(8) Any grazing activity was recorded on dinoflagellates > 20 µm in Southern 

Tyrrhenian. 
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Fig. 4.4(8) Any grazing activity was recorded on coccolithophorids in Southern Tyrrhenian. 
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Fig. 4.4(9) Any grazing activity was recorded on phytoflagellates < 20 µm in Southern 

Tyrrhenian. 
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In the meantime, mesozooplankton grazing was assessed on 

microzooplankton fraction in V1 and V2; plots indicates an exhaustive grazing 

exerted by Centropages spp. on aloricate ciliates, tintinnids, dinoflagellates, 

other protozoans and micrometazoans in the Ligurian Sea (V1) (Fig. 4.4(10-14)); 

C24 samples (with on average 6 individuals per bottle) increased their abundance 

compared to the C24 samples without mesozooplankton. 

. 
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Fig. 4.4(10) Grazing activity was recorded on aloricate ciliates in the Ligurian Sea; (C24 samples 

obtained from C48 data processing). 
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Fig. 4.4(11) Grazing activity was recorded on tintinnids in the Ligurian Sea. (C24 samples 

obtained from C48 data processing). 
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Fig. 4.4(12) Grazing activity was recorded on dinoflagellates in the Ligurian Sea. (C24 samples 

obtained from C48 data processing) 
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Fig. 4.4(13) Grazing activity was recorded on other protozoans in the Ligurian Sea. (C24 samples 

obtained from C48 data processing). 
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Fig. 4.4(14) Grazing activity was recorded on other protozoans in the Ligurian Sea. (C24 samples 

obtained from C48 data processing). 
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Any grazing activity is exerted in V2 by Corycaeus spp. on aloricate 

ciliates (Fig. 4.4(15)); abundance at the end of incubation time with and without 

Corycaeus spp. remains invariant. 
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Fig. 4.4(15) Any grazing activity was recorded on aloricate ciliates in Southern Tyrrhenian. (C24 

samples obtained from C48 data processing). 

 

Loricate ciliates, dinoflagellates, other protozoans and micrometazoans, 

on the contrary are efficiently grazed by Corycaeus spp in the same sampling 

station (Fig. 4.4(16-19)). 
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Fig. 4.4(16) Grazing activity was recorded on tintinnids in Southern Tyrrhenian. (C24 samples 

obtained from C48 data processing). 
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Fig. 4.4(17) Grazing activity was recorded on dinoflagellates in Southern Tyrrhenian. (C24 

samples obtained from C48 data processing). 
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Fig. 4.4(18) Grazing activity was recorded on other protozoans in Southern Tyrrhenian. (C24 

samples obtained from C48 data processing). 
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Fig. 4.4(19) Grazing activity was recorded on micrometazoans in Southern Tyrrhenian. (C24 

samples obtained from C48 data processing). 
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5. DISCUSSION 

 

The water masses along the II Leg. of the “transmediterranean cruise” 

performed in the western basin of the Mediterranean Sea from 28 May to 11 June 

2007 are characterized by the typical summer oligotrophy and P-limitation. 

Besides these well known conditions reported in literature for the Mediterranean 

basin during the same periods (Krom et al., 1991; Thingstad and Rassoulzadegan, 

1999; Dolan et al., 1999; Crispi et al., 2001; Tanaka and Rassoulzadegan, 2002), 

the marked oligotrophy found in my study, was also a response to the anomalous 

winter conditions occurred in the previous months, where higher average 

temperatures, scarce mixing of the water column, few precipitations and 

terrestrial inputs were recorded all over the basin. The exhaustion of nutrients 

from the surface layer, the strong stratification, the scanty concentration of 

primary production and Chl a during sampling, implied a decrement in the 

autotrophic component within the trophic web since the role of resources (i.e., 

nutrients) has long been considered as more important than that of predation or 

grazers (Andersen et.al., 2008) for the presence of phytoplankton. Plankton of 

unproductive regions are usually characterized by very high heterotrophic 

biomasses resulting in inverted biomass pyramids (Gasol et al., 1997), a shift 

toward a heterotrophic system is also displayed in the apparent oxygen utilization 

(AOU) recorded during the cruise, indicating a massive predominance of 

respiration over photosynthesis. 

In the present study, unlike the classical approaches adopted by several 

researchers, of monitoring Chl a concentrations following dilution or estimating 

taxon- or pigment-specific mortality rates using pigment analysis by HPLC (e.g. 

Strom and Welschmeyer, 1991; McManus and Ederington-Cantrell, 1992; Verity 

et al., 1993; Waterhouse and Welschmeyer, 1995; Latasa et al., 1995; 

Reckermann and Veldhuis, 1997; Kuipers and Witte, 1999; Stelfox-Widdicombe 

et al., 200), I conducted microscopical counts on all microzooplankton possible 

autotrophic and heterotrophic prey: pico-, nano- and microphytoplankton; for a 

whole amount of 750 observed samples. In addition to this, I also conducted a 

deepen study on the predators community focussing on microzooplankton quali- 
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quantitative analysis and on their secondary production, as well as on 

mesozooplankton grazing. 

By means of this more complete analysis I was able to discern the 

differences among the ingestion rates and to give exhaustive explanations on the 

different feeding selections. 

 

 

5.1 Picoplankton 

 

The biomasses and abundances of heterotrophic prokaryotes in the present 

study are on average ~ 11 µgC L-1 and 5 x 108 cells L-1; a slight decreasing 

tendency is recorded from the westernmost Atlantic station (VA) with 11.70 µgC 

L-1 and 5.85 x 108 cells L-1 to the easternmost southern Tyrrhenian station (V2) 

with 9.84 µgC L-1 and 4.92 x 108 cells L-1. Abundances of the same magnitude 

are reported in literature for the North Western Mediterranean (Ferrier-Pagès and 

Rassoulzadegan, 1991; Ferrier-Pagès and Rassoulzadegan, 1994, Tanaka and 

Rassoulzadegan, 2002). Grazing mortality on heterotrophic prokaryotes is 

reported all over the West Mediterranean (stations VA, V4, V3; V2) except in the 

Ligurian station (V1) which is the only one particular near shore site sampled 

during the Transmed. It benefits from terrestrial nutrient inputs and among the 

sampling stations, it recorded the highest values of primary production; thus, in 

V1 predators turn their feeding selection toward more energetic nano-sized prey 

and phytoplankton fractions. 

Ingestion rates are in some cases very high, as for the Alborán Sea (V4) 

with 27.14 µgC L-1 d-1 and in Southern Tyrrhenian (V2) with 24.56 µgC L-1 d-1; 

microzooplankton removal (SP%) on these standing stocks (µgC L-1) reveals that 

for both V4 and V2 the initial biomasses do not support the high ingestions 

exerted by their predators; the percentages recorded are 232% for the Ligurian 

Sea and 249% respectively for the Southern Tyrrhenian. 

The negative value of the instantaneous coefficient of population growth 

(k) in the Atlantic Ocean may be attributed to natural mortality or to virus-

mediated lyses. Several studies suggested that higher values of virus-induced  
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prokaryote mortality (VIPM) may be linked to the probable absence, or the 

extremely low density of grazers that compete with viruses for prokaryotic cells 

(Corinaldesi et al., 2007); beside that, there is a general consensus that in the 

Mediterranean basin, “viral shunt” increases from the mesopelagic to the 

bathypelagic layers and from west to east. Another possible reason for the 

negative value of the instantaneous coefficient of population growth (k) could be 

due to autolysis, owing to ultraviolet (UV) radiation damage that can be a source 

of mortality in some habits (Pernthaler, 2005). 

In only one occasion, at the Balearic station (V3), data present a non-linear 

regression line for the whole water (100%) samples. A situation of food saturation 

is almost detectable but standard deviations of the 80% obtained from the dilution 

plot of apparent growth rates cover the values (100%) of hypothetical food-

saturation that, otherwise should be processed with the non-linear dilution plot 

(NLDP) proposed by Moigis (2006). In ‘‘L-shaped’’ non-linear dilution plots, 

data deviate from the linear relationship, having a steep slope near the x-origin 

and no slope further from the origin. According to Gallegos (1989), NLDP occurs 

when microzooplankton feed at their maximum food-saturated ingestion rates (I 

max). 

Autotrophic fraction, all over the sampling stations displays narrow 

biomasses and abundances respect to the heterotrophic fraction; they are always < 

1 µgC L-1 and around 5 x 106 cells L-1. Abundances are corroborated by several 

authors in literature for the Western Mediterranean (Ferrier-Pagès and 

Rassoulzadegan, 1994; Magazzù and Decembrini, 1995). Grazing activity takes 

place only in 3 out of 5 stations: in the Atlantic Ocean (VA), in the Balearics (V3) 

and in Southern Tyrrhenian (V2) with ingestion rates always < 1 µgC L-1. 

Microzooplankton removal (SP%) on these standing stocks (µgC L-1) reveals that 

the initial standing stocks always support the narrow ingestions. 

The contribution of the autotrophic fraction < 2 µm to the total primary 

production is more important in oligotrophic off-shore waters, compared to 

phytoplankton > 2 µm; (Magazzù and Decembrini, 1995) The extremely small 

dimensions of these organisms favour their neutral buoyancy and therefore offer 

the possibility of providing nutrients through molecular diffusion (a mechanism  
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able to replace consumed nutrients within the water microsphere surrounding the 

cell) or through the microbial food-web processes described by Goldman (1984). 

Furthermore, the higher cellular density and the augmented cellular surface 

probably permit a more efficient supply of nutrients compared to the larger 

fraction. 

Prokaryotic components (both heterotrophic and autotrophic) always 

displays instantaneous coefficients of grazing mortality (g) exceed those of 

population growth (k) thus, the protozoan grazers exert a “top down control” on 

their prey. Bacteria are more tightly controlled by protistan predation in highly 

oligotrophic systems and of consequence the top down control of the prokaryotic 

assemblages in nutrient-poor habitats implies that the growth of protistan 

predators themselves is limited by the low availability of prey, that is, bottom-up 

controlled (Pernthaler, 2005). 

The double estimation of the grazing activity exerted on prokaryotes by 

microzooplankton (MZP) on one hand and by heteronanoflagellates (HNF) on the 

other hand, both performed with separate dilution experiments (Landry et Hassett, 

1982), provided a better understanding of the dynamics of the system and the 

establishment of the complexity of the foodweb. The opening of the “black box” 

help us to identify the major grazers in the present oligotrophic ecosystem; from 

data elaboration, different models were noticed: 

1) In the Atlantic Ocean, MZP grazing on HNF slightly reduced the 

loss of the prokaryote biomass (Fig.5.1(1)). 

2) In the Alborán Sea, MZP exerts a direct feeding on picoplankton 

prey (Fig. 5.1(2)). 

3) In the Balearics, MZP feed directly on prokaryotes whereas it does 

not control HNF; HNF alone, does not select this prey (Fig. 

5.1(3)). 

4) In the Ligurian Sea, the potential grazing performed by HNF on 

heterotrophic prokaryotic prey is inhibited by the simultaneous 

grazing impact of MZP on HNF (Fig. 5.1(4)). 

5) In Southern Tyrrhenian, MZP does not control HNF biomass; thus, 

HNF and MZP grazing on prokaryotes are summed. 
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Fig. 5.1(1) Grazing pressure of both MZP and HNF on prokaryotes in VA. 
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Fig. 5.1(2) Grazing pressure of both MZP and HNF on prokaryotes in V4. 
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Fig. 5.1(3) Grazing pressure of both MZP and HNF on prokaryotes in V3. 
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               Fig. 5.1(4) Grazing pressure of both MZP and HNF on prokaryotes in V1. 
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              Fig. 5.1(5) Grazing pressure of both MZP and HNF on prokaryotes in V2. 

 

 

5.2 Nanoplankton 

 

The biomasses and abundances recorded during the II Leg of the 

Transmediterranean cruise referred to nanoplankton are on average 5 µgC L-1 

and 6.3 x 105 cells L-1; values of the same order of magnitude are found in 

literature for the same areas (Tanaka and Rassoulzadegan, 2002; Ferrier-Pagès 

and Rassoulzadegan, 1991, Ferrier-Pagès and Rassoulzadegan 1994). Grazing 

activity on nano-sized cells is displayed in 3 out of 5 stations: in the Atlantic 

ocean (VA), in the Alborán Sea (V4) and in the near shore station (V1) 

represented by the Ligurian Sea. 
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Microzooplankton undertake a selection feeding addressed most of the 

times, to determinate size classes within nanoplankton. The selection is exerted to 

cells around 3-5 µm in the Atlantic station (VA) and the observed narrow 

ingestions are 0.79 µgC L-1. On the contrary, higher ingestion rates 6.13 µgC L-1 

are found out in the Alborán Sea (V4), since the preference is here exerted for the 

more energetic nano-size class > 5 µm. The highest ingestion rates are displayed 

in the Ligurian Sea (V1) where microzooplankton feeding is realized on all size 

classes (17.88 µgC L-1). Microzooplankton removal (SP%) on the nanoplankton 

standing stocks (µgC L-1) reveals that for the size classes > 5 µm in both V4 and 

V1 and for the intermediate 3-5 µm size class selected in V1, the initial biomasses 

do not support the high ingestions exerted by their predators. When grazing is 

recorded, instantaneous coefficients of grazing mortality (g) exceed those of 

population growth (k) thus, the protozoan grazers exert a “top down control” on 

their prey as already corroborated by other authors in oligotrophic systems 

(Pernthaler, 2005). 

The diversity of microzooplankton food selectivity is reflected in the size 

and quality of the predators community. Since predators community in Western 

Mediterranean was mostly constituted by aloricate and loricate ciliates, and 

dinoflagellates from medium to smaller sizes, it is therefore reasonable to detect 

major ingestion rates on prokaryotes respect to the nanoplankton fractions. In 

previous studies, ciliates smaller than 30 µm take 72% of picoplankton and 28% 

of nanoplankton biomasses; the proportions are reversed for ciliates between 30 

and 50 µm (Rassoulzadegan et al., 1988). In V3 and V2 microzooplankton 

preferably select heterotrophic and autotrophic bacteria instead of nano-sized 

cells as predators sizes do not exceed 30 µm. In the remaining sampling stations 

and especially in the Ligurian Sea (V1), dinoflagellates and aloricate ciliates of 

medium and larger sizes such as Protoperidinium steini and Strombidium spp. in 

the range of 30-50 µm are preferably found and thus, the highest ingestions are 

justified. 
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5.3 Microphytoplankton 

 

For phytoplankton, the role of resources (i.e., nutrients) has long been 

considered as more important than that of predation or grazers (Andersen et al., 

2008). Considering the total ranges found throughout the present study, of both 

chlorophyll-a and primary production, and the situation of nutrient depletion in 

the surface layers, is not surprising that microphytoplankton corresponds to a 

typical summer situation, with the general dominance of small-sized species. 

The marked oligotrophy which occurs during summer corresponds to a 

general shift from a phytoplankton population dominated by diatoms and 

nanoflagellates towards an increasing importance of picophytoplankton (Marty et 

al., 2002; Vidussi et al., 2000). 

In the frame of the II leg. microphytoplankton fraction, recorded very 

narrow presences throughout the Western Mediterranean and presents an evident 

decreasing trend from the westernmost Atlantic station when entering into the 

basin of both abundance and biomass, with the only exception of the Ligurian Sea 

(V1) which is peculiar as it is influenced by the inshore outflow. The average 

microphytoplankton concentrations are around 2 x 103 cells L-1, with maximum 

values in the Atlantic station (VA) (4.05 x 103 cells L-1). Biomasses also reflect 

the extreme scarcity of the fraction; values are always < 1.5 µgC L-1 and lowered 

from west to east, apart from the Ligurian Sea (V1) which is mostly dominated by 

diatoms as the nearby Tyrrhenian station (V2). During the study period, diatoms 

in NW Mediterranean, shifted from centric to pennate forms, as already reported 

by Andersen et al., (2008) and Lasternas et al., (2008). Dinoflagellates dominate 

the microphytoplankton biomass all over the sampled stations as usually occur 

during the stratified periods in the NW Mediterranean (Gómez, 2003; Gómez, and 

Gorsky, 2003), since their preference is for low turbulence conditions and for 

warm temperature; on the contrary, low nutrients concentrations in the surface 

layers and stratification limit the development of diatoms and silicoflagellates. 

During summer particular stratified conditions, dinoflagellates are the species 

with the best fitness thank to their ability to support nutrient-depleted  
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waters. The Ceratium spp. is the more diverse genus among dinoflagellates with 

16 species encountered. 

In the Atlantic station (VA), dinoflagellates < 20 µm and 

coccolithophorids are the most abundant organisms in accordance to the general 

trend of small-size prey and grazers encountered in the present study. For instance 

microzooplanktonic grazers in VA were dominated by tintinnids and 

dinoflagellates of small sizes such as: Craterella torulata and Stenosemella 

nivalis among loricate ciliates; whereas, by Gymnodinium spp. < 20 µm among 

dinoflagellates. In VA, most of the microphytoplankton assemblage is subjected 

to grazing apart from the armoured dinoflagellates > 20 µm (despite their 

considerable biomass; ~ 1 µgC L-1) and the other phytoflagellates < 20 µm. The 

most probable reason of the missed grazing on armoured dinoflagellates > 20 µm 

could be attributed to the small size of their grazers; whereas, that of the other 

phytoflagellates < 20 µm to the almost undetectable biomass of the prey. In the 

Atlantic site, phytoflagellates > 20 µm (represented mostly by Euglenoids), were 

significantly present whereas in the rest of the NW Mediterranean their 

abundances were not considered. 

In the Alborán Sea (V4) and in the Balearics (V3), grazing mortality is 

observed only for the armoured dinoflagellates < 20 µm that is, for the dominant 

group during summer oligotrophy (V4); whereas, for both coccolithophorids and 

armoured dinoflagellates > 20 µm in V3. This latest group, displayed the highest 

ingestion (0.38 µgC L-1 d-1) rates among all taxa, even though ingestions on 

microphytoplankton are everywhere negligible. In the Alborán Sea, and in the 

Balearics the size of the prey is closely related to the grazers size. In V4, 

microzooplankton is dominated by nanociliates and Strombidium spp. < 30 µm 

whereas by Gymnodinium spp. around 10-20 µm among dinoflagellates whereas 

in the Balearics (V3), for instance, tintinnids are mostly represented by medium 

size organisms such as Steenstrupiella steenstrupii and Eutintinnus tubulosus; the 

smallest armoured dinoflagellates beside their appreciable abundance were 

probably not selected for their mean biomass. 

In the Ligurian Sea (V1) and in Southern Tyrrhenian, since the given 

abundance of diatoms results appreciable in respect to the other organisms,  
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ingestions are addressed only to this taxa. Here, microzooplankton, is mostly 

composed by large dinoflagellates such as: Protoperidinium spp. in V1; whereas 

by Strombidium spp. around 30-50 µm beside Gyrodinium fusiforme and 

Protoperidinium steini in V2. 

Microzooplankton removal (SP%) on microphytoplankton standing stocks 

(µgC L-1) reveals that the scarce biomasses do not support microzooplankton 

ingestions most of the times; few exception are found for the armoured 

dinoflagellates > 20 µm in the Balearics (82,6%) and for diatoms both in the 

Ligurian sea (38,5%) and in Southern Tyrrhenian (88,6%). 

By the given presence of the microphytoplankton fraction in Western 

Mediterranean, more scarce than previously found by other authors in literature, 

the coefficient of population growth (k) is always lower than the coefficient of 

grazing mortality (g) thus, micro-sized predators exerted their “top down control” 

on the prey. Data indicates a great variability in the composition and abundance 

of both prey and predators population; anyway, indicates that the grazing impact 

of microzooplankton is of great importance within the trophic web. 

When autotrophic and heterotrophic size-class are summed, 

microzooplankton removal (SP%) on total autotrophic and heterotrophic prey 

(pico-nano- and microphytoplankton) exhibits in 3 out of 5 stations an efficient 

control on the autotrophic standing stock (VA, V4 and V1), whereas in V3 

(79,4%) and V2 (38,9%), grazers are sustained by the given autotrophic 

biomasses. On the other hand, in 3 out of 5 stations, (V4, V1 and V2), 

microzooplankton controls efficiently in terms of removal of the present standing 

stock (SP%) the given heterotrophic biomass; in the other cases, such as for V3 

(32,4%) and VA (36,4%), the heterotrophic standing stock sustains their grazers. 
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5.4 Microzooplankton 

 

Since the Mediterranean basin exhibits a noticeable gradient of increasing 

oligotrophy from west to east, in terms of nutrient concentration (Krom et al., 

1991), primary productivity (Turley et al., 2000) and autotrophic biomass (Dolan 

et al., 1999) it is undoubted that microzooplankton should have been affected by 

this general situation. 

In the present study, microzooplankton concentrations (ind. L-1) and 

biomasses (µgC L-1) followed a decreasing longitudinal gradient with maximum 

values recorded in the Atlantic station (2.08 x 102 cells L-1; 0.8 µgC L-1) and 

lowest values recorded in the easternmost south Tyrrhenian station (7.6 x 101 

cells L-1; 0.2 µgC L-1). The Ligurian Sea as previously argued was an exception 

across the Western Mediterranean transect with its high abundance and biomass. 

Within the microbial food web, ciliates commonly represent about half the 

stock of microzooplankton with heterotrophic dinoflagellates making up the rest 

(e.g., Lessard and Murrell, 1996). Despite the scarce diversity found among 

aloricate ciliates (8 species), compared to the ones of tintinnids (51 species), 

naked ciliate were the most abundant predators among ciliates as already 

corroborated by other authors (Pitta et al., 2001; Pérez et al., 2000; Modigh and 

Castaldo, 2002; Dolan, 2000; Dolan et al., 1999; Dolan et al., 2002). Tintinnid 

ciliates, that may ingest a large variety of pico- and nano-sized prey, ranging in 

size from about 2 µm to particles about half the diameter of the lorica oral 

openings (e.g., Spittler, 1973; Heinbokel, 1978; Rassoulzadegan 1978; 

Rassoulzadegan and Etienne, 1981, Capriulo, 1982), in large variety of systems, 

represent only a small fraction (< 10% of individual numbers) of the ciliate 

community (e.g., Dolan and Marrasé, 1995; Gifford et al., 1995; Caron and 

Dennett, 1999). Thus, tintinnids play a relatively minor role in processes such as 

carbon flux or nutrient regeneration and their activities such as grazing or 

excretion are probably much less important quantitatively than those of the naked 

ciliates such as Strombidium spp., Strombilidium spp. etc.  

In my research, tintinnids were numerically less important in respect to the 

aloricate ciliates but due to their larger size together with micrometazoans,  
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comprised an important part of the total biomass. Naked ciliates displayed a clear 

decreasing trend from the Alborán Sea (1.1 x 102 ind. L-1) to Southern Tyrrhenian 

(2.7 1 x 101 ind. L-1) whereas constant negligible concentrations of tintinnids 

were found all over the western basin (~1.5 x 101 ind. L-1). The control station 

(VA) on the contrary, exhibited maximum concentrations in tintinnids (8.7 x 101 

ind. L-1) and very scarce abundances in aloricate ciliates (2.8 x 101 ind. L-1). 

Dolan et al., (2002) found a decline in aloricate ciliate concentrations of 

about 3 x 103 ind. L-1 in the western basin to about 5.0 x 102 ind. L-1 in the eastern 

part of the Mediterranean Sea whereas tintinnids concentrations, declined from 

about 1.0 x 102 ind. L-1 to around 2.0 x 101 ind. L-1. 

In the frame of the II Leg. of the Transmediterranean cruise, naked 

ciliates were in Western Mediterranean much less abundant than the ciliates 

found in the easternmost basin by Dolan et al., during the PROSOPE cruise 

performed in summer 1999 whereas tintinnids display similar concentrations 

found in the Eastern Mediterranean. 

Heterotrophic dinoflagellates, to the contrary of aloricate ciliates, did not 

show a longitudinal decreasing trend from the Atlantic site into Western 

Mediterranean; its appreciable concentrations were displayed in the Atlantic 

ocean as well as within the Mediterranean basin; the most representative among 

dinoflagellates were Gymnodinium spp. around 10-20 µm, Gyrodinium fusiforme 

< 40 µm as well as Protoperidinium spp. at the Ligurian site and in Southern 

Tyrrhenian. 

Among oligotrich ciliates that undoubted act a pivotal role in the trophic 

food web, species of medium and smaller sizes were preponderant all over the 

examinated area such as Strombidium spp. < 30 and around 30-50 µm as well as 

nanociliates < 20 µm; thus, since most of the aloricate ciliates were in the present 

research smaller than 30 µm, it is likely that their major role was that of 

“microbial grazers”. This is corroborated by Pitta et al., (2001), when stated that a 

high proportion (88%) of aloricate ciliates < 30 µm was found to contain small 

prey items < 3 µm and only 8% of small aloricate ciliates ingested large prey > 3 

µm whereas 4% contained small and large prey simultaneously. The contribution 

of nano-sized oligotrichs to ciliate biomass appeared to be somewhat lower in the  
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nearshore Ligurian site, where dinoflagellates such as Protoperidinium spp., 

aloricate ciliates such as Strombidium of medium size (30-50 µm) as well as 

tintinnids of larger size as Steenstrupiella steenstrupii were detected.  

As hypothesized by Dolan et al., (1999), corresponding to the 

longitudinal decreasing trophy, there would be declines in the biomass of ciliates, 

increases in the relative biomasses of certain trophic types of ciliates (mixotrophic 

ciliates) and increases in the species diversity of tintinnids. The research 

introduced by Dolan et al., (1999) and performed in the frame of the MINOS 

cruise, unexpectedly found no longitudinal gradient in ciliates. Confirming the 

expectations, abundances of mixotrophic oligotrichs were generally the highest in 

the more oligotrophic sites and the species diversity of tintinnid ciliates appeared 

higher in the central and eastern basin compared to the Western Mediterranean. 

In the frame of the II Leg. of the Transmed-cruise, the west-east 

reduction in ciliates assemblages from the far Atlantic station to Southern 

Tyrrhenian was detected; whereas, the mixotrophic ciliates that are forms better 

able to survive poor food periods, even though present all over the sampling 

stations and mostly composed by the two species Tontonia gracillima and Laboea 

strobila, were always of minor importance within ciliate assemblages. 

Concerning the less abundant loricate ciliates, 12 species of tintinnids were 

detected in the Atlantic site: Codonella brevicollis, Craterella torulata, 

Dadayella acutiformis, D. ganymedes, Epiorella curta, Eutintinnus apertus, E. 

fraknoii, E. tubulosus, Steenstrupiella steenstrupii, Stenosemella nivalis, 

Tintinnopsis minuta, T. nana. The assemblage included tintinnids generally found 

in coastal waters such as the genus Tintinnopsis spp. whereas, the most 

representative forms were of smaller size such as Craterella torulata and 

Stenosemella nivalis. The Alborán Sea, was the site displaying the minor 

diversity of the western basin, with only 5 species: Acanthostomella conicoides, 

Eutintinnus tubulosus, Stenosemella nivalis, Steenstrupiella steenstrupii, 

Tintinnopsis minuta, with the dominance of the higher sized tintinnid Eutintinnus 

tubulosus. In the Balearics, again higher diversity occurred with 11 species 

recorded: Eutintinnus macilentus, Eutintinnus tubulosus, E. apertus, 

Protorhabdonella curta, Craterella torulata, Steenstrupiella gracilis, S.  
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steenstrupii, Rhabdonella spiralis, Salpingella rotundata, Undella ostenfeldi, 

Dyctyocista elegans, with the predominance of larger size species such as 

Steenstrupiella steenstrupii and Eutintinnus tubulosus. In the Ligurian Sea, a 

similar diversity was found (12 species): Eutintinnus macilentus, E. fraknoii, E. 

tubulosus, E. apertus, Dadayella ganymedes, craterella torulata, Salpingella 

acuminata, Steenstrupiella steenstrupii, Rhabdonella spiralis, Salpingella 

laminata, Dyctyocista polygonata, D. elegans; among these species 

Steenstrupiella steenstrupii was of relevant importance. In the easternmost 

southern Tyrrhenian station, 10 specie were detected: Eutintinnus tubulosus, 

Dadayella ganymedes, Craterella torulata, amphorella quadrilineata minor, 

Canthariella pyramidata, Rhabdonella spiralis, steenstrupiella steenstrupii, 

Dyctyocista mitra, Tintinnopsis lindeni, Salpingella decurtata. The more 

abundant species were the tintinnid Canthariella pyramidata and Eutintinnus 

tubulosus. It is corroborated by other authors (Modigh and Castaldo, 2002) that 

Eutintinnus tubulosus, showed the maximum occurrence during the summer 

period in Southern Tyrrhenian. Although the mechanism is still unclear, over a 

large spatial scales diversity appears inversely related to production (e.g., Huston, 

1994). Tintinnid diversity may be restrict because of the occupation of niches by 

oligotrich ciliates, which, like tintinnids, feed largely on nanoplankton-size prey 

(Kivi and Setälä, 1995; Rassoulzadegan et al., 1988). 

From the MESOSCALE 93 cruise performed in the Catalan Sea during 

June 1993 and from the MINOS cross-Mediterranean transect which occurred in 

May-June 1996 both, argued by Dolan (2000), the west-east concentration of 

tintinnids (averaged: 2.5 x 101 ind. L-1) showed little variability whereas the 

diversity, increased. Recent data still argued by Dolan et al., (2002) are available 

from the PROSOPE cruise performed from the Moroccan upwelling system to the 

extreme oligotrophic Eastern Mediterranean (September 1999). The results of this 

study showed that tintinnids diversity, both taxonomic and morphological, 

increased from the Atlantic upwelling station into the western basin of the 

Mediterranean, and declined slightly towards the Eastern Mediterranean, 

paralleling shifts in the chlorophyll size-diversity estimate. Tintinnids diversity 

more closely reflected resource diversity. Normally, high diversity is associated  
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with stable water column structure of marked chemical and physical gradients, 

providing a structured environment but with low input of nutrients for 

phytoplankton production (Angel, 1993). 

In the frame of the VECTOR project, tintinnids, as previously observed 

by Dolan (2000) did not show variability in terms of abundance all around the 

Western Mediterranean; concentrations were always < 2.0 x 101 ind. L-1 apart 

from the Atlantic Ocean. To the contrary of the previous researches, the diversity 

of tintinnids did not show a clear west-east increment within the western basin. 

All mentioned researches, utilized 500 ml of whole water preserved in 

Lugol’s solution at 2% final concentration and researchers conducted 

microscopical analysis of the ciliate assemblage whereas for chlorophyll and 

other pigment determinations, the HPLC method as detailed in Vidussi et al., 

(1996) was employed. In the present study as already mentioned, I applied the 

dilution method introduced by Landry et Hassett, 1982 to triplicates of 2 L 

samples each dilution set fixed in formaldehyde (2% final concentration) and I 

conducted microscopical analysis of all autotrophic and heterotrophic fractions. 
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5.4.1 Secondary production 

 

Despite the narrow values of secondary production obtained from the 

analysis of data that are always < 0.63 µgC L-1 d-1, the growth of the predators 

community shows a general positive trend within incubation time (48 hours). All 

over the sampling stations the growth is recorded for most of the predators such 

as aloricate ciliates, tintinnids, heterotrophic dinoflagellates, other protozoans 

and micrometazoans. 

In the Atlantic station (VA), microzooplankton ingestions were mostly 

addressed to “microbial-sized” cells such as prokaryotes < 2 µm and only a 

minor part was exerted on nanoplankton of medium size (3-5 µm) and on 

microphytoplankton. Among micro-autotrophs dinoflagellates > 20 µm and other 

flagellates < 20 µm were excluded by microzooplankton feeding; the former, 

since microzooplankton was mostly composed of medium and smaller size 

organisms; the latter for their negligible abundances and biomasses. Thus, the 

scanty ingestions obtained from the microbial assemblages, could support grazers 

of smaller size such as Strombidium spp. < 30 µm that was the most 

representative genus among ciliates. This genus, displayed the more relevant 

secondary production noticed at this site, whereas heterotrophic dinoflagellates 

that along with ciliate assemblages displayed a net growth, showed a secondary 

production of minor amplitude. Microzooplankton such as micrometazoans and 

tintinnids were penalized for the inappropriate size of their prey. Other 

protozoans had a negligible biomass both at the beginning and at the end of 

incubation time. 

Into the Western Mediterranean more precisely at the Alborán station 

(V4), all grazers, apart from micrometazoans, probably thanks to the encounter 

with suitable prey, were able to generate a more evident secondary production. 

The fact was displayed for instance for the heterotrophic dinoflagellates that were 

mostly represented by the genus Gymnodinium spp. < 20 µm and by the species 

Gyrodinium fusiforme around 40 µm (0.1 µgC L-1 d-1), and for the aloricate 

ciliates represented by both nanociliates and Strombidium spp. < 30 µm. Since the 

predators community was generally formed of small organisms, ingestions were  
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almost exclusively addressed to the “microbial community” and notwithstanding 

the negligible values, for a minor part also to the micro-sized armoured 

dinoflagellates < 20 µm. 

In the Balearics (V3), once more, the narrow ingestions derived from an 

exclusive feeding on prokaryotes; in a minor part from the ingestion of 

dinoflagellates > 20 µm and small coccolithophorids. Heterotrophic 

microprotozoans mostly represented by medium and small cells, displayed 

appreciable growths, except tintinnids mostly represented by the species 

Steenstrupiella steenstrupii and Eutintinnus tubulosus and the other protozoans 

that everywhere in West Mediterranean displayed undetectable biomasses. 

The Ligurian Sea (V1), displayed a total absence of ingestions on 

prokaryotes. Ingestions therefore derived from the more energetic nano-size prey 

around 3-5 µm and > 5 µm and from the diatoms presence. All micro-predators 

apart from the heterotrophic dinoflagellates performed relevant growths as the 

community was composed by larger size organisms the more appropriate to these 

kind of prey. The evident secondary production performed in this sampling site, 

was found for the aloricate ciliates mostly composed by medium (30-50 µm) and 

small size Strombidium spp. (< 30µm) (0.6 µgC L-1 d-1); followed by 

micrometazoans and tintinnids opportunely represented by the species 

Steenstrupiella steenstrupii. 

The Southern Tyrrhenian station (V2), similar to the Balearic station 

(V3), displayed a feeding activity exerted mostly on prokaryotes; ingestions were 

at this site conspicuous as those found in Alborán. The minor part of the 

ingestions derived from diatoms whereas no ingestion was detected on 

nanoplankton probably for their scarce abundance and biomass. All 

microzooplankton was subjected to growth during incubation time especially 

aloricate ciliates (0.2 µgC L-1 d-1) and tintinnids (0.1 µgC L-1 d-1). In this site 

there was an appreciable secondary production also derived from the growth of 

the other protozoans and the micrometazoans. Since predators were represented 

by both small and medium size, the entire assemblage of micro-grazer for 

instance the more abundant nanociliates, Strombidium spp. < 30 µm, the tintinnid 

Canthariella pyramidata, Globigerina spp.< 50 µm among the other flagellates  
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and Eutintinnus tubulosus were benefited when found the prey of appropriate 

size. 
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5.4.2 Microzooplankton composition and abundance: comparison 

among three different sampling methodologies and fixatives. 

 

By means of the comparison among the three different sampling 

methodologies and the use of different fixatives on the composition and 

abundance of microzooplankton in Western Mediterranean I can assert that: 

 

1. Among the three replicates (2 L fixed in buffered formaldehyde at 

2% final concentration) derived from the dilution experiments 

there were no statistical differences; F values obtained from a 

statistical analysis performed by means of the test of variance 

ANOVA were always < 1. 

 

2. The three different samples treated with distinct methodologies 

and fixatives (5 L and 2 L both fixed in buffered formaldehyde at 

2% final concentration and 300 mL fixed in 2% Lugol’s solution) 

were statistically different one another. F values obtained from a 

statistical analysis performed by means of the test of variance 

ANOVA are always > 1. 

 

3. The most considerable abundance of microzooplankton were 

detected in samples (300 mL) conserved in 2% Lugol’s solution 

whereas samples collected in 5 L and fixed in 2% buffered 

formaldehyde were undoubtedly underestimated. The samples 

analysed in Lugol’s solution may seems overestimated owing to 

the poor volume applied in the analysis. The three replicates from 

the dilution experiments collected in 2 L and preserved in 2% 

formaldehyde among all, seems to represent better the predators 

community (Fig. 5.4.2). 
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4. Samples collected in Lugol’s solution (300 mL), display the most 

appreciable abundance of naked ciliates but contemporary 

damaged the tintinnid fraction. 

 

5. The better description in terms of richness of tintinnids 

assemblage was obtained with the 5 L samples preserved in 

buffered formaldehyde at 2% final concentration with 59 species 

and 25 genera recorded in the western basin, followed by the 2 L 

samples that account for 51 species and 24 genera. The 300 mL 

collected in Lugol’s solution did not display an appreciable 

richness with its 9 species and 8 genera detected. 

 

6. Diversity in tintinnid assemblages from both experiments assessed 

by means of 5 L and 2 L of whole water preserved at 2% 

formaldehyde did not show a west-east increasing within the 

western basin. 
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Fig. 5.4.2 Comparison among three different sampling methodologies ad preservatives on the 

predators abundance in Western Mediterranean.  

 

In the present study, 2% Lugol’s solution and 2% formaldehyde were 

adopted and compared since these fixatives are the most common in field studies 

of ciliate assemblages (Gifford and Caron, 2000) On the one hand, Lugol’s  



 
 

                   5. Discussion 

 153 

 

solution minimizes cell loss but to the other, causes considerable cell shrinkage 

and distortion, and samples are sometimes lost due to the formation of 

precipitates in the samples (Stoecker et al., 1996; Modigh and Castaldo, 2005). 

Formaldehyde causes minor shrinkage and distortion allowing ciliate 

morphotypes to be determined at least to the level of genus. Notwithstanding this, 

the use of formaldehyde results in loss cells, from less than 20% (Stoecker et al., 

1989; Pitta and Giannakourou, 2000) to more than 70% (Leakey et al., 1994). 

Recommended concentrations are generally 1-5% final volume (Sherr and Sherr, 

1993). Lugol’s solution, in the concentration from 0.5 to 2% is often used in 

studies on ciliates (e.g. Vaqué et al., 1997; Kuipers and Witte, 1999; Archer et al., 

2001; Bulit et al., 2003; Setälä and Kivi, 2003; Johansson et al., 2004). High 

Lugol’ solutions (10%) are suggested to prevent better cell loss rather than the 2% 

Lugol’s solution (Stoecker et al., 1994a), but the reluctance to use higher 

concentration can be due to the dark brown coloured samples that cause 

difficulties in optical microscope analysis; to avoid dark colouration of detritus, 

formaldehyde was found more convenient in coastal studies (Fonda Umani and 

Beran, 2003). In a recent study conducted by Karayanni et al., (2004), aloricate 

ciliated abundances were higher in Lugol’s solution by a factor of 2 in respect to 

the formalin treatment whereas loricate ciliates, did not show any difference 

between the two treatments. 

Thus, despite the recognized importance of the ciliates fraction within the 

trophic web, nowadays there is not a commonly accepted method to sample (net 

vs bottle), nor a common consensus on the volume to observe and the best 

fixative (and relative concentration) to use (e.g. Choi and Socker, 1989; Sherr and 

Sherr, 1993; Leakey et al., 1994; Stoecker et al., 1994; Gifford and Caron, 2000; 

Zinabu and Bott, 2000; Karayanni et al., 2004; Modigh and Castaldo, 2005); the 

choice of one method instead of another should fit to the pre-established aims of 

the research. Anyway, it seems opportune to conduct the analysis on ciliates 

assemblages applying more than one preservative method and collecting this frail 

fraction preferably in different volumes. 

As already mentioned, in the present study each methodology had 

advantages and drawbacks. Notwithstanding the cell loss due to the application of  
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2% buffered formaldehyde, the three replicates collected in 2 L represented the 

best compromise in terms of sampled volumes and accounted for the major 

diversity among ciliates. Samples collected in 5 L on the contrary performed 

appreciable richness due to its higher sampled volumes but, in the meantime, the 

assemblages appeared underestimated if compared with the 2 L samples. The 300 

mL volume analysed in 2% Lugol’s solution, if on the one hand performed the 

less cell loss, and preserved better the small ciliates, damaging the tintinnids 

ciliates, on the other, samples seemed to be overestimated for their narrow 

sampled volumes. 
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5.5 Mesozooplankton grazing 

 

Beside the assessment of the grazing activity exerted by mesozooplankton 

on microphyto- and microzooplankton prey, the aim of the present study was also 

to investigate whether the microzooplankton assemblage was mainly a food 

source or a competitor for mesozooplankton in both the Ligurian Sea (V1) and in 

Southern Tyrrhenian (V2). During the II Leg of the Transmed-cruise further 

investigations on mesozooplankton grazing were somewhat difficult due to the 

presence of considerable gelatinous plankton in the surface layers that obstructed 

the collection of mesozooplankton from the nets in VA, V4 and V3. 

At the Ligurian station (V1), which is the most productive among the 

studied sites (due to its proximity to the shoreline), the representative 

mesozooplankton predator was the copepod Centropages spp. This calanoid, is 

one of the most common, abundant and best studied copepods in neritic waters of 

the Mediterranean (Mazzocchi et al., 2007). The relatively modest capacity of 

this genus to adapt to fluctuations in food availability may explain the 

geographical distribution of Centropages spp., being restricted to near-shore 

waters (Calbet et al., 2007). 

Since this genus is omnivorous it may feeds on a wide spectrum of prey, 

from small algae (3-4 µm) to yolk-sac fish larvae (3.2-3.6 mm length). It is 

reported by Calbet et al., (2007) that the genus Centropages. uses both 

suspensivorous and ambush feeding strategies, depending on the characteristics of 

the prey. In general, it exhibits selection for large motile prey, such as ciliates 

(both aloricates and loricates) or dinoflagellates. My observations confirm the 

general feeding behaviour of this genus; in the nearshore Ligurian Sea 

Centropages spp. exerted its grazing activity on a wide variety of prey, mostly 

represented by the motile aloricate and loricate ciliates and the dinoflagellates as 

well as on micrometazoans and on the other protozoans, notwithstanding their 

scarce abundances. 

The Ciliate assemblages usually fall in the range of optimal prey sizes for 

copepods (Frost, 1972; Berggreen et al., 1988), whereas many phytoplankton 

cells are to small (picoplankton) or to large (e.g. chain-forming diatoms). From a  



 
 

                   5. Discussion 

 156 

 

conceptual point of view, it is expected that microzooplankton are mostly 

important to copepod diet in oligotrophic systems, where autotrophic production 

is low and confined to small cells, rarely consumed by copepods (Nival and 

Nival, 1976; Berggreen et al., 1988; Dam et al., 1995; Calbet and Landry, 1999). 

Data obtained from the Ligurian site corroborated this assumption; 

microphytoplankton was a selected category but plays a minor role in the carbon 

fluxes respect to microzooplankton. At the V1 station, autotrophic dinoflagellates 

> 20 µm and coccolithophorids were the only two taxa selected among 

phytoplankton. 

Calbet and Saiz, (2005), assert that the preference exerted on ciliate rather 

than on phytoplankton can be attributed to the higher nutritional value of ciliate in 

respect to phytoplankton; another possible reason could be their motility that 

generate a strong hydrodynamic signal. Owing to this, the prey are easily detected 

by their predators. The tintinnids ciliates, are subjected to grazing as well; 

Ayukay, (1987) hypothesized that large tintinnids are more suitable prey rather 

than the smaller species. This is the case of the Ligurian station, where larger 

tintinnids such as the species Steenstrupiella steenstrupii was commonly detected. 

Heterotrophic dinoflagellates may also contribute significantly to copepod diet 

(Calbet and Saiz 2005) as occurred at the present sampling site. Dinoflagellates 

may represent an important link from primary producers to higher trophic levels 

in certain ecosystems (Sherr and Sherr, 2002; Jeong et al., 2004). 

Microzooplankton was in V1, a food source rather then a competitor for 

mesozooplankton. It is likely that microzoo- and mesozooplankton opt for a 

bipapartition of the resources. On the one hand, microzooplankton selected 

diatoms, on the other hand, mesozooplankton feeding was addressed to the 

armoured dinoflagellates > 20 µm and to coccolithophorids. 

In Southern Tyrrhenian, the cyclopoid Corycaeus spp was the most 

representative among mesozooplankton community. The genus is primarily 

carnivorous. This feeding behaviour is common in marine (Marshall, 1973; 

Turner, 1984) and freshwater (Zaret, 1980) communities. Most studies of 

predation by marine copepods have examined the feeding of calanoids but the 

feeding habits of marine cyclopoids remain sparsely investigated, despite the high  
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abundance of cyclopoids in some marine systems (Tremblay & Roff, 1983; 

Turner & Dagg, 1983. 

From the analysis of data we can assert that in Southern Tyrrhenian, 

microzooplankton was present in the diet of mesozooplankton even if the 

contribution to mesozooplankton carbon intake is very scarce since the biomass 

of the prey was narrow. 

Any grazing activity was performed on phytoplankton, in accordance to 

the assertions published by Marshall, (1973) and Turner, (1984). 

In oligotrophic areas such as the Mediterranean where most primary 

producers are not available for direct copepod ingestions, the link between 

microzooplankton and copepods, assume a noticeable importance in the energy 

transfer from primary producers to sustain the production of higher trophic levels 

(such as fish). 
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6. CONCLUSIONS 

 

The typical summer oligotrophy and P-limitation that characterizes the 

Mediterranean basin is even more highlighted during the II Leg. of the 

Transmediterranean cruise (28 May-11 June 2007), in response to the peculiar 

hydrological parameters recorded before summer: higher temperatures, scarce 

mixing of the water column as well as few precipitations and reduced terrestrial 

inputs. This signs, foreshadowed the exhaustion of nutrients from the surface 

layers, and both the scanty concentration of primary production and Chlorophyll 

a during sampling. These trophic conditions, are of relevant importance in the 

structuring of the food web. 

As expected, microzooplankton results impoverished, mainly resource-

limited, following a decreasing longitudinal gradient from the Atlantic station 

(2.08 x 102 ind. L-1; 0.8 µgC L-1) to Southern Tyrrhenian ( 7.6 x 101 ind. L-1; 0.2 

µgC L-1). Most of the predators are characterized by forms of medium (30-50 

µm) and small size (<30 µm) such as aloricate ciliates mainly of the genus 

Strombidium spp. and by nanoflagellates (< 20 µm), followed by dinoflagellates 

such as the genus Gymnodinium spp. and the species Gyrodinium fusiforme, that 

justify the narrow biomass of the community during the summer period. 

Tintinnid ciliates, with their suddenly decline in both abundance and biomass, 

from the Atlantic site into the Western Mediterranean, show a constant low 

concentration within the western basin that never exceeds 2.0 x 101 ind. L-1 but, 

in the meantime they account for a significant part of the biomass along with the 

micrometazoans within microzooplankton assemblage. 

Despite the narrow biomass of the community, microzooplankton growth 

is performed for most of the taxa involved; it means that in most of the sites 

micro-grazers, find their suitable prey. The secondary production however is 

scarce, it never exceed 0.63 µgC L-1 d-1 which is the highest value recorded for 

aloricate ciliates in the Ligurian Sea. More over, this site, shows peculiar 

features within the West Mediterranean, mostly due to the proximity of the 

shoreline that benefits this site of land inputs, contrary to the other offshore 

sampled sites. 
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Microzooplankton grazing is highly selective, depends on the 

composition of the prey as well as on the structure of the predators community. 

When it occurs, microzooplankton always exerts a top down control on its prey 

(g>k) as already displayed in typical non productive systems such as the 

Mediterranean in the frame of this study. 

During summer, autotrophic fraction is extremely scarce compared to the 

heterotrophic assemblage; it is always < 1.5 µgC L-1 due to the nutrients 

depletion of the surface layers. Smaller size cells, in these conditions, benefit of 

their higher cellular surface and density to provide a better nutrient uptake 

compared to the larger fractions. 

Microphytoplankton is present with on average 2 x 103 ind. L-1 and it is 

mostly characterized by small phytoflagellates indeterminate as well as by 

armoured dinoflagellates < 20 µm and coccolithophorids; this fractions provide 

low carbon contents to the micro-grazers; ingestions are always < 0.38 µgC L-1 

d-1, which is the highest value recorded for the armoured dinoflagellates > 20 µm 

in the Balearics. Autotrophic prokaryotes that account for ~ 5 x 106 ind. L-1 

display similar undetectable low ingestions within the western basin. 

Among the different dimensional sizes, the highest carbon content is due 

to heterotrophic prokaryotes with on average 11.4 µgC L-1, whereas 

nanoplankton carbon amount is halved 5.3 µgC L-1; these, are the most grazed 

categories within the microbial loop. On heterotrophic bacteria which accounts 

for ~ 5 x 108 cells L-1 microzooplankton displays sometimes very high ingestion 

rates as it occurs in the Alborán and in the Tyrrhenian sites with 27.14 and 24.56 

µgC L-1 d-1 respectively. High ingestions are also detected for the nano-sized 

prey in the Ligurian Sea with 17.88 µgC L-1 d-1, since all nano-sized classes are 

here subjected to grazing (<3 µm, 3-5 µm, >5 µm). Beside the rest, total 

nanoplankton is present with on average 6,3 x 105 cells L-1. Thus, heterotrophic 

prokaryotes and nanoplankton constituted the main carbon resources for 

microzooplankton during the oligotrophic period which is manifest during 

summer.  

The results of the present study demonstrate that most of the carbon 

fluxes in Western Mediterranean passes through microzooplankton, which is  
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able to control the smaller-sized producers and consumers. 

The double estimation of the grazing activity exerted on prokaryotes by 

microzooplankton (MZP) on the one hand and by heteronanoflagellates (HNF) 

on the other hand (performed with separate dilution experiments) provide a 

better understanding of the dynamics of the system under study and the 

establishment of the complexity of the food web. The opening of the black box, 

allowed me to identify several potential grazing models: 

� In the Atlantic ocean, MZP ingestion on prokaryotes is lower in respect 

to the one of HNF; in this way, MZP only reduces the loss of the 

prokaryotes biomass by means of the contemporary grazing activity 

exerted on HNF. 

� In the Alborán Sea, in the Balearics as well as in Southern Tyrrhenian, 

MZP exerts a direct uptake of bacteria, since MZP ingestion on 

prokaryotes is higher compared to the one of HNF in the first case; in the 

second case, MZP does not feed on HNF that in its turn does not feed on 

heterotrophic prey. More over, in the Tyrrhenian Sea, MZP does not feed 

on HNF; thus, both predations are summed. 

� In the Ligurian Sea, only HNF feed on prokaryotes; thus, the potential 

grazing performed by HNF on heterotrophic picoplankton, is inhibited by 

the simultaneous grazing impact of MZP on HNF fraction. 

 

Further remarks are argued on the comparison among the three different 

sampling methodologies and fixatives applied to microzooplankton assemblages 

during the II Leg. of the Transmed. From this analysis, first of all, I can assert 

that no statistical differences are found within the 3 replicates derived from the 

dilution experiment, whereas statistical difference are displayed among the three 

different samples treated with distinct methodologies and fixatives. The better 

representation in terms of species richness are obtained by means of higher 

sampling volumes, the 5 L conserved in 2% buffered formaldehyde; whereas, 

the 300 mL preserved in 2% Lugol’s solution show higher abundances and 

provides a better distinction of the naked ciliates but in the meantime, it causes a 

loss of tintinnid ciliates. These concentrations, are probably overestimated by the  
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small volume applied to the analysis (300 mL) whereas higher volumes (5 L) 

appear underestimated compared to the 3 replicates (2 L) from the dilution 

experiments which, after all guarantee a better representation of the predators 

community. Thus, in my research, each methodology has its advantages and 

drawbacks to be keep in mind. In fact, nowadays despite the recognized pivotal 

role assumed by microzooplankton within the trophic webs, there is not yet a 

commonly accepted method to sample (net vs bottle), nor a common consensus 

on the volume to observe and the best fixative (and relative concentration) to 

use. On my experience, it seems opportune to conduct the analysis applying 

more than one method and collecting this frail fraction preferably in different 

volumes, when possible. 

The final goal of the present study was to assess the carbon fluxes to the 

upper trophic levels; this is showed in Fig.1-5. For the sites VA, V4 and V3, I 

was unable to assess mesozooplankton grazing since the gelatinous plankton that 

was present in these stations, obtruded the nets and rendered difficult the 

collection of mesozooplankton organisms. In the only two sites V1 and V2 

where mesozooplankton grazing on microphyto- and microzooplankton was 

assessed, the transfer of the biomasses < 200 µm towards the upper trophic 

levels (copepods) is very scarce: 0.76 µgC L-1d-1 in V1 and 0.06 µgC L-1d-1 in 

V2 respectively. In the Ligurian Sea, the omnivorous calanoid Centropages spp. 

grazes on both microphyto- and microzooplankton. Mesozooplankton and 

microzooplankton opt for the portioning of the resources available. In V1, for 

instance microzooplankton feeds on diatoms whereas mesozooplankton feed on 

dinoflagellates > 20 µm as well as on the coccolithophorids. In Southern 

Tyrrhenian, the carnivorous cyclopoid Corycaeus spp. feed exclusively on 

microzooplankton with the only exclusion of aloricate ciliates. No export of 

autotrophic assemblages is detected in the Ligurian Sea whereas a minimum 

export of 2.84 µgC L-1d-1 is verified in Southern Tyrrhenian. In such 

oligotrophic conditions, micro-grazers consume prevalently heterotrophic 

bacteria and in a minor part heteronanoflagellates which in turn, fuelled the 

upper trophic levels through predation of mesozooplankton on 

microzooplankton. The relative dominance of heterotrophic biomass  
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corresponds to the expectations of lower carbon export especially in systems 

such as the Mediterranean in which, primary production is dominated by small 

autotrophs during summer. 

Autotrophs
Bacteria

0,62 µgCL -1

PNF

3,48 µgCL -1

µphytopl.

1,46 µgCL -1

Total

5,56
µgCL -1

1,69 

µgCL -1d-1

Heterotrophs

Bacteria
11,7 µgCL-1

HNF
1,09 µgCL-1

Total

12,79 
µgCL -1

4,35 
µgCL -1d-1

0,84 µgCL -1

µzooplankton

VA Atlantic Sea

 

Fig. 6.1. Budgets of the carbon flux in the Atlantic station obtained from dilution experiments on 

autotrophic and heterotrophic assemblage (HNF 24% PHF 76% of the nanoplankton biomass). 

Autotrophs
Bacteria

0,82 µgCL -1

PNF

4,34 µgCL -1

µphytopl.

0,5 µgCL -1

Total

5,66
µgCL -1

3,86 µgCL -1d-1

Heterotrophs

Bacteria
11,7 µgCL-1

HNF
1,37 µgCL-1

Total

13,07 
µgCL -1

28,61 µgCL -1d-1

0,16 µgCL -1

µzooplankton

V4 Alborán Sea

 

Fig. 6.2 Budgets of the carbon flux in the Alborán station obtained from dilution experiments on 

autotrophic and heterotrophic assemblage (HNF 24% PHF 76% of the nanoplankton biomass). 
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Autotrophs
Bacteria

0,44 µgCL -1

PNF

3,8 µgCL -1

µphytopl.

0,57 µgCL -1

Total

4,81 
µgCL -1

0,73 µgCL -1d-1

Heterotrophs

Bacteria
10,85 µgCL-1

HNF
1,2 µgCL-1

Total

12,05 
µgCL -1

3,52 µgCL -1d-1

0,33 µgCL -1

µzooplankton

V3 Balearic Sea

 

Fig. 6.3 Budgets of the carbon flux in the Balearic station obtained from dilution experiments on 

autotrophic and heterotrophic assemblage (HNF 24% PHF 76% of the nanoplankton biomass). 

 

Autotrophs
Bacteria

0,7 µgCL -1

PNF

6,61µgCL -1

µphytopl.

1,06 µgCL -1

Total

8,37 
µgCL -1

13,64 µgCL -1d-1

Heterotrophs
Bacteria

13,15 µgCL-1

HNF
2,09 µgCL-1

Total

15,24 
µgCL -1

4,29 µgCL -1d-1

0,22 µgCL -1

Microzooplankton

Mesozooplankton

No Export

0,76 µgCL -1d-1

0,18 µgCL -1d-1

V1 Ligurian Sea

 

Fig. 6.4 Budgets of the carbon flux in the Ligurian station obtained from dilution and grazing 

experiments on autotrophic and heterotrophic assemblage (HNF 24% PHF 76% of the 

nanoplankton biomass). 
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Autotrophs
Bacteria

0,88 µgCL -1

PNF

1,87 µgCL -1

µphytopl.

0,52 µgCL -1

Total

3,27 
µgCL -1

0,37 µgCL -1d-1

Heterotrophs

Bacteria
9,84 µgCL-1

HNF
0,59 µgCL-1

Total

10,43 
µgCL -1

24,56 µgCL -1d-1

0,24 µgCL -1

Microzooplankton

Mesozooplankton

Export 2,84 µgCL -1d-1

0,06 µgCL -1d-1

V2 Tyrrhenian Sea

 

Fig. 6.5 Budgets of the carbon flux in the Tyrrhenian station obtained from dilution and grazing 

experiments on autotrophic and heterotrophic assemblage (HNF 24% PHF 76% of the 

nanoplankton biomass). 

 

Thus, the Mediterranean basin, that in summer displays oligotrophic 

conditions such those found during the II Leg. of the Transmediterranean 

cruise, seems to be characterized by a microbial dominated food web, made up 

by considerable small heterotrophs and small narrow phototrophs, displays a 

scenario of little energy transfer to the higher trophic levels. The analysis shows 

the notable strength of the copepod-microzooplankton link, of this oligotrophic 

area, evidencing the major importance of this trophic link, traditionally 

overlooked in plankton studies. 

Although the “microbial loop” coexists with the “microbial food web” 

forming the so called “Mistivourous food web” the majority of the heterotrophic 

biomasses focus on the non recently photosynthesized matter and the energy 

derived from DOC (Dissolved Organic Carbon), likely more refractory, mostly 

fuels throughout the smaller dimensional sizes, (DOC – bacteria – nanoplankton 

– microzooplankton and recycled again into DOC constituting the microbial 

loop) characterized by intense metabolisms and fast turnover time. As a 

consequence, the system under study, records an higher heterotrophic biomass  
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of smaller size in respect to the primary producers. In these circumstances, the 

organic matter derived both from the dissolved organic substrates and in a minor 

part from autotrophic uptake, is intensely respired in the upper layers by micro-

heterotrophs and returned to the atmosphere more than it could be fixed. The 

intense respiration of the whole system, causes a scarce production compared to 

respiration needs. Consequently in summer conditions, we can consider the 

western Mediterranean pelagic system basically heterotrophic and based on 

DOC regenerations within the microbial loop. 

Results obtained from these analysis, will bring a significant contribute to 

the studies on the carbon fluxes within the Mediterranean pelagic ecosystem that 

along with the investigation on the active roles played by the Mediterranean 

basin in the Global Carbon cycle, are among the final aims of the 

Transmediterranean cruise in the frame of the V.E.C.T.O.R. project. 
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Autotrophic picoplankton   Replicates   STD 

VA C0 Cells L-1 1 2 3 ±  

100% 2,27E+06 2,86E+06 2,86E+06 3,38E+05 

80% 1,38E+06 1,37E+06 1,44E+06 3,73E+04 

50% 7,30E+05 7,19E+05 7,19E+05 6,11E+03 

20% 3,60E+05 4,97E+05 2,86E+05 1,07E+05 

 
Autotrophic picoplankton   Replicates   STD 

VA C24 Cells L-1 1 2 3 ±  

100% 2,05E+06 1,52E+06 9,10E+05 5,72E+05 

80% 6,77E+05 7,47E+05 5,50E+05 1,00E+05 

50% 6,45E+05 3,07E+05 4,76E+05 1,69E+05 

20% 4,44E+05 2,96E+05 3,91E+05 7,50E+04 
 

Abundance (Cells L-1) of autotrophic prokaryotes in the Atlantic ocean (VA) at C0 and C24. 
 
 
 

Autotrophic picoplankton   Replicates   STD 

V4 C0 Cells L-1 1 2 3 ±  

100% 4,29E+06 3,62E+06 4,42E+06 4,32E+05 

80% 1,99E+06 1,30E+06 1,55E+06 3,50E+05 

50% 1,04E+06 9,84E+05 1,04E+06 3,05E+04 

20% 1,06E+06 6,24E+05 4,76E+05 3,02E+05 
 

Autotrophic picoplankton   Replicates   STD 

V4 C24 Cells L-1 1 2 3 ±  

100% 4,55E+06 4,74E+06 5,10E+06 2,79E+05 

80% 3,71E+06 3,57E+06 3,26E+06 2,31E+05 

50% 1,57E+06 2,60E+06 1,46E+06 6,31E+05 

20% 9,31E+05 5,18E+05 9,31E+05 2,38E+05 
 

Abundance (Cells L-1) of autotrophic prokaryotes in the Alborán Sea (V4) at C0 and C24. 
 
 
 

Autotrophic picoplankton   Replicates   STD 

V3 C0 Cells L-1 1 2 3 ±  

100% 2,33E+06 1,90E+06 2,33E+06 2,44E+05 

80% 1,14E+06 1,24E+06 1,14E+06 5,70E+04 

50% 8,67E+05 4,76E+05 5,71E+05 2,04E+05 

20%   4,76E+05 4,44E+05 2,24E+04 
 

Autotrophic picoplankton   Replicates   STD 

V3 C24 Cells L-1 1 2 3 ±  

100% 2,09E+06 1,37E+06 1,23E+06 4,64E+05 

80% 9,45E+05 1,24E+06 1,28E+06 1,84E+05 

50% 1,70E+06 1,32E+06 1,00E+06 3,50E+05 

20% 5,71E+05 3,91E+05 3,60E+05 1,14E+05 
 

Abundance (Cells L-1) of autotrophic prokaryotes in the Balearic Sea (V3) at C0 and C24. 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Autotrophic picoplankton   Replicates   STD 

V1 C0 Cells L-1 1 2 3 ±  

100% 3,79E+06 3,26E+06 3,41E+06 2,73E+05 

80% 2,14E+06 1,92E+06 2,20E+06 1,49E+05 

50% 1,61E+06 1,32E+06 1,25E+06 1,90E+05 

20% 9,52E+05 8,78E+05 6,98E+05 1,31E+05 
 

Autotrophic picoplankton   Replicates   STD 

V1 C24 Cells L-1 1 2 3 ±  

100% 4,67E+06 4,51E+06 3,79E+06 4,72E+05 

80% 4,26E+06 4,60E+06 3,10E+06 7,84E+05 

50% 3,51E+06 2,79E+06 3,51E+06 4,15E+05 

20% 1,47E+06 9,20E+05 7,09E+05 3,93E+05 
 

Abundance (Cells L-1) of autotrophic prokaryotes in the Ligurian Sea (V1) at C0 and C24. 
 
 
 

Autotrophic picoplankton   Replicates   STD 

V2 C0 Cells L-1 1 2 3 ±  

100% 4,80E+06 4,46E+06 3,87E+06 4,71E+05 

80% 3,37E+06 2,55E+06 2,69E+06 4,37E+05 

50% 2,02E+06 1,60E+06 1,59E+06 2,47E+05 

20% 8,88E+05 9,10E+05 8,78E+05 1,62E+04 
 

Autotrophic picoplankton   Replicates   STD 

V2 C24 Cells L-1 1 2 3 ±  

100% 3,51E+06 2,92E+06 2,43E+06 5,40E+05 

80% 3,58E+06 2,89E+06 3,16E+06 3,48E+05 

50% 2,44E+06 1,87E+06 2,03E+06 2,95E+05 

20% 1,18E+06 7,93E+05 7,30E+05 2,46E+05 
 

Abundance (Cells L-1) of autotrophic prokaryotes in Southern Tyrrhenian (V2) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

VA C0 Cells L-1 1 2 3 ±  

100% 5,92E+08 5,92E+08 5,14E+08 4,51E+07 

100% 5,92E+08 5,89E+08 5,72E+08 1,06E+07 

100% 6,75E+08 5,47E+08 5,92E+08 6,52E+07 

80% 4,02E+08 3,43E+08 2,85E+08 5,86E+07 

80% 4,14E+08 3,96E+08 3,71E+08 2,21E+07 

80% 4,21E+08 4,38E+08 3,81E+08 2,90E+07 

50% 3,08E+08 2,65E+08 2,36E+08 3,65E+07 

50% 2,54E+08 2,05E+08 1,97E+08 3,09E+07 

50% 1,38E+08 1,48E+08 1,33E+08 2,83E+07 

20% 1,03E+08 5,95E+07 7,37E+07 6,04E+06 

20% 1,05E+08 9,63E+07 1,02E+08 4,30E+06 

20% 9,46E+07 8,12E+07 8,88E+07 6,72E+06 
 

Heterotrophic 
picoplankton   Replicates   STD 

VA C24 Cells L-1 1 2 3 ±  

100% 3,94E+08 3,13E+08 4,27E+08 5,88E+07 

100% 3,99E+08 3,18E+08 3,82E+08 4,27E+07 

100% 3,66E+08 3,38E+08 3,13E+08 2,65E+07 

80% 2,66E+08 2,32E+08 2,39E+08 1,78E+07 

80% 2,91E+08 2,05E+08 1,84E+08 5,66E+07 

80% 2,45E+08 2,26E+08 1,80E+08 3,34E+07 

50% 1,91E+08 1,52E+08 1,66E+08 1,98E+07 

50% 1,84E+08 1,54E+08 1,40E+08 2,28E+07 

50% 1,38E+08 1,48E+08 1,33E+08 7,77E+06 

20% 1,03E+08 5,95E+07 7,37E+07 2,22E+07 

20% 6,95E+07 6,78E+07 4,86E+07 1,16E+07 

20% 9,04E+07 7,95E+07 8,79E+07 5,70E+06 
 

Abundance (Cells L-1) of heterotrophic prokaryotes in the Atlantic ocean (VA) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

V4 C0 Cells L-1 1 2 3 ±  

100% 6,08E+08 6,20E+08 5,33E+08 4,71E+07 

100% 5,64E+08 6,00E+08 6,00E+08 2,09E+07 

100% 6,14E+08 5,69E+08 5,58E+08 2,95E+07 

80% 3,91E+08 3,94E+08 3,22E+08 4,05E+07 

80% 3,47E+08 3,52E+08 3,39E+08 6,40E+06 

80% 3,31E+08 3,29E+08 3,45E+08 9,12E+06 

50% 2,33E+08 2,05E+08 2,23E+08 1,42E+07 

50% 2,50E+08 1,93E+08 1,95E+08 3,23E+07 

50% 2,20E+08 1,90E+08 1,91E+08 1,73E+07 

20% 9,83E+07 7,92E+07 7,28E+07 1,33E+07 

20% 1,03E+08 7,55E+07 6,55E+07 1,93E+07 

20% 8,56E+07 6,28E+07 6,83E+07 1,19E+07 
 

Heterotrophic 
picoplankton   Replicates   STD 

V4 C24 Cells L-1 1 2 3 ±  

100% 5,49E+08 5,46E+08 5,04E+08 2,54E+07 

100% 6,58E+08 5,79E+08 6,28E+08 3,98E+07 

100% 5,52E+08 5,37E+08 4,82E+08 3,67E+07 

80% 5,03E+08 5,30E+08 3,82E+08 7,87E+07 

80% 4,25E+08 4,00E+08 4,39E+08 1,96E+07 

80% 3,78E+08 3,71E+08 3,07E+08 3,89E+07 

50% 3,16E+08 2,41E+08 2,55E+08 3,96E+07 

50% 2,93E+08 2,96E+08 2,23E+08 4,12E+07 

50% 2,38E+08 2,35E+08 2,40E+08 2,32E+06 

20% 8,93E+08 8,23E+08 7,98E+08 4,92E+07 

20% 4,35E+08 3,63E+08 4,72E+08 5,54E+07 

20% 5,50E+08 5,81E+08 6,39E+08 4,54E+07 
 

Abundance (Cells L-1) of heterotrophic prokaryotes in the Alborán Sea (V4) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

V3 C0 Cells L-1 1 2 3 ±  

100% 5,25E+08 6,08E+08 5,44E+08 4,38E+07 

100% 5,61E+08 5,30E+08 4,97E+08 3,21E+07 

100% 5,14E+08 5,53E+08 5,53E+08 2,26E+07 

80% 3,87E+08 3,50E+08 3,31E+08 2,88E+07 

80% 3,50E+08 3,22E+08 3,47E+08 1,51E+07 

80% 3,54E+08 3,60E+08 3,98E+08 2,38E+07 

50% 1,76E+08 1,67E+08 1,69E+08 4,49E+06 

50% 1,86E+08 1,45E+08 1,70E+08 2,04E+07 

50% 1,40E+08 1,47E+08 1,41E+08 3,69E+06 

20%         

20% 6,70E+07 7,87E+07 6,95E+07 6,17E+06 

20% 6,95E+07 6,53E+07 5,61E+07 6,85E+06 
 

Heterotrophic 
picoplankton   Replicates   STD 

V3 C24 Cells L-1 1 2 3 ±  

100% 4,44E+08 4,16E+08 4,02E+08 2,13E+07 

100% 5,50E+08 4,24E+08 3,99E+08 8,07E+07 

100% 4,41E+08 4,21E+08 4,30E+08 9,80E+06 

80% 2,89E+08 2,30E+08 2,57E+08 2,93E+07 

80% 2,70E+08 2,78E+08 2,41E+08 1,98E+07 

80% 2,51E+08 2,53E+08 2,72E+08 1,15E+07 

50% 1,41E+08 1,54E+08 1,37E+08 8,72E+06 

50% 1,44E+08 1,76E+08 1,42E+08 1,89E+07 

50% 1,67E+08 1,37E+08 1,48E+08 1,55E+07 

20% 6,53E+07 5,78E+07 5,78E+07 4,35E+06 

20% 6,28E+07 6,61E+07 6,61E+07 1,93E+06 

20% 7,54E+07 6,36E+07 5,61E+07 9,70E+06 
 

Abundance (Cells L-1) of heterotrophic prokaryotes in the Balearic Sea (V3) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

V1 C0  Cells L-1 1 2 3 ±  

100% 7,01E+08 6,22E+08 6,28E+08 4,36E+07 

100% 6,45E+08 5,86E+08 6,50E+08 3,56E+07 

100% 6,87E+08 7,06E+08 6,92E+08 1,01E+07 

80% 4,33E+08 4,08E+08 4,04E+08 1,59E+07 

80% 4,48E+08 4,61E+08 3,98E+08 3,32E+07 

80% 4,17E+08 3,71E+08 3,56E+08 3,17E+07 

50% 2,46E+08 2,64E+08 2,57E+08 9,15E+06 

50% 2,60E+08 2,82E+08 2,44E+08 1,89E+07 

50% 2,92E+08 2,96E+08 2,69E+08 1,43E+07 

20% 1,70E+08 1,64E+08 1,47E+08 1,17E+07 

20%         

20% 1,52E+08 1,44E+08 1,55E+08 5,58E+06 
 

Heterotrophic 
picoplankton   Replicates   STD 

V1 C24 Cells L-1 1 2 3 ±  

100% 4,66E+08 4,44E+08 4,83E+08 1,96E+07 

100% 4,91E+08 4,83E+08 3,82E+08 6,06E+07 

100% 4,83E+08 4,52E+08 4,35E+08 2,41E+07 

80% 3,35E+08 3,41E+08 3,37E+08 3,20E+06 

80% 3,96E+08 3,50E+08 3,47E+08 2,72E+07 

80% 3,66E+08 3,68E+08 3,43E+08 1,39E+07 

50% 2,12E+08 2,14E+08 2,20E+08 4,49E+06 

50% 1,94E+08 2,08E+08 2,16E+08 1,13E+07 

50% 1,94E+08 2,04E+08 1,97E+08 5,03E+06 

20% 9,71E+07 8,71E+07 8,21E+07 7,67E+06 

20% 8,96E+07 9,63E+07 1,06E+08 8,43E+06 

20% 9,71E+07 9,38E+07 9,38E+07 1,93E+06 
 

Abundance (Cells L-1) of heterotrophic prokaryotes in the Ligurian Sea (V1) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

V2 C0  Cells L-1 1 2 3 ±  

100% 4,83E+08 5,30E+08 4,91E+08 2,53E+07 

100% 4,74E+08 5,02E+08 4,86E+08 1,40E+07 

100% 5,36E+08 4,88E+08 4,38E+08 4,89E+07 

80% 3,08E+08 2,99E+08 2,91E+08 8,37E+06 

80% 2,76E+08 2,68E+08 2,74E+08 4,36E+06 

80% 2,62E+08 2,32E+08 2,45E+08 1,47E+07 

50% 1,28E+08 1,27E+08 1,28E+08 8,06E+05 

50% 1,48E+08 1,40E+08 1,24E+08 1,20E+07 

50% 1,28E+08 1,34E+08 1,30E+08 2,91E+06 

20% 5,95E+07 5,11E+07 4,77E+07 6,04E+06 

20% 5,19E+07 5,53E+07 5,78E+07 2,94E+06 

20% 5,36E+07 5,44E+07 5,78E+07 2,22E+06 
 

Heterotrophic 
picoplankton   Replicates   STD 

V2 C24 Cells L-1 1 2 3 ±  

100% 4,72E+08 4,38E+08 4,49E+08 1,71E+07 

100% 4,63E+08 5,00E+08 4,10E+08 4,49E+07 

100% 4,44E+08 4,30E+08 4,35E+08 7,02E+06 

80% 2,83E+08 3,08E+08 2,76E+08 1,66E+07 

80% 3,20E+08 2,99E+08 3,04E+08 1,11E+07 

80% 3,29E+08 3,18E+08 3,29E+08 6,04E+06 

50% 5,41E+08 6,03E+08 6,31E+08 4,57E+07 

50% 5,39E+08 6,70E+08 7,23E+08 9,48E+07 

50% 5,05E+08 5,11E+08 6,14E+08 6,13E+07 

20% 3,27E+08 3,29E+08 3,94E+08 3,79E+07 

20% 3,41E+08 3,32E+08 3,66E+08 1,74E+07 

20% 2,82E+08 2,82E+08 2,60E+08 1,29E+07 
 

Abundance (Cells L-1) of heterotrophic prokaryotes in Southern Tyrrhenian (V2) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 

 



Autotrophic picoplankton   Replicates   STD 

VA C0 µgC L-1 1 2 3 ± 

100% 0,45 0,57 0,83 0,19 

80% 0,28 0,27 0,29 0,01 

50% 0,15 0,14 0,14 0,00 

20% 0,07 0,10 0,06 0,02 
 

Autotrophic picoplankton   Replicates   STD 

VA C24 µgC L-1 1 2 3 ± 

100% 0,41 0,30 0,18 0,11 

80% 0,14 0,15 0,11 0,02 

50% 0,13 0,06 0,10 0,03 

20% 0,09 0,06 0,08 0,02 
 

Biomass (µgCL-1) of autotrophic prokaryotes in the Atlantic ocean (VA) at C0 and C24. 
 
 
 

Autotrophic picoplankton   Replicates   STD 

V4 C0 µgC L-1 1 2 3 ± 

100% 0,86 0,72 0,88 0,09 

80% 0,40 0,26 0,31 0,07 

50% 0,21 0,20 0,21 0,01 

20% 0,21 0,12 0,10 0,06 
 

Autotrophic picoplankton   Replicates   STD 

V4 C24 µgC L-1 1 2 3 ± 

100% 0,91 0,95 1,02 0,06 

80% 0,74 0,71 0,65 0,05 

50% 0,31 0,52 0,29 0,13 

20% 0,19 0,10 0,19 0,05 
 

Biomass (µgCL-1) of autotrophic prokaryotes in the Alborán (V4) at C0 and C24. 
 
 
 

Autotrophic picoplankton   Replicates   STD 

V4 C0 µgC L-1 1 2 3 ± 

100% 0,47 0,38 0,47 0,05 

80% 0,23 0,25 0,23 0,01 

50% 0,17 0,10 0,11 0,04 

20%   0,10 0,09 0,00 
 

Autotrophic picoplankton   Replicates   STD 

V4 C24 µgC L-1 1 2 3 ± 

100% 0,42 0,27 0,25 0,09 

80% 0,19 0,25 0,26 0,04 

50% 0,34 0,26 0,20 0,07 

20% 0,11 0,08 0,07 0,02 
 

Biomass (µgCL-1) of autotrophic prokaryotes in the Balearic Sea (V3) at C0 and C24. 
 
 
 
 
 



 
 
 
 
 
 
 
 
 

Autotrophic picoplankton   Replicates   STD 

V3 C0 µgC L-1 1 2 3 ± 

100% 0,76 0,65 0,68 0,05 

80% 0,43 0,38 0,44 0,03 

50% 0,32 0,26 0,25 0,04 

20% 0,19 0,18 0,14 0,03 
 

Autotrophic picoplankton   Replicates   STD 

V3 C24 µgC L-1 1 2 3 ± 

100% 0,93 0,90 0,76 0,09 

80% 0,85 0,92 0,62 0,16 

50% 0,70 0,56 0,70 0,08 

20% 0,29 0,18 0,14 0,08 
 

Biomass (µgCL-1) of autotrophic prokaryotes in the Ligurian Sea (V1) at C0 and C24. 
 
 
 

Autotrophic 
picoplankton   Replicates   STD 

V2 C0 µgC L-1 1 2 3 ± 

100% 0,96 0,89 0,77 0,09 

80% 0,67 0,51 0,54 0,09 

50% 0,40 0,32 0,32 0,05 

20% 0,18 0,18 0,18 0,00 
 

Autotrophic 
picoplankton   Replicates   STD 

V2 C24 µgC L-1 1 2 3 ± 

100% 0,70 0,58 0,49 0,11 

80% 0,72 0,58 0,63 0,07 

50% 0,49 0,37 0,41 0,06 

20% 0,24 0,16 0,15 0,05 
 

Biomass (µgCL-1) of autotrophic prokaryotes in Southern Tyrrhenian (V2) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Heterotrophic picoplankton   Replicates   STD 

VA C0  µgC L-1 1 2 3 ±  

100% 11,83 11,83 10,27 0,90 

100% 11,83 11,78 11,44 0,21 

100% 13,51 10,94 11,83 1,30 

80% 8,04 6,87 5,69 1,17 

80% 8,29 7,91 7,41 0,44 

80% 8,42 8,75 7,62 0,58 

50% 6,17 5,30 4,72 0,73 

50% 5,08 4,10 3,94 0,62 

50% 4,55 3,82 3,43 0,57 

20% 1,93 1,86 1,69 0,12 

20% 2,09 1,93 2,04 0,09 

20% 1,89 1,62 1,78 0,13 
 

Heterotrophic picoplankton   Replicates   STD 

VA C24  µgC L-1 1 2 3 ± 

100% 7,87 6,25 8,54 1,18 

100% 7,98 6,36 7,65 0,85 

100% 7,31 6,75 6,25 0,53 

80% 5,32 4,65 4,77 0,36 

80% 5,82 4,10 3,68 1,13 

80% 4,90 4,52 3,60 0,67 

50% 3,82 3,04 3,32 0,40 

50% 3,68 3,07 2,79 0,46 

50% 2,76 2,96 2,65 0,16 

20% 2,06 1,19 1,47 0,44 

20% 1,39 1,36 0,97 0,23 

20% 1,81 1,59 1,76 0,11 
 

Biomass (µgCL-1) of heterotrophic prokaryotes in the Atlantic ocean (VA) at C0 and C24. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 

 
 

Heterotrophic 
picoplankton   Replicates   STD 

V4 C0  µgC L-1 1 2 3 ± 

100% 12,17 12,39 10,66 0,94 

100% 11,28 12,00 12,00 0,42 

100% 12,28 11,39 11,16 0,59 

80% 7,83 7,87 6,45 0,81 

80% 6,95 7,03 6,78 0,13 

80% 6,61 6,57 6,91 0,18 

50% 4,66 4,10 4,47 0,28 

50% 5,00 3,85 3,91 0,65 

50% 4,41 3,80 3,82 0,35 

20% 1,97 1,58 1,46 0,27 

20% 2,06 1,51 1,31 0,39 

20% 1,71 1,26 1,37 0,24 
 

Heterotrophic 
picoplankton   Replicates   STD 

V4 C24  µgC L-1 1 2 3 ± 

100% 10,98 10,92 10,07 0,51 

100% 13,17 11,59 12,56 0,80 

100% 11,04 10,74 9,65 0,73 

80% 10,06 10,60 7,65 1,57 

80% 8,51 8,01 8,78 0,39 

80% 7,55 7,42 6,14 0,78 

50% 6,31 4,82 5,10 0,79 

50% 5,86 5,92 4,46 0,82 

50% 4,76 4,70 4,79 0,05 

20% 17,86 16,47 15,97 0,98 

20% 8,71 7,26 9,43 1,11 

20% 11,00 11,61 12,78 0,91 
 

Biomass (µgCL-1) of heterotrophic prokaryotes in the Alborán Sea (V4) at C0 and C24 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

V3 C0 µgC L-1 1 2 3 ± 

100% 10,49 12,17 10,89 0,88 

100% 11,22 10,61 9,94 0,64 

100% 10,27 11,05 11,05 0,45 

80% 7,75 6,99 6,61 0,58 

80% 6,99 6,45 6,95 0,30 

80% 7,08 7,20 7,95 0,48 

50% 3,52 3,35 3,38 0,09 

50% 3,71 2,90 3,41 0,41 

50% 2,79 2,93 2,82 0,07 

20%         

20% 1,34 1,57 1,39 0,12 

20% 1,39 1,31 1,12 0,14 
 

Heterotrophic 
picoplankton   Replicates   STD 

V3 C24 µgC L-1 1 2 3 ± 

100% 8,88 8,32 8,04 0,43 

100% 11,00 8,48 7,98 1,61 

100% 8,82 8,43 8,60 0,20 

80% 5,78 4,61 5,15 0,59 

80% 5,40 5,57 4,81 0,40 

80% 5,02 5,07 5,44 0,23 

50% 2,82 3,07 2,74 0,17 

50% 2,87 3,52 2,85 0,38 

50% 3,35 2,74 2,96 0,31 

20% 1,31 1,16 1,16 0,09 

20% 1,26 1,32 1,32 0,04 

20% 1,51 1,27 1,12 0,19 
 

Biomass (µgCL-1) of heterotrophic prokaryotes in the Balearic Sea (V3) at C0 and C24 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

V1 C0 µgC L-1 1 2 3 ± 

100% 14,01 12,45 12,56 0,87 

100% 12,89 11,72 13,01 0,71 

100% 13,73 14,12 13,84 0,20 

80% 8,67 8,16 8,08 0,32 

80% 8,96 9,21 7,95 0,66 

80% 8,33 7,41 7,12 0,63 

50% 4,91 5,28 5,14 0,18 

50% 5,19 5,64 4,88 0,38 

50% 5,83 5,92 5,39 0,29 

20% 3,40 3,28 2,95 0,23 

20%         

20% 3,03 2,88 3,10 0,11 
 

Heterotrophic 
picoplankton   Replicates   STD 

V1 C24 µgC L-1 1 2 3 ± 

100% 9,32 8,88 9,66 0,39 

100% 9,82 9,66 7,65 1,21 

100% 9,66 9,04 8,71 0,48 

80% 6,70 6,82 6,74 0,06 

80% 7,91 6,99 6,95 0,54 

80% 7,33 7,37 6,87 0,28 

50% 4,24 4,27 4,41 0,09 

50% 3,88 4,16 4,33 0,23 

50% 3,88 4,08 3,94 0,10 

20% 1,94 1,74 1,64 0,15 

20% 1,79 1,93 2,13 0,17 

20% 1,94 1,88 1,88 0,04 
 

Biomass (µgCL-1) of heterotrophic prokaryotes in the Ligurian Sea (V1) at C0 and C24 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

Heterotrophic 
picoplankton   Replicates   STD 

V2 C0 µgC L-1 1 2 3 ± 

100% 9,66 10,61 9,82 0,51 

100% 9,49 10,05 9,71 0,28 

100% 10,72 9,77 8,76 0,98 

80% 6,15 5,99 5,82 0,17 

80% 5,53 5,36 5,48 0,09 

80% 5,23 4,65 4,90 0,29 

50% 2,57 2,54 2,57 0,02 

50% 2,96 2,79 2,48 0,24 

50% 2,57 2,68 2,60 0,06 

20% 1,19 1,02 0,95 0,12 

20% 1,04 1,11 1,16 0,06 

     

20% 1,07 1,09 1,16 0,04 
 

Heterotrophic 
picoplankton   Replicates   STD 

V2 C24 µgC L-1 1 2 3 ± 

100% 9,43 8,76 8,99 0,34 

100% 9,27 9,99 8,21 0,90 

100% 8,88 8,60 8,71 0,14 

80% 5,65 6,15 5,53 0,33 

80% 6,41 5,99 6,07 0,22 

80% 6,57 6,36 6,57 0,12 

50% 10,83 12,06 12,62 0,91 

50% 10,77 13,40 14,46 1,90 

50% 10,10 10,22 12,28 1,23 

20% 6,53 6,59 7,87 0,76 

20% 6,81 6,64 7,31 0,35 

20% 5,64 5,64 5,19 0,26 
 

Biomass (µgCL-1) of heterotrophic prokaryotes in Southern Tyrrhenian (V2) at C0 and C24 

 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

VA C0 CellsL-1 1 2 3 ± 

100% 1,72E+05 1,81E+05 2,35E+05 3,38E+04 

80% 8,23E+04 1,17E+05 1,18E+05 2,03E+04 

50% 2,48E+04 3,16E+04 2,36E+04 4,31E+03 

20% 1,45E+04 1,37E+04 1,33E+04 6,53E+02 
 

Nanoplankton < 3 µm   Replicates   STD 

VA C24 Cells L-1 1 2 3 ± 

100% 6,61E+04 7,63E+04 8,10E+04 7,62E+03 

80% 3,97E+04 4,08E+04 2,61E+04 8,20E+03 

50% 3,97E+04 5,98E+04 3,26E+04 1,41E+04 

20% 7,93E+03 6,23E+03 4,61E+03 1,66E+03 
 

Nanoplankton 3-5 µm   Replicates   STD 

VA C0 Cell L-1 1 2 3 ± 

100% 1,81E+05 1,49E+05 2,01E+05 2,59E+04 

80% 7,64E+04 9,17E+04 1,02E+05 1,30E+04 

50% 2,64E+04 5,12E+04 3,45E+04 1,26E+04 

20% 1,06E+04 1,33E+04 1,34E+04 1,62E+03 
 

Nanoplankton 3-5 µm   Replicates   STD 

VA C24 Cells L-1 1 2 3 ± 

100% 6,94E+04 6,66E+04 7,42E+04 3,84E+03 

80% 4,63E+04 5,85E+04 4,38E+04 7,83E+03 

50% 2,97E+04 3,80E+04 2,86E+04 5,14E+03 

20% 8,81E+03 4,41E+03 4,77E+03 2,45E+03 
 

Nanoplankton >5 µm   Replicates   STD 

VA C0 Cells L-1 1 2 3 ± 

100% 7,93E+04 5,95E+04 9,92E+04 1,98E+04 

80% 3,23E+04 4,46E+04 4,77E+04 8,14E+03 

50% 9,92E+03 2,21E+04 2,59E+04 8,37E+03 

20% 7,93E+03 1,12E+04 7,60E+03 2,01E+03 
 

Nanoplankton >5 µm   Replicates   STD 

VA C24 Cells L-1 1 2 3 ± 

100% 3,97E+04 5,08E+04 3,65E+04 7,50E+03 

80% 8,81E+03 8,81E+03 8,81E+03 0,00E+00 

50% 1,82E+04 1,61E+04 1,40E+04 2,10E+03 

20% 5,29E+03 2,77E+03 2,64E+03 1,49E+03 
 

Abundance (Cells L-1) of nanoplankton in the Atlantic ocean (VA) at C0 and C24. 
 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V4 C0 Cells L-1 1 2 3 ± 

100% 2,03E+05 3,52E+05 2,25E+05 8,09E+04 

80% 1,15E+05 1,10E+05 1,12E+05 2,30E+03 

50% 4,41E+04 4,18E+04 2,89E+04 8,20E+03 

20% 3,75E+04 4,50E+04 6,14E+04 1,23E+04 
 

Nanoplankton < 3 µm   Replicates   STD 

V4 C24 Cells L-1 1 2 3 ± 

100% 4,41E+04 5,02E+04 4,41E+04 3,56E+03 

80% 1,19E+05 1,40E+05 1,37E+05 1,16E+04 

50% 8,81E+03 1,10E+04 1,14E+04 1,38E+03 

20% 4,63E+04 3,74E+04 2,31E+04 1,17E+04 
 

Nanoplankton 3-5 µm   Replicates   STD 

V4 C0 Cell L-1 1 2 3 ± 

100% 1,76E+05 2,16E+05 1,22E+05 4,70E+04 

80% 9,70E+04 6,87E+04 7,88E+04 1,43E+04 

50% 3,82E+04 3,38E+04 3,02E+04 4,01E+03 

20% 3,31E+04 3,02E+04 2,59E+04 3,62E+03 
 

Nanoplankton  3-5 µm   Replicates   STD 

V4 C24 Cell L-1 1 2 3 ± 

100% 7,93E+04 8,99E+04 1,13E+05 1,71E+04 

80% 1,59E+05 2,26E+05 1,83E+05 3,41E+04 

50% 3,23E+04 2,37E+04 4,02E+04 8,25E+03 

20% 4,85E+04 2,22E+04 1,94E+04 1,61E+04 
 

Nanoplankton >5 µm   Replicates   STD 

V4 C0 Cells L-1 1 2 3 ± 

100% 7,93E+04 1,27E+05 1,11E+05 2,42E+04 

80% 4,41E+04 2,49E+04 2,11E+04 1,23E+04 

50% 1,76E+04 1,43E+04 1,93E+04 2,56E+03 

20% 4,41E+03 3,61E+03 2,80E+03 8,01E+02 
 

Nanoplankton  >5 µm   Replicates   STD 

V4 C24 Cells L-1 1 2 3 ± 

100% 2,64E+04 2,83E+04 4,56E+04 1,06E+04 

80% 3,53E+04 3,66E+04 3,00E+04 3,45E+03 

50% 5,88E+03 8,95E+03 8,11E+03 1,59E+03 

20% 1,76E+04 7,93E+03 7,05E+03 5,87E+03 
 

Abundance (Cells L-1) of nanoplankton in the Alborán Sea (V4) at C0 and C24. 
 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V3 C0 Cells L-1 1 2 3 ± 

100% 3,08E+05 3,13E+05 2,95E+05 9,04E+03 

80% 8,81E+04 9,94E+04 8,44E+04 7,81E+03 

50% 9,70E+04 7,65E+04 6,63E+04 1,56E+04 

20% 2,86E+04 2,29E+04 2,67E+04 2,92E+03 
 

Nanoplankton < 3 µm   Replicates   STD 

V3 C24 Cells L-1 1 2 3 ± 

100% 2,56E+05 2,64E+05 2,80E+05 1,26E+04 

80% 8,37E+04 9,21E+04 7,26E+04 9,80E+03 

50% 6,46E+04 5,00E+04 4,80E+04 9,09E+03 

20% 2,20E+04 1,86E+04 2,37E+04 2,59E+03 
 

Nanoplankton 3-5 µm   Replicates   STD 

V3 C0 Cells L-1 1 2 3 ± 

100% 2,29E+05 2,66E+05 1,92E+05 3,73E+04 

80% 8,81E+04 6,68E+04 6,14E+04 1,41E+04 

50% 8,52E+04 7,26E+04 6,00E+04 1,26E+04 

20% 2,64E+04 3,05E+04 3,66E+04 5,12E+03 
 

Nanoplankton 3-5µm   Replicates   STD 

V3 C24 Cells L-1 1 2 3 ± 

100% 2,03E+05 2,11E+05 2,28E+05 1,29E+04 

80% 1,06E+05 1,01E+05 7,55E+04 1,62E+04 

50% 3,82E+04 2,16E+04 3,65E+04 9,15E+03 

20% 6,61E+03 9,01E+03 4,21E+03 2,40E+03 
 

Nanoplankton >5 µm   Replicates   STD 

V3 C0 Cells L-1 1 2 3 ± 

100% 8,81E+04 8,30E+04 6,22E+04 1,37E+04 

80% 3,97E+04 3,19E+04 2,73E+04 6,27E+03 

50% 1,47E+04 9,79E+03 1,47E+04 2,83E+03 

20% 6,61E+03 9,92E+03 9,92E+03 1,91E+03 
 

Nanoplankton >5µm   Replicates   STD 

V3 C24 Cells L-1 1 2 3 ± 

100% 8,81E+04 6,61E+04 1,10E+05 2,20E+04 

80% 4,41E+04 1,76E+04 4,41E+04 1,53E+04 

50% 1,18E+04 6,72E+03 5,04E+03 3,49E+03 

20% 8,81E+03 1,23E+04 1,23E+04 2,04E+03 
 

Abundance (Cells L-1) of nanoplankton in the Balearic Sea (V3) at C0 and C24. 
 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V1 C0 Cells L-1 1 2 3 ± 

100% 6,23E+05 6,06E+05 6,50E+05 2,21E+04 

80% 2,55E+05 1,94E+05 2,51E+05 3,38E+04 

50% 1,16E+05 1,40E+05 1,26E+05 1,17E+04 

20% 5,19E+04 5,19E+04 4,95E+04 1,43E+03 
 

Nanoplankton < 3 µm   Replicates   STD 

V1 C24 Cells L-1 1 2 3 ± 

100% 3,31E+05 3,10E+05 3,31E+05 1,17E+04 

80% 2,64E+05 1,88E+05 1,79E+05 4,68E+04 

50% 1,57E+05 1,28E+05 1,80E+05 2,58E+04 

20% 7,08E+04 6,40E+04 8,00E+04 8,02E+03 
 

Nanoplankton 3-5 µm   Replicates   STD 

V1 C0 Cells L-1 1 2 3 ± 

100% 3,97E+05 4,18E+05 4,61E+05 3,27E+04 

80% 1,46E+05 1,34E+05 1,46E+05 7,24E+03 

50% 1,04E+05 1,31E+05 1,13E+05 1,38E+04 

20% 4,72E+04 3,93E+04 2,75E+04 9,90E+03 
 

Nanoplankton 3-5 µm   Replicates   STD 

V1 C24 Cells L-1 1 2 3 ± 

100% 1,79E+05 1,50E+05 1,17E+05 3,13E+04 

80% 3,87E+05 2,61E+05 3,69E+05 6,82E+04 

50% 2,08E+05 2,08E+05 1,64E+05 2,53E+04 

20% 9,21E+04 9,69E+04 1,07E+05 7,40E+03 
 

Nanoplankton >5 µm   Replicates   STD 

V1 C0 Cells L-1 1 2 3 ± 

100% 1,04E+05 1,42E+05 1,37E+05 2,07E+04 

80% 4,25E+04 6,95E+04 3,48E+04 1,83E+04 

50% 1,57E+04 6,56E+03 1,57E+04 5,30E+03 

20% 4,72E+03 5,90E+03 5,90E+03 6,82E+02 
 

Nanoplankton >5 µm   Replicates   STD 

V1 C24 Cells L-1 1 2 3 ± 

100% 9,44E+03 3,78E+03 4,25E+03 3,14E+03 

80% 1,09E+05 9,65E+04 9,65E+04 6,97E+03 

50% 3,78E+04 2,83E+04 2,83E+04 5,45E+03 

20% 2,36E+04 2,36E+04 3,93E+04 9,09E+03 
 

Abundance (Cells L-1) of nanoplankton in the Ligurian Sea (V1) at C0 and C24. 
 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V2 C0 Cells L-1 1 2 3 ± 

100% 2,20E+05 2,02E+05 2,45E+05 2,15E+04 

80% 6,93E+04 2,31E+04 5,67E+04 2,39E+04 

50% 3,99E+04 4,15E+04 4,47E+04 2,44E+03 

20% 1,57E+04 1,18E+04 1,18E+04 2,27E+03 
 

Nanoplankton < 3 µm   Replicates   STD 

V2 C24 Cells L-1 1 2 3 ± 

100% 2,27E+05 1,80E+05 1,93E+05 2,40E+04 

80% 2,03E+05 1,88E+05 1,65E+05 1,89E+04 

50% 1,45E+05 1,04E+05 9,76E+04 2,56E+04 

20% 3,07E+04 3,54E+04 4,60E+04 7,86E+03 
 

Nanoplankton 3-5 µm   Replicates   STD 

V2 C0 Cells L-1 1 2 3 ± 

100% 1,45E+05 1,18E+05 8,75E+04 2,87E+04 

80% 7,24E+04 3,86E+04 4,34E+04 1,83E+04 

50% 3,57E+04 3,03E+04 3,39E+04 2,72E+03 

20% 1,26E+04 3,36E+04 1,68E+04 1,11E+04 
 

Nanoplankton 3-5 µm   Replicates   STD 

V2 C24 Cells L-1 1 2 3 ± 

100% 2,27E+05 1,35E+05 1,96E+05 4,68E+04 

80% 1,84E+05 2,71E+05 1,65E+05 5,68E+04 

50% 1,10E+05 1,71E+05 1,90E+05 4,17E+04 

20% 3,07E+04 2,15E+04 4,14E+04 9,98E+03 
 

Nanoplankton >5 µm   Replicates   STD 

V2 C0 Cells L-1 1 2 3 ± 

100% 5,04E+04 2,52E+04 3,02E+04 1,33E+04 

80% 2,52E+04 2,52E+04 8,01E+03 9,91E+03 

50% 6,30E+03 2,29E+03 4,58E+03 2,01E+03 

20% 1,42E+04 3,31E+04 1,42E+04 1,09E+04 
 

Nanoplankton >5 µm   Replicates   STD 

V2 C24 Cells L-1 1 2 3 ± 

100% 3,78E+04 3,20E+04 3,78E+04 3,36E+03 

80% 1,92E+04 5,49E+03 1,65E+04 7,27E+03 

50% 1,57E+04 1,05E+04 2,36E+04 6,60E+03 

20% 7,08E+03 5,31E+03 6,20E+03 8,85E+02 
 

Abundance (Cells L-1) of nanoplankton in Southern Tyrrhenian (V2) at C0 and C24. 
 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

VA C0 µgC L-1 1 2 3 ± 

100% 0,26 0,27 0,35 0,05 

80% 0,12 0,17 0,18 0,03 

50% 0,04 0,05 0,04 0,01 

20% 0,02 0,02 0,02 0,00 
 

Nanoplankton < 3 µm   Replicates   STD 

VA C24 µgC  L-1 1 2 3 ± 

100% 0,10 0,11 0,12 0,01 

80% 0,06 0,06 0,04 0,01 

50% 0,06 0,09 0,05 0,02 

20% 0,01 0,01 0,01 0,00 
 

Nanoplankton 3-5 µm   Replicates   STD 

VA C0  µgC L-1 1 2 3 ± 

100% 1,11 0,92 1,23 0,16 

80% 0,47 0,56 0,63 0,08 

50% 0,16 0,31 0,21 0,08 

20% 0,06 0,08 0,08 0,01 
 

Nanoplankton 3-5 µm   Replicates   STD 

VA C24 µgC L-1 1 2 3 ± 

100% 0,43 0,41 0,45 0,02 

80% 0,28 0,36 0,27 0,05 

50% 0,18 0,23 0,18 0,03 

20% 0,05 0,03 0,03 0,01 
 

Nanoplankton >5 µm   Replicates   STD 

VA C0  µgC L-1 1 2 3 ± 

100% 3,21 2,40 4,01 0,80 

80% 1,31 1,80 1,93 0,33 

50% 0,40 0,89 1,05 0,34 

20% 0,32 0,45 0,31 0,08 
 

Nanoplankton >5 µm   Replicates   STD 

VA C24 µgC L-1 1 2 3 ± 

100% 1,60 2,05 1,47 0,30 

80% 0,36 0,36 0,36 0,00 

50% 0,73 0,65 0,56 0,08 

20% 0,21 0,11 0,11 0,06 
 

Biomass (µgCL-1) of nanoplankton in the Atlantic ocean (VA) at C0 and C24 

 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V4 C0 µgC L-1 1 2 3 ± 

100% 0,30 0,53 0,34 0,12 

80% 0,17 0,16 0,17 0,00 

50% 0,07 0,06 0,04 0,01 

20% 0,06 0,07 0,09 0,02 
 

Nanoplankton < 3 µm   Replicates   STD 

V4 C24 µgC L-1 1 2 3 ± 

100% 0,07 0,08 0,07 0,01 

80% 0,18 0,21 0,21 0,02 

50% 0,01 0,02 0,02 0,00 

20% 0,07 0,06 0,03 0,02 
 

Nanoplankton 3-5 µm   Replicates   STD 

V4 C0  µgC L-1 1 2 3 ± 

100% 1,08 1,32 0,75 0,29 

80% 0,59 0,42 0,48 0,09 

50% 0,23 0,21 0,19 0,02 

20% 0,20 0,18 0,16 0,02 
 

Nanoplankton 3-5 µm   Replicates   STD 

V4 C24 µgC L-1 1 2 3 ± 

100% 0,49 0,55 0,69 0,10 

80% 0,97 1,38 1,12 0,21 

50% 0,20 0,15 0,25 0,05 

20% 0,30 0,14 0,12 0,10 
 

Nanoplankton >5 µm   Replicates   STD 

V4 C0 µgC L-1 1 2 3 ± 

100% 3,21 5,13 4,49 0,98 

80% 1,78 1,01 0,85 0,50 

50% 0,71 0,58 0,78 0,10 

20% 0,18 0,15 0,11 0,03 
 

Nanoplankton >5 µm   Replicates   STD 

V4 C24 µgC L-1 1 2 3 ± 

100% 1,07 1,14 1,84 0,43 

80% 1,42 1,48 1,21 0,14 

50% 0,24 0,36 0,33 0,06 

20% 0,71 0,32 0,28 0,24 
 

Biomass (µgCL-1) of nanoplankton the Alborán Sea (V4) at C0 and C24 

 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V3 C0 µgC L-1 1 2 3 ± 

100% 0,46 0,47 0,44 0,01 

80% 0,13 0,15 0,13 0,01 

50% 0,15 0,11 0,10 0,02 

20% 0,04 0,03 0,04 0,00 
 

Nanoplankton < 3 µm   Replicates   STD 

V3 C24 µgC L-1 1 2 3 ± 

100% 0,38 0,39 0,42 0,02 

80% 0,13 0,14 0,11 0,01 

50% 0,10 0,08 0,07 0,01 

20% 0,03 0,03 0,04 0,00 
 

Nanoplankton  3-5 µm   Replicates   STD 

V3 C0 µgC L-1 1 2 3 ± 

100% 1,40 1,63 1,18 0,23 

80% 0,54 0,41 0,38 0,09 

50% 0,52 0,44 0,37 0,08 

20% 0,16 0,19 0,22 0,03 
 

Nanoplankton 3-5 µm   Replicates   STD 

V3 C24 µgC L-1 1 2 3 ± 

100% 1,24 1,29 1,40 0,08 

80% 0,65 0,62 0,46 0,10 

50% 0,23 0,13 0,22 0,06 

20% 0,04 0,06 0,03 0,01 
 

Nanoplankton >5 µm   Replicates   STD 

V3 C0 µgC L-1 1 2 3 ± 

100% 3,56 3,35 2,51 0,55 

80% 1,60 1,29 1,10 0,25 

50% 0,59 0,40 0,59 0,11 

20% 0,27 0,40 0,40 0,08 

     
Nanoplankton >5 µm   Replicates   STD 

V3 C24 µgC L-1 1 2 3 ± 

100% 3,56 2,67 4,45 0,89 

80% 1,78 0,71 1,78 0,62 

50% 0,48 0,27 0,20 0,14 

20% 0,36 0,50 0,50 0,08 
 

Biomass (µgCL-1) of nanoplankton the Balearic Sea (V3) at C0 and C24 

 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V1 C0 µgC L-1 1 2 3 ± 

100% 0,93 0,91 0,97 0,03 

80% 0,38 0,29 0,38 0,05 

50% 0,17 0,28 0,26 0,06 

20% 0,08 0,08 0,07 0,00 
 

Nanoplankton < 3 µm   Replicates   STD 

V1 C24 µgC L-1 1 2 3 ± 

100% 0,49 0,46 0,49 0,02 

80% 0,40 0,28 0,27 0,07 

50% 0,24 0,19 0,27 0,04 

20% 0,11 0,10 0,12 0,01 
 

Nanoplankton 3-5 µm   Replicates   STD 

V1 C0 µgC L-1 1 2 3 ± 

100% 2,43 2,56 2,83 0,20 

80% 0,90 0,82 0,90 0,04 

50% 0,64 0,80 0,69 0,08 

20% 0,29 0,24 0,17 0,06 
 

Nanoplankton 3-5 µm   Replicates   STD 

V1 C24 µgC L-1 1 2 3 ± 

100% 1,10 0,92 0,72 0,19 

80% 2,37 1,60 2,26 0,42 

50% 1,27 1,27 1,01 0,15 

20% 0,56 0,59 0,65 0,05 
 

Nanoplankton >5 µm   Replicates   STD 

V1 C0 µgC L-1 1 2 3 ± 

100% 4,20 5,74 5,52 0,84 

80% 1,72 2,81 1,40 0,74 

50% 0,64 0,26 0,64 0,21 

20% 0,19 0,24 0,24 0,03 
 

Nanoplankton >5 µm   Replicates   STD 

V1 C24 µgC L-1 1 2 3 ± 

100% 0,38 0,15 0,17 0,13 

80% 4,39 3,90 3,90 0,28 

50% 1,53 1,14 1,14 0,22 

20% 0,95 0,95 1,59 0,37 
 

Biomass (µgCL-1) of nanoplankton the Ligurian Sea (V1) at C0 and C24 

 
 
 
 
 
 
 
 



 
 
 
 
 

Nanoplankton < 3 µm   Replicates   STD 

V2 C0 µgC L-1 1 2 3 ± 

100% 0,33 0,30 0,37 0,03 

80% 0,10 0,03 0,08 0,04 

50% 0,06 0,06 0,07 0,00 

20% 0,02 0,02 0,02 0,00 
 

Nanoplankton < 3 µm   Replicates   STD 

V2 C24 µgC L-1 1 2 3 ± 

100% 0,34 0,27 0,29 0,04 

80% 0,30 0,28 0,25 0,03 

50% 0,22 0,16 0,15 0,04 

20% 0,05 0,05 0,07 0,01 
 

Nanoplankton 3-5 µm   Replicates   STD 

V2 C0 µgC L-1 1 2 3 ± 

100% 0,89 0,72 0,54 0,18 

80% 0,44 0,24 0,27 0,11 

50% 0,22 0,19 0,21 0,02 

20% 0,08 0,21 0,10 0,07 
 

Nanoplankton 3-5 µm   Replicates   STD 

V2 C24 µgC L-1 1 2 3 ± 

100% 1,39 0,83 1,20 0,29 

80% 1,13 1,66 1,01 0,35 

50% 0,68 1,05 1,16 0,26 

20% 0,19 0,13 0,25 0,06 
 

Nanoplankton >5 µm   Replicates   STD 

V2 C0 µgC L-1 1 2 3 ± 

100% 2,03 1,02 1,22 0,54 

80% 1,02 1,02 0,32 0,40 

50% 0,25 0,09 0,18 0,08 

20% 0,57 1,34 0,57 0,44 
 

Nanoplankton >5 µm   Replicates   STD 

V2 C24 µgC L-1 1 2 3 ± 

100% 1,53 1,29 1,53 0,14 

80% 0,78 0,22 0,67 0,29 

50% 0,64 0,42 0,95 0,27 

20% 0,29 0,21 0,25 0,04 
 

Biomass (µgCL-1) of nanoplankton Southern Tyrrhenian (V2) at C0 and C24 

 
 
 
 
 
 
 
 



 
VA 100% B 100% B 100% C 100 C 

C0 Cells L-1  µgC L-1 Cells L-1 µgC L-1 

Pennate diatoms 3,43E+02 0,07 5,67E+02 0,08 

Centric diatoms 7,46E+01 0,03 9,55E+01 0,03 

Dinoflagellates < 20µm 1,13E+03 0,17 1,72E+03 0,18 

Dinoflagellates > 20 µm 4,75E+02 1,82 2,90E+02 0,75 

Coccolithophorids 1,02E+03 0,16 1,33E+03 0,15 
Other phytoflagellates < 

20µm 1,52E+02 0,02 1,22E+02 0,01 
Other phytoflagellates > 20 

µm 4,81E+02 0,16 3,01E+02 0,06 

STD± 406,05 0,65 638,68 0,26 
 

VA 80% A 80% A 80% B 80% B 80% C 80% C 

C0 Cells L-1 µgC L-1 Cells L-1 µgC L-1 Cells L-1 µgC L-1 

Pennate diatoms 9,10E+02 0,13 5,04E+02 0,07 2,56E+02 0,04 

Centric diatoms 2,00E+02 0,06 2,24E+02 0,07 2,28E+01 0,007 

Dinoflagellates < 20µm 3,73E+02 0,04 2,87E+02 0,03 2,70E+02 0,03 

Dinoflagellates > 20 µm 1,40E+02 0,36 8,96E+01 0,23 1,08E+02 0,30 

Coccolithophorids 8,90E+02 0,10 7,13E+02 0,08 1,93E+02 0,02 
Other phytoflagellates < 

20µm 4,42E+02 0,05 1,07E+02 0,01 5,29E+02 0,05 
Other phytoflagellates > 20 

µm 5,97E+01 0,01 2,09E+01 0,004 7,31E+01 0,01 

STD± 346,25 0,12 249,86 0,08 169,07 0,10 
 

VA 50% A 50% A 50% B 50% B 50% C 50% C 

C0 Cells L-1 µgC L-1 Cells L-1 µgC L-1 Cells L-1 µgC L-1 

Pennate diatoms 1,78E+02 0,03 1,40E+02 0,02 1,30E+02 0,02 

Centric diatoms 1,38E+01 0,004 2,63E+01 0,008 2,80E+01 0,009 

Dinoflagellates < 20µm 1,38E+02 0,01 9,13E+01 0,009 1,42E+02 0,01 

Dinoflagellates > 20 µm 6,62E+01 0,17 3,88E+01 0,1 5,80E+01 0,15 

Coccolithophorids 1,31E+02 0,01 8,13E+01 0,009 1,24E+02 0,01 
Other phytoflagellates < 

20µm 1,86E+02 0,02 1,55E+02 0,01 2,26E+02 0,02 
Other phytoflagellates > 20 

µm 1,08E+01 0,002 3,50E+01 0,008 2,80E+01 0,006 

STD± 73,54 0,06 51,58 0,03 71,95 0,05 
 

VA 20% A 20% A 20% B 20% B 20% C 20% C 

C0 Cells L-1 µgC L-1 Cells L-1 µgC L-1 Cells L-1 µgC L-1 

Pennate diatoms 9,54E+01 0,01 4,50E+01 0,007 6,90E+01 0,01 

Centric diatoms    1,50E+01 0,005 6,00E+00 0,002 

Dinoflagellates < 20µm 8,92E+01 0,009 3,75E+01 0,004 3,75E+01 0,004 

Dinoflagellates > 20 µm 2,92E+01 0,07 1,50E+01 0,04 2,10E+01 0,05 

Coccolithophorids 7,85E+01 0,008 3,88E+01 0,004 4,95E+01 0,005 
Other phytoflagellates < 

20µm 1,05E+02 0,01 1,29E+02 0,01 1,32E+02 0,14 
Other phytoflagellates > 20 

µm 1,38E+01 0,003 1,00E+01 0,002 1,95E+01 0,004 

STD± 43,02 0,03 40,92 0,01 42,66 0,05 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Atlantic Ocean (C0). 
 
 
 
 
 



 
 
 

VA  100% A 100% A 100% B 100 B 100% C 100 C 

C24 Cells L-1 µgC L-1 Cells L-1 µgC L-1 Cells L-1 µgC L-1 

Pennate diatoms 7,80E+01 0,010 7,80E+01 0,01 1,88E+02 0,03 

Centric diatoms 6,00E+00 0,002 1,40E+01 0,00 1,79E+01 0,01 

Dinoflagellates < 20µm 1,42E+02 0,010 2,52E+02 0,03 3,25E+02 0,03 

Dinoflagellates > 20 µm 8,60E+01 0,220 8,80E+01 0,23 1,07E+02 0,28 

Coccolithophorids 9,60E+01 0,010 1,28E+02 0,01 1,16E+02 0,01 
Other phytoflagellates < 

20µm 2,52E+02 0,030 5,26E+02 0,05 3,34E+02 0,03 
Other phytoflagellates > 20 

µm 5,40E+01 0,010 4,40E+01 0,01 7,16E+01 0,01 

STD± 77,98 0,08 178,00 0,08 14,93 0,10 
 

VA   80% A 80% A 80% B 80% B 80% C 80% C 

C24 Cells L-1 µgC L-1 Cells L-1 µgC L-1 Cells L-1 µgC L-1 

Pennate diatoms 4,48E+02 0,07 4,70E+02 0,07 2,66E+02 0,04 

Centric diatoms 7,14E+01 0,02 6,60E+01 0,02 2,00E+01 0,006 

Dinoflagellates < 20µm 2,17E+02 0,02 3,02E+02 0,03 2,72E+02 0,03 

Dinoflagellates > 20 µm 6,67E+01 0,17 6,75E+01 0,17 6,60E+01 0,17 

Coccolithophorids 1,39E+02 0,01 1,19E+02 0,01 1,00E+02 0,01 
Other phytoflagellates < 

20µm 4,49E+02 0,01 6,00E+02 0,06 5,44E+02 0,06 
Other phytoflagellates > 20 

µm 5,71E+01 0,05 4,35E+01 0,009 6,20E+01 0,01 

STD± 173,96 0,06 223,45 0,06 185,55 0,06 
 

VA   50% A 50% A 50% B 50% B 50% C 50% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Pennate diatoms 1,38E+02 0,02 3,12E+02 0,05 1,48E+02 0,02 

Centric diatoms 3,13E+01 0,01 5,25E+01 0,02 1,25E+01 0,004 

Dinoflagellates < 20µm 1,21E+02 0,01 1,31E+02 0,01 1,04E+02 0,01 

Dinoflagellates > 20 µm 4,75E+01 0,12 5,85E+01 0,15 3,25E+01 0,08 

Coccolithophorids 8,50E+01 0,009 1,05E+02 0,01 5,88E+01 0,006 

Other phytoflagellates < 20µm 3,03E+02 0,03 3,60E+02 0,04 2,51E+02 0,06 

Other phytoflagellates > 20 µm 3,25E+01 0,007 1,05E+01 0,002 3,88E+01 0,03 

STD± 95,44 0,04 135,45 0,05 84,04 0,03 
 

VA   20% A 20% A 20% B 20% B 20% C 20% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Pennate diatoms 1,56E+02 0,02 9,71E+01 0,01 7,80E+01 0,01 

Centric diatoms 7,50E+00 0,002 1,71E+01 0,005 6,00E+00 0,002 

Dinoflagellates < 20µm 5,25E+01 0,005 2,86E+01 0,003 6,20E+01 0,006 

Dinoflagellates > 20 µm 4,50E+00 0,01 5,71E+00 0,01 2,00E+01 0,05 

Coccolithophorids 2,10E+01 0,002 1,86E+01 0,002 3,20E+01 0,003 
Other phytoflagellates < 

20µm 1,26E+02 0,01 8,00E+01 0,008 1,66E+02 0,02 
Other phytoflagellates > 20 

µm 4,50E+00 0,001 2,86E+00 0,0006 1,80E+01 0,004 

STD± 62,91 0,01 37,43 0,00 55,41 0,02 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Atlantic Ocean (C24). 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

V4 100% A 100% A 100% B 100 B 100% C 100 C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 4,78E+02 0,050 1,87E+02 0,02 5,19E+01 0,01 

Dinoflagellates > 20 µm 1,71E+02 0,440 1,30E+02 0,33 1,40E+02 0,36 

Coccolithophorids 6,29E+02 0,690 2,65E+02 0,29 1,25E+02 0,01 
Other phytoflagellates < 

20µm 3,87E+02 0,410 3,56E+02 0,03 1,27E+02 0,01 

STD± 191,20 0,26 98,07 0,17 39,98 0,18 
 

V4  80% A 80% A 80% B 80% B 80% C 80% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 1,16E+02 0,01 1,33E+02 0,01 8,08E+01 0,008 

Dinoflagellates > 20 µm 9,60E+01 0,25 7,65E+01 0,2 1,03E+02 0,27 

Coccolithophorids 1,95E+01 0,002 2,89E+01 0,003 7,61E+01 0,01 
Other phytoflagellates < 

20µm 8,00E+02 0,08 4,29E+02 0,04 2,68E+02 0,03 

STD± 363,71 0,12 179,68 0,09 91,35 0,13 
 

V4   50% A 50% A 50% B 50% B 50% C 50% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 7,05E+01 0,007 8,29E+01 0,009 7,03E+01 0,007 

Dinoflagellates > 20 µm 5,25E+01 0,13 7,00E+01 0,18 5,12E+01 0,13 

Coccolithophorids 1,80E+01 0,002 1,57E+01 0,002 6,15E+01 0,07 

Other phytoflagellates < 20µm 5,52E+02 0,06 2,94E+02 0,03 3,43E+02 0,03 

STD± 253,50 0,06 122,55 0,08 141,02 0,05 
 

V4  20% A 20% A 20% B 20% B 20% C 20% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 1,22E+01 0,001 4,18E+01 0,004 4,39E+01 0,004 

Dinoflagellates > 20 µm 2,28E+01 0,06 1,79E+01 0,05 3,22E+01 0,08 

Coccolithophorids 1,07E+01 0,001 2,54E+01 0,003 5,12E+01 0,006 
Other phytoflagellates < 

20µm 1,23E+02 0,01 1,85E+02 0,02 1,01E+02 0,01 

STD± 54,35 0,03 78,99 0,02 30,31 0,04 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Alborán Sea (C0). 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 

V4 100% A 100% A 100% B 100 B 100% C 100 C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 1,89E+02 0,020 2,20E+02 0,02 1,62E+02 0,02 

Dinoflagellates > 20 µm 1,40E+02 0,360 7,76E+01 0,2 1,45E+02 0,37 

Coccolithophorids 2,14E+01 0,002 1,90E+01 0,00 8,87E+01 0,01 
Other phytoflagellates < 

20µm 8,56E+02 0,090 1,37E+03 0,14 4,26E+02 0,04 

STD± 376,13 0,17 637,36 0,10 150,49 0,17 
 

V4  80% A 80% A 80% B 80% B 80% C 80% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 1,99E+02 0,02 1,70E+02 0,02 3,75E+02 0,04 

Dinoflagellates > 20 µm 9,71E+01 0,25 1,14E+02 0,29 9,37E+01 0,24 

Coccolithophorids 1,59E+01 0,001 2,10E+02 0,02 1,41E+02 0,01 
Other phytoflagellates < 

20µm 1,08E+03 0,11 4,74E+02 0,05 6,76E+02 0,07 

STD± 491,46 0,11 159,60 0,13 266,74 0,10 
 

V4   50% A 50% A 50% B 50% B 50% C 50% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 1,20E+02 0,01 2,79E+02 0,03 1,78E+02 0,02 

Dinoflagellates > 20 µm 6,81E+01 0,17 5,89E+01 0,15 6,46E+01 0,17 

Coccolithophorids 1,01E+01 0,001 1,75E+02 0,02 8,62E+01 0,009 

Other phytoflagellates < 20µm 3,61E+02 0,04 4,07E+02 0,04 3,09E+02 0,03 

STD± 154,06 0,08 148,33 0,06 111,30 0,08 
 

V4  20% A 20% A 20% B 20% B 20% C 20% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 7,97E+01 0,008 7,04E+01 0,007 9,60E+01 0,01 

Dinoflagellates > 20 µm 2,42E+01 0,06 1,58E+01 0,04 2,25E+01 0,06 

Coccolithophorids 1,56E+01 0,002 2,73E+01 0,003 2,10E+01 0,002 
Other phytoflagellates < 

20µm 4,88E+02 0,05 1,56E+02 0,02 1,13E+02 0,01 

STD± 226,03 0,03 63,82 0,02 48,12 0,03 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Atlantic Ocean (C0). 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 

V3 100% A 100% A 100% B 100 B 100% C 100 C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 5,08E+02 0,050 4,45E+02 0,05 1,83E+02 0,02 

Dinoflagellates > 20 µm 2,33E+02 0,600 1,77E+02 0,46 1,27E+02 0,33 

Coccolithophorids 2,18E+02 0,020 2,57E+02 0,03 1,10E+02 0,01 
Other phytoflagellates < 

20µm 4,06E+02 0,040 3,05E+02 0,03 1,09E+02 0,01 
Other phytoflagellates > 

20µm 8,00E+01 0,020 1,06E+02 0,02 2,79E+01 0,006 

STD± 168,42 0,25 129,18 0,19 55,51 0,14 
 

V3 80% A 80% A 80% B 80% B 80% C 80% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 3,75E+02 0,04 4,96E+02 0,05 7,35E+02 0,08 

Dinoflagellates > 20 µm 7,46E+01 0,19 6,24E+01 0,16 7,27E+01 0,19 

Coccolithophorids 1,16E+02 0,01 1,74E+02 0,02 1,07E+02 0,01 
Other phytoflagellates < 

20µm 2,91E+02 0,03 6,65E+02 0,07 7,40E+02 0,08 

Other phytoflagellates >20µm 3,58E+01 0,01 4,41E+01 0,09 1,03E+02 0,02 

STD± 146,74 0,08 277,70 0,05 352,55 0,07 
 

V3  50% A 50% A 50% B 50% B 50% C 50% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 3,42E+02 0,03 2,22E+02 0,02 4,41E+02 0,05 

Dinoflagellates > 20 µm 5,60E+01 0,14 5,02E+01 0,13 4,49E+01 0,11 

Coccolithophorids 3,36E+01 0,04 6,49E+01 0,007 7,78E+01 0,008 

Other phytoflagellates < 20µm 2,64E+02 0,03 1,92E+02 0,02 4,89E+02 0,05 

Other phytoflagellates > 20µm 3,36E+01 0,07 1,71E+01 0,004 5,68E+01 0,01 

STD± 146,51 0,05 91,47 0,05 222,99 0,04 
 

V3 20% A 20% A 20% B 20% B 20% C 20% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 1,20E+02 0,01 1,72E+02 0,02 1,89E+02 0,02 

Dinoflagellates > 20 µm 2,38E+01 0,06 2,26E+01 0,06 1,31E+01 0,03 

Coccolithophorids 1,19E+01 0,001 1,81E+01 0,002 1,87E+01 0,002 
Other phytoflagellates < 

20µm 7,96E+01 0,008 9,65E+01 0,01 1,50E+02 0,001 

Other phytoflagellates >20µm 5,94E+00 0,001 4,52E+00 0,01 9,36E+00 0,002 

STD± 49,62 0,02 70,81 0,02 86,49 0,01 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Balearic Sea (C0). 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 

V3 100% A 100% A 100% B 100 B 100% C 100 C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20µm 6,92E+02 0,070 7,58E+02 0,08 7,03E+02 0,07 

Dinoflagellates > 20 µm 1,12E+02 0,290 1,23E+02 0,32 1,55E+02 0,4 

Coccolithophorids 1,58E+02 0,020 1,03E+02 0,01 1,96E+02 0,02 
Other phytoflagellates < 

20µm 6,54E+02 0,070 8,13E+02 0,08 7,82E+02 0,08 
Other phytoflagellates > 

20µm 9,00E+01 0,020 1,71E+02 0,04 1,13E+02 0,02 

STD± 304,24 0,11 358,88 0,12 324,40 0,16 
 

V3 80% A 80% A 80% B 80% B 80% C 80% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20 µm 5,14E+02 0,05 9,85E+02 0,1 7,05E+02 0,07 

Dinoflagellates > 20 µm 6,12E+01 0,16 1,58E+02 0,4 1,35E+02 0,35 

Coccolithophorids 6,84E+01 0,007 1,02E+02 0,01 1,65E+02 0,02 

Other phytoflagellates <20µm 4,93E+02 0,05 1,12E+03 0,11 7,39E+02 0,08 

Other phytoflagellates >20µm 6,12E+01 0,01 1,47E+02 0,03 1,32E+02 0,03 

STD± 241,11 0,06 505,58 0,16 317,15 0,14 
 

V3  50% A 50% A 50% B 50% B 50% C 50% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20 µm 3,37E+02 0,03 6,56E+02 0,07 9,00E+02 0,09 

Dinoflagellates > 20 µm 6,00E+01 0,15 6,17E+01 0,001 9,79E+01 0,002 

Coccolithophorids 1,68E+02 0,02 1,26E+02 0,01 9,44E+01 0,01 

Other phytoflagellates < 20 µm 5,97E+02 0,06 6,58E+02 0,07 9,91E+02 0,01 

Other phytoflagellates > 20 µm 8,49E+01 0,02 6,46E+01 0,01 8,92E+01 0,02 

STD± 222,59 0,06 314,70 0,03 467,77 0,04 
 

V3 20% A 20% A 20% B 20% B 20% C 20% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Dinoflagellates < 20 µm 2,02E+02 0,02 2,98E+02 0,03 2,29E+02 0,02 

Dinoflagellates > 20 µm 3,65E+01 0,09 3,98E+01 0,1 3,29E+01 0,08 

Coccolithophorids 4,82E+01 0,005 4,68E+01 0,005 3,29E+01 0,004 
Other phytoflagellates < 20 

µm 2,72E+02 0,03 3,22E+02 0,03 2,16E+02 0,02 

Other phytoflagellates >20µm 3,65E+01 0,008 4,85E+01 0,01 3,64E+01 0,008 

STD± 110,58 0,03 145,40 0,04 103,32 0,03 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Balearic Sea (C24). 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

V1 100% A 100% A 100% B 100 B 100% C 100 C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 8,20E+02 0,120 9,44E+02 0,14 7,76E+02 0,11 

Dinoflagellates < 20 µm 3,89E+02 0,040 3,20E+02 0,03 2,30E+02 0,02 

Dinoflagellates > 20 µm 4,16E+02 1,070 2,87E+02 0,74 2,60E+02 0,67 

Coccolithophorids 4,97E+02 0,050 2,36E+02 0,02 1,14E+02 0,01 
Other phytoflagellates < 

20µm 3,24E+02 0,030 3,95E+02 0,04 3,51E+02 0,04 

STD± 195,03 0,45 289,64 0,31 254,71 0,28 
 

V1 80% A 80% A 80% B 80% B 80% C 80% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 9,42E+02 0,14 6,46E+02 0,1 7,96E+02 0,12 

Dinoflagellates < 20µm 5,69E+02 0,06 3,73E+02 0,04 3,44E+02 0,03 

Dinoflagellates > 20 µm 3,25E+02 0,84 1,68E+02 0,43 2,33E+02 0,60 

Coccolithophorids 1,88E+02 0,02 1,84E+02 0,02 1,57E+02 0,02 
Other phytoflagellates < 

20µm 9,90E+02 0,10 5,52E+02 0,06 4,26E+02 0,04 

STD± 358,89 0,34 213,95 0,17 248,89 0,25 
 

V1 50% A 50% A 50% B 50% B 50% C 50% C 

C0 Cells L-1 µgC L-1 Cells L-1 µgC L-1 Cells L-1 µgC L-1 

Diatoms 7,08E+02 0,11 5,97E+02 0,09 6,51E+02 0,1 

Dinoflagellates < 20µm 3,80E+02 0,04 2,49E+02 0,03 2,72E+02 0,03 

Dinoflagellates > 20 µm 1,87E+02 0,48 1,59E+02 0,41 9,17E+01 0,24 

Coccolithophorids 7,31E+01 0,008 1,21E+02 0,01 9,01E+01 0,1 

Other phytoflagellates < 20 µm 1,15E+03 0,12 5,23E+02 0,05 5,91E+02 0,06 

STD± 435,19 0,19 216,77 0,17 268,46 0,08 
 

V1 20% A 20% A 20% B 20% B 20% C 20% C 

C0 Cells L-1 µgC L-1 Cells L-1 µgC L-1 Cells L-1 µgC L-1 

Diatoms 2,85E+02 0,04 1,48E+02 0,02 2,02E+02 0,03 

Dinoflagellates < 20 µm 1,25E+02 0,01 1,08E+02 0,01 1,09E+02 0,01 

Dinoflagellates > 20 µm 6,17E+01 0,16 8,96E+01 0,23 8,46E+01 0,22 

Coccolithophorids 3,43E+01 0,004 1,76E+02 0,02 1,40E+02 0,01 
Other phytoflagellates < 20 

µm 5,32E+02 0,06 6,12E+02 0,06 5,54E+02 0,06 

STD± 205,61 0,06 218,24 0,09 193,19 0,09 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Ligurian Sea (C0). 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

V1 100% A 100% A 100% B 100 B 100% C 100 C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 8,77E+02 0,130 6,55E+02 0,10 9,01E+02 0,14 

Dinoflagellates < 20 µm 7,70E+02 0,080 7,89E+02 0,08 6,87E+02 0,07 

Dinoflagellates > 20 µm 4,04E+02 1,040 2,58E+02 0,67 3,90E+02 1,00 

Coccolithophorids 1,60E+02 0,020 2,29E+02 0,02 1,89E+02 0,02 
Other phytoflagellates < 

20µm 1,38E+03 0,010 1,62E+03 0,17 1,26E+03 0,13 

STD± 467,88 0,44 564,47 0,26 421,52 0,41 
 

V1 80% A 80% A 80% B 80% B 80% C 80% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 7,18E+02 0,11 9,01E+02 0,14 6,62E+02 0,1 

Dinoflagellates < 20µm 7,01E+02 0,07 9,01E+02 0,09 6,72E+02 0,07 

Dinoflagellates > 20 µm 2,70E+02 0,7 3,89E+02 1,000 1,97E+02 0,51 

Coccolithophorids 1,13E+02 0,01 1,91E+02 0,020 1,49E+02 0,02 
Other phytoflagellates < 

20µm 2,31E+03 0,24 1,62E+03 0,170 1,44E+03 0,15 

STD± 870,94 0,28 556,14 0,40 519,55 0,20 
 

V1 50% A 50% A 50% B 50% B 50% C 50% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 6,82E+02 0,1 4,53E+02 0,07 6,04E+02 0,09 

Dinoflagellates < 20µm 6,12E+02 0,06 5,90E+02 0,06 6,71E+02 0,07 

Dinoflagellates > 20 µm 2,37E+02 0,61 1,63E+02 0,42 1,14E+02 0,29 

Coccolithophorids 1,06E+02 0,01 6,99E+01 0,07 6,01E+01 0,006 

Other phytoflagellates < 20µm 1,41E+03 0,15 1,41E+03 0,14 1,24E+03 0,13 

STD± 509,41 0,24 532,52 0,15 480,57 0,11 
 

V1 20% A 20% A 20% B 20% B 20% C 20% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 2,67E+02 0,04 1,98E+02 0,03 3,19E+02 0,05 

Dinoflagellates < 20µm 3,84E+02 0,04 2,78E+02 0,03 3,72E+02 0,04 

Dinoflagellates > 20 µm 8,14E+01 0,21 4,24E+01 0,1 2,93E+01 0,07 

Coccolithophorids 9,18E+01 0,01 3,18E+01 0,003 2,93E+01 0,003 
Other phytoflagellates < 

20µm 8,95E+02 0,09 4,28E+02 0,04 5,07E+02 0,05 

STD± 333,19 0,08 166,72 0,04 213,84 0,02 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in the Ligurian Sea (C24). 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

V2 100% A 100% A 100% B 100 B 100% C 100 C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 3,63E+02 0,05 5,716E+02 0,09 4,14E+02 0,06 

Dinoflagellates < 20µm 3,39E+02 0,03 3,80E+02 0,04 3,09E+02 0,03 

Dinoflagellates > 20 µm 1,15E+02 0,30 1,53E+02 0,40 1,55E+02 0,40 

Coccolithophorids 3,13E+02 0,03 3,75E+02 0,04 2,40E+02 0,03 
Other phytoflagellates < 

20µm 2,31E+02 0,02 2,10E+02 0,02 1,79E+02 0,02 

STD± 100,71 0,12 164,53 0,16 105,25 0,16 
 

V2 80% A 80% A 80% B 80% B 80% C 80% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 2,26E+02 0,04 2,72E+02 0,04 3,27E+02 0,05 

Dinoflagellates < 20µm 6,10E+02 0,06 6,62E+02 0,07 8,21E+02 0,08 

Dinoflagellates > 20 µm 1,15E+02 0,3 1,23E+02 0,320 4,43E+02 1,14 

Coccolithophorids 2,25E+02 0,02 1,52E+02 0,020 1,78E+02 0,02 
Other phytoflagellates < 

20µm 6,21E+02 0,06 5,11E+02 0,050 8,83E+01 0,009 

STD± 238,09 0,12 234,17 0,12 285,78 0,49 
 

V2 50% A 50% A 50% B 50% B 50% C 50% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 1,42E+02 0,02 3,17E+02 0,05 2,14E+02 0,03 

Dinoflagellates < 20µm 2,80E+02 0,03 7,31E+02 0,08 5,16E+02 0,05 

Dinoflagellates > 20 µm 6,93E+01 0,18 1,18E+02 0,3 1,18E+02 0,3 

Coccolithophorids 7,94E+01 0,009 2,02E+02 0,02 1,51E+02 0,02 

Other phytoflagellates < 20µm 2,22E+02 0,02 6,03E+02 0,06 4,58E+02 0,05 

STD± 91,34 0,07 262,69 0,11 183,07 0,12 
 

V2 20% A 20% A 20% B 20% B 20% C 20% C 

C0 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 1,22E+02 0,02 9,46E+01 0,02 1,24E+02 0,02 

Dinoflagellates < 20µm 3,63E+02 0,04 2,51E+02 0,03 2,61E+02 0,03 

Dinoflagellates > 20 µm 7,61E+01 0,2 4,43E+01 0,11 4,50E+01 0,12 

Coccolithophorids 5,38E+01 0,006 1,33E+02 0,01 5,38E+01 0,006 
Other phytoflagellates < 

20µm 2,81E+02 0,03 3,31E+02 0,03 1,99E+02 0,02 

STD± 135,59 0,08 117,69 0,04 93,30 0,05 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in Southern Tyrrhenian (C0). 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

V2 100% A 100% A 100% B 100 B 100% C 100 C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 2,58E+02 0,04 2,955E+02 0,04 3,06E+02 0,04 

Dinoflagellates < 20µm 1,84E+03 0,19 1,25E+03 0,13 6,42E+02 0,07 

Dinoflagellates > 20 µm 2,23E+02 0,60 1,67E+02 0,43 1,29E+02 0,33 

Coccolithophorids 2,89E+02 0,03 2,59E+02 0,03 1,14E+03 0,12 
Other phytoflagellates < 

20µm 2,06E+03 0,22 1,14E+03 0,12 5,84E+02 0,06 

STD± 932,74 0,23 525,84 0,16 384,76 0,12 
 

V2 80% A 80% A 80% B 80% B 80% C 80% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 3,29E+02 0,05 3,12E+02 0,05 4,67E+02 0,07 

Dinoflagellates < 20µm 1,39E+03 0,14 1,39E+03 0,14 8,95E+02 0,09 

Dinoflagellates > 20 µm 6,96E+01 0,18 1,48E+02 0,380 9,09E+01 0,23 

Coccolithophorids 2,16E+02 0,02 2,19E+02 0,020 2,04E+02 0,02 
Other phytoflagellates < 

20µm 1,37E+03 0,14 1,44E+03 0,150 1,04E+03 0,11 

STD± 650,94 0,07 652,30 0,14 417,36 0,08 
 

V2 50% A 50% A 50% B 50% B 50% C 50% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 4,29E+02 0,06 3,20E+02 0,05 1,67E+02 0,02 

Dinoflagellates < 20µm 1,71E+03 0,18 9,96E+02 0,1 6,35E+01 0,16 

Dinoflagellates > 20 µm 1,87E+02 0,48 1,02E+02 0,26 6,35E+01 0,16 

Coccolithophorids 2,03E+02 0,02 1,67E+02 0,01 7,62E+01 0,08 

Other phytoflagellates < 20µm 2,06E+03 0,22 1,30E+03 0,14 6,27E+02 0,05 

STD± 895,93 0,18 538,20 0,10 242,75 0,06 
 

V2 20% A 20% A 20% B 20% B 20% C 20% C 

C24 Cells L-1  µgC L-1 Cells L-1  µgC L-1 Cells L-1  µgC L-1 

Diatoms 2,03E+02 0,03 8,40E+01 0,01 1,38E+02 0,02 

Dinoflagellates < 20µm 6,04E+02 0,06 5,22E+02 0,05 4,48E+02 0,05 

Dinoflagellates > 20 µm 8,83E+01 0,22 7,60E+01 0,19 4,40E+01 0,14 

Coccolithophorids 1,30E+02 0,01 3,20E+01 0,0003 5,80E+01 0,006 
Other phytoflagellates < 

20µm 6,63E+02 0,07 6,70E+02 0,07 6,48E+02 0,07 

STD± 274,17 0,08 296,71 0,08 268,32 0,05 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microphytoplankton in Southern Tyrrhenian (C24). 
 
 
 
 
 
 

 



St. VA ABC  C 0  Cells L -1 µgC L -1 Cells L -1 µgC L -1 Cells L -1 µgC L -1 

OLIGOTRICHIDA 17,910 0,037 17,910 0,020 35,821 0,040 

Lohmanniella sp. 4,478 0,001 1,493 0,000 4,478 0,001 

Oligotricha indet. 7,463 0,032 2,985 0,013 5,970 0,026 

Strombidium spp. 5,970 0,003 13,433 0,007 25,373 0,013 

PERITRICHIDA 2,985 0,014 1,493 0,007 8,955 0,042 

Peritrichida indet. 2,985 0,014 1,493 0,007 8,955 0,042 

HOLOTRICHIA 0,000 0,000 0,000 0,000 1,493 0,003 

Holotrichia indet. 0,000 0,000 0,000 0,000 1,493 0,003 

TINTINNIDA 74,627 0,247 110,448 0,570 77,612 0,304 

Acanthostomella spp.  4,478 0,003 0,000 0,000 0,000 0,000 

Amphorella spp. 0,000 0,000 0,000 0,000 2,985 0,037 

Codonella brevicollis 1,493 0,006 0,000 0,000 0,000 0,000 

Codonella spp. 0,000 0,000 0,000 0,000 2,985 0,020 

Craterella spp. 14,925 0,009 38,806 0,022 0,000 0,000 

Craterella torulata  4,478 0,002 2,985 0,002 19,403 0,010 

Dadayiella acutiformis 0,000 0,000 0,000 0,000 2,985 0,004 

Dadayiella ganymedes 0,000 0,000 0,000 0,000 1,493 0,001 

Dyctyocysta sp. 0,000 0,000 1,493 0,007 0,000 0,000 

Epiorella curta 0,000 0,000 0,000 0,000 1,493 0,004 

Eutintinnus apertus  1,493 0,004 0,000 0,000 1,493 0,004 

Eutintinnus fraknoii 1,493 0,018 1,493 0,018 1,493 0,018 

Eutintinnus tubulosus 0,000 0,000 2,985 0,006 1,493 0,003 

Favella sp. 0,000 0,000 0,000 0,000 1,493 0,007 

Proplectella sp 0,000 0,000 0,000 0,000 1,493 0,002 

Salpingella sp. 1,493 0,002 1,493 0,002 1,493 0,002 

Steenstrupiella sp. 1,493 0,004 0,000 0,000 0,000 0,000 

Steenstrupiella 
steenstrupii 0,000 0,000 0,000 0,000 1,493 0,002 

Stenosemella nivalis  8,955 0,009 19,403 0,020 2,985 0,003 

Tintinnide indet. 31,343 0,125 28,358 0,113 26,866 0,107 

Tintinnopsis spp. 1,493 0,052 10,448 0,367 1,493 0,052 

Tintinnopsis minuta 0,000 0,000 0,000 0,000 1,493 0,001 

Tintinnopsis nana 0,000 0,000 1,493 0,001 0,000 0,000 

Xystonella spp. 1,493 0,013 1,493 0,013 2,985 0,025 

DINOFLAGELLIDA 56,716 0,033 56,716 0,032 102,985 0,059 

Gymnodinium spp. 28,358 0,006 31,343 0,007 79,104 0,017 

Gyrodinium fusiforme  17,910 0,012 19,403 0,013 11,940 0,008 

Gyrodinium spp. 0,000 0,000 0,000 0,000 7,463 0,002 

Protoperidinium spp. 4,478 0,009 5,970 0,012 2,985 0,006 

Protoperidinium diabolus 0,000 0,000 0,000 0,000 1,493 0,026 

Protoperidinium steini  5,970 0,006 0,000 0,000 0,000 0,000 

FORAMINIFERIDA 2,985 0,003 10,448 0,010 4,478 0,004 

Globigerina spp. 2,985 0,003 10,448 0,010 4,478 0,004 

RADIOLARIA 0,000 0,000 0,000 0,000 2,985 0,027 

Radiolaria indet. 0,000 0,000 0,000 0,000 2,985 0,027 

COPEPODA  7,463 0,211 14,925 0,422 14,925 0,422 

Copepoda nauplii 7,463 0,211 14,925 0,422 14,925 0,422 

TOTAL 1,63E+02 
5,44E-

01 
2,12E+02 1,06E+00 2,49E+02 9,02E-

01 

DEV.ST 14,595 0,0572 19,385 0,1278 21,864 0,0951 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microzooplankton in the Atlantic station (C0). 
 
 



 
 
 
 
 
 
 

St. V4 ABC  C 0  Cells L -1 µgC L -1 Cells L -1 µgC L -1 Cells L -1 µgC L -1 

OLIGOTRICHIDA 131,169 0,121 84,416 0,080 103,896 2,181 

Leegaardiella spp. 5,195 0,004 0,000 0,000 0,000 0,000 

Laboea strobila 1,299 0,007 0,000 0,000 7,792 0,428 

Lohmanniella spp. 18,182 0,005 6,494 0,002 12,987 0,035 

nanociliati indet. 36,364 0,010 44,156 0,012 9,091 0,024 

Oligotricha indet. 5,195 0,023 2,597 0,011 12,987 0,564 

strombidium acutum 0,000 0,000 0,000 0,000 1,299 0,061 

Strombidium spp. 49,351 0,025 11,688 0,006 16,883 0,085 

Strombidium conicum 11,688 0,028 18,182 0,043 41,558 0,978 

Strombidium sulcatum 0,000 0,000 0,000 0,000 1,299 0,006 

Tontonia gracilima 3,896 0,021 1,299 0,007 0,000 0,000 

HOLOTRICHIA 12,987 0,027 5,195 0,011 7,792 0,160 

Holotrichia indet. 12,987 0,027 5,195 0,011 7,792 0,160 

TINTINNIDA 7,792 0,007 6,494 0,010 2,597 0,495 

Acanthostomella conicoides 1,299 0,001 0,000 0,000 0,000 0,000 

Acanthostomella spp.  2,597 0,002 0,000 0,000 0,000 0,000 

Eutintinnus tubulosus 1,299 0,003 0,000 0,000 0,000 0,000 

Protorhabdonella curta 0,000 0,000 3,896 0,003 0,000 0,000 

Rhabdonella spp. 0,000 0,000 0,000 0,000 1,299 0,039 

Stenosemella nivalis  1,299 0,001 0,000 0,000 0,000 0,000 

Steenstrupiella steenstrupii 0,000 0,000 1,299 0,002 0,000 0,000 

Tintinnide indet. 0,000 0,000 1,299 0,005 0,000 0,000 

Tintinnopsis minuta 1,299 0,001 0,000 0,000 0,000 0,000 

Tintinnopsis spp. 0,000 0,000 0,000 0,000 1,299 0,456 

DINOFLAGELLIDA 33,766 0,037 18,182 0,070 7,792 0,373 

Gymnodinium sp. 12,987 0,003 5,195 0,001 0,000 0,000 

Gyrodinium fusiforme  15,584 0,011 2,597 0,002 0,000 0,000 

Protoperidinium crassipies 1,299 0,016 0,000 0,000 0,000 0,000 

Protoperidinium divergens 0,000 0,000 5,195 0,062 2,597 0,310 

Protoperidinium spp. 3,896 0,008 0,000 0,000 1,299 0,026 

Protoperidinium steini 0,000 0,000 5,195 0,005 3,896 0,038 

FORAMINIFERIDA 1,299 0,001 3,896 0,004 2,597 0,025 

Globigerina spp. 1,299 0,001 3,896 0,004 2,597 0,025 

COPEPODA  9,091 0,257 5,195 0,147 2,597 0,734 

Copepoda nauplii 9,091 0,257 5,195 0,147 2,597 0,734 

TOTAL 196,104 0,451 123,377 0,321 127,273 3,969 

DEV.ST 23,797 0,062 15,785 0,038 18,536 0,429 

 
Abundance (Cells L-1) and biomass (µgCL-1) of microzooplankton in the Alborán station (C0). 

 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 

St. V3 ABC  C 0  Cells L -1 µgC L -1 Cells L -1 µgC L -1 Cells L -1 µgC L -1 

OLIGOTRICHIDA 66,977 1,165 70,698 2,704 33,496 1,210 

Leegaardiella spp. 1,860 0,014 0,000 0,000 0,000 0,000 

Lohmanniella spp. 3,721 0,010 6,512 0,018 3,489 0,010 

Laboea strobila 0,000 0,000 0,930 0,051 0,000 0,000 

nanociliati indet. 11,163 0,029 2,791 0,007 0,000 0,000 

Oligotricha indet. 11,163 0,485 22,326 0,970 17,446 0,758 

strombilidium spp. 4,651 0,311 19,535 1,305 5,583 0,373 

Strombidium spp. 29,767 0,149 11,163 0,056 6,281 0,031 

Strombidium acutum 0,000 0,000 2,791 0,131 0,000 0,000 

Strombidium conicum 1,860 0,044 2,791 0,066 0,000 0,000 

Strombidium capitatum 0,930 0,022 0,000 0,000 0,000 0,000 

Tontonia gracilima 1,860 0,100 1,860 0,100 0,698 0,038 

HOLOTRICHIA 14,884 0,306 8,372 0,172 0,698 0,014 

Holotrichia indet. 14,884 0,306 8,372 0,172 0,698 0,014 

TINTINNIDA 15,814 0,298 24,186 1,405 13,259 0,471 

Eutintinnus macilentus 3,721 0,143 0,000 0,000 2,094 0,080 

Undella spp. 0,930 0,004 0,000 0,000 0,000 0,000 

Eutintinnus tubulosus 3,721 0,074 2,791 0,056 1,396 0,028 

Eutintinnus apertus 0,000 0,000 0,000 0,000 0,698 0,016 

Protorhabdonella curta 1,860 0,012 2,791 0,018 0,000 0,000 

Craterella torulata 1,860 0,010 2,791 0,015 2,094 0,011 

Steenstrupiella gracilis 0,930 0,011 0,000 0,000 0,000 0,000 

Steenstrupiella steenstrupii 1,860 0,026 6,512 0,091 3,489 0,049 

Epiplocylis spp.  0,930 0,018 0,000 0,000 0,000 0,000 

Rhabdonella spiralis 0,000 0,000 5,581 0,525 2,791 0,262 

Salpingella rotundata 0,000 0,000 0,930 0,031 0,000 0,000 

Tintinnopsis spp. 0,000 0,000 1,860 0,653 0,000 0,000 

Undella ostenfeldi 0,000 0,000 0,930 0,017 0,000 0,000 

Dyctyocista elegans 0,000 0,000 0,000 0,000 0,698 0,025 

DINOFLAGELLIDA 32,558 0,276 32,558 0,707 9,072 0,056 

Gymnodinium spp. 15,814 0,035 15,814 0,035 2,094 0,005 

Gyrodinium fusiforme  9,302 0,063 9,302 0,063 5,583 0,038 

Protoperidinium crassipies 0,930 0,115 4,651 0,574 0,000 0,000 

Protoperidinium steini 6,512 0,063 0,930 0,009 1,396 0,013 

Protoperidinium spp. 0,000 0,000 1,860 0,027 0,000 0,000 

FORAMINIFERIDA 3,721 0,037 4,651 0,000 2,094 0,021 

Globigerina spp. 3,721 0,037 4,651 0,046 2,094 0,021 

RADIOLARIA 0,930 0,018 5,581 0,046 2,094 0,041 

indet.  0,930 0,018 5,581 0,110 2,094 0,041 

ACANTHARIA 0,930 0,000 0,000 0,110 0,000 0,000 

indet.  0,930 0,000 0,000 0,000 0,000 0,000 

COPEPODA  4,651 1,315 4,651 0,000 2,791 0,789 

Copepoda nauplii 4,651 1,315 4,651 1,315 2,791 0,789 

TOTAL 140,465 3,415 150,697 1,315 63,504 2,602 

DEV.ST 12,0324 0,32742 12,3047 6,460 5,968 0,272 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microzooplankton in the Balearic station (C0). 



 
 
 
 
 
 
 

St. V1 ABC  C 0  Cells L -1 µgC L -1 Cells L -1 µgC L -1 Cells L -1 µgC L -1 

OLIGOTRICHIDA 49,546 0,900 64,201 0,926 40,475 0,794 

Leegaardiella spp. 0,000 0,000 0,000 0,000 1,396 0,011 

Lohmanniella spp. 4,885 0,013 9,072 0,025 7,676 0,021 

Laboea strobila 0,000 0,000 0,000 0,000 0,698 0,038 

nanociliati indet. 5,583 0,015 16,050 0,042 5,583 0,015 

Oligotricha indet. 20-40 µm 11,863 0,516 9,770 0,425 10,468 0,455 

strombilidium spp. 40-60 µm 2,094 0,140 2,094 0,140 2,094 0,140 

Strombidium spp. 20,237 0,101 19,539 0,098 9,770 0,049 

Strombidium acutum 0,000 0,000 0,698 0,033 0,000 0,000 

Strombidium conicum 4,885 0,115 6,281 0,148 2,094 0,049 

Strombidium capitatum 0,000 0,000 0,698 0,016 0,698 0,016 

HOLOTRICHIA 0,000 0,000 4,187 0,086 2,791 0,057 

Holotricha indet. 40-60 µm 0,000 0,000 4,187 0,086 2,791 0,057 

TINTINNIDA 28,611 0,887 23,726 0,718 12,561 0,320 

Eutintinnus macilentus 4,187 0,160 1,396 0,053 0,000 0,000 

Eutintinnus fraknoii 0,000 0,000 0,698 0,083 0,000 0,000 

Eutintinnus tubulosus 4,187 0,084 0,000 0,000 1,396 0,028 

Eutintinnus apertus 2,094 0,049 1,396 0,033 1,396 0,033 

Dadayella ganymedes 2,791 0,026 1,396 0,013 1,396 0,013 

Craterella torulata 1,396 0,007 0,000 0,000 0,698 0,004 

Eutintinnus spp. 0,698 0,136 0,000 0,000 0,000 0,000 

Salpingella acuminata 0,698 0,018 0,000 0,000 0,698 0,018 

Steenstrupiella steenstrupii 9,072 0,126 14,655 0,204 4,885 0,068 

Rhabdonella spiralis 2,791 0,262 3,489 0,328 1,396 0,131 

Salpingella laminata 0,000 0,000 0,698 0,004 0,000 0,000 

Dyctyocista polygonata 0,698 0,017 0,000 0,000 0,000 0,000 

Dyctyocista elegans 0,000 0,000 0,000 0,000 0,698 0,025 

DINOFLAGELLIDA 76,762 1,028 67,690 1,249 40,475 0,746 

Gymnodinium spp. 10-20 µm 11,165 0,025 9,072 0,020 3,489 0,008 

Gyrodinium fusiforme 40-60 
µm 1,396 0,009 4,885 0,033 2,791 0,019 

Protoperidinium crassipes 0,000 0,000 0,698 0,086 0,698 0,086 

Protoperidinium steini 14,655 0,142 11,863 0,115 9,770 0,094 

Protoperidinium divergens 1,396 0,166 2,094 0,250 0,698 0,083 

Protoperidinium spp. 20-40 µm 48,151 0,686 39,079 0,746 23,029 0,456 

FORAMINIFERIDA 8,374 0,083 1,396 0,014 0,698 0,007 

Globigerina  8,374 0,083 1,396 0,014 0,698 0,007 

RADIOLARIA 0,698 0,064 2,791 0,142 0,000 0,000 

indet. 50 µm 0,698 0,064 2,791 0,142 0,000 0,000 

COPEPODA  0,698 0,197 4,187 1,184 1,396 0,395 

Copepoda nauplii 0,698 0,197 4,187 1,184 1,396 0,395 

TOTAL 164,690 3,160 168,179 4,319 98,395 2,318 

DEV.ST 16,038 0,264 15,527 0,357 9,437 0,200 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microzooplankton in the Ligurian station (C0). 
 
 
 



 
 
 
 
 
 
 

St. V2 ABC  C 0  Cells L -1 µgC L -1 Cells L -1 µgC L -1 Cells L -1 µgC L -1 

OLIGOTRICHIDA 19,535 0,578 17,254 0,459 29,257 0,615 

Leegaardiella spp. 2,791 0,022 2,251 0,017 3,001 0,023 

Laboea strobila 0,000 0,000 0,750 0,041 0,750 0,041 

Lohmanniella spp. 0,930 0,002 1,500 0,004 2,251 0,006 

nanociliati indet. 3,721 0,007 2,251 0,005 6,002 0,012 

Oligotricha indet. 20-40 µm 2,791 0,121 2,251 0,098 2,251 0,098 

strombilidium spp. 20-40 µm 0,930 0,018 0,000 0,000 0,000 0,000 

Strombidium spp. 40-60 µm 0,930 0,062 4,501 0,115 10,503 0,238 

Strombidium conicum 1,860 0,044 0,750 0,018 1,500 0,035 

Tontonia gracilima 5,581 0,301 3,001 0,162 3,001 0,162 

HOLOTRICHIA 4,651 0,059 2,251 0,046 9,002 0,185 

Holotricha indet. 40-60 µm 4,651 0,059 2,251 0,046 9,002 0,185 

TINTINNIDA 15,814 0,373 12,753 0,251 18,005 0,449 

Eutintinnus tubulosus 5,581 0,111 0,750 0,015 1,500 0,030 

Dadayella ganymedes 1,860 0,018 1,500 0,014 4,501 0,043 

Craterella torulata 2,791 0,015 0,750 0,004 0,750 0,004 

Amphorella quadrilineata minor 1,860 0,112 0,000 0,000 0,000 0,000 

Canthariella pyramidata 2,791 0,029 6,002 0,063 7,502 0,079 

Rhabdonella spiralis 0,930 0,087 0,750 0,071 3,001 0,282 

Steenstrupiella steenstrupii 0,000 0,000 0,750 0,010 0,000 0,000 

Dictyocysta mitra 0,000 0,000 0,750 0,017 0,000 0,000 

Dictyocysta spp. 0,000 0,000 0,750 0,035 0,000 0,000 

Tintinnopsis lindeni 0,000 0,000 0,750 0,022 0,000 0,000 

Salpingella decurtata 0,000 0,000 0,000 0,000 0,750 0,012 

DINOFLAGELLIDA 23,256 0,374 23,256 0,567 18,755 0,972 

Gymnodinium spp. 20-40 µm 4,651 0,021 7,502 0,017 4,501 0,010 

Gyrodinium fusiforme 10,233 0,135 0,750 0,002 5,251 0,424 

Protoperidinium steini 6,512 0,063 6,002 0,058 3,001 0,029 

Protoperidinium divergens 0,930 0,111 1,500 0,179 0,000 0,000 

Protoperidinium spp. 60-80 µm 0,930 0,044 5,251 0,185 3,001 0,100 

Protoperidinium subinerme 0,000 0,000 1,500 0,034 0,000 0,000 

Protoperidinium crassipes 0,000 0,000 0,750 0,093 2,251 0,278 

Protoperidinium diabolus 0,000 0,000 0,000 0,000 0,750 0,131 

FORAMINIFERIDA 1,860 0,019 0,750 0,007 2,251 0,022 

Globigerina spp. 1,860 0,019 0,750 0,007 2,251 0,022 

RADIOLARIA 1,860 0,170 0,000 0,000 2,251 0,045 

indet. 50 µm 1,860 0,170 0,000 0,000 2,251 0,045 

METAZOA 2,791 0,037 8,252 0,108 7,502 0,172 

Larvae indet. 40-60 µm 2,791 0,037 8,252 0,108 7,502 0,098 

COPEPODA  2,791 0,079 0,750 0,212 4,501 1,272 

Copepoda nauplii 2,791 0,789 0,750 0,212 4,501 1,272 

TOTAL 72,558 1,687 65,266 1,651 91,524 3,733 

DEV.ST 5,09603 0,16469 4,8727 0,12143 5,89016 0,31673 
 

Abundance (Cells L-1) and biomass (µgCL-1) of microzooplankton in the Tyrrhenian station (C0). 
 
 



 

MICROZOOPLANCTON  C0 STD C48 STD Cm Increase Secondary production 

VA Atlantic Ocean µgC L-1   µgC L-1     % µgC L-1 d-1 

Aloricate Ciliates 0,05 ±0,029 0,09 ±0,022 0,07 72 0,04 

Heterotrophic Dinoflagellates 0,04 ±0,015 0,05 ±0,027 0,05 31 0,01 

Loricate Ciliates: Tintinnids 0,37 ±0,173 0,05 ±0,011 0,21     

Other Protozoans 0,01 ±0,015 0,00 ±0,004 0,01     

Micrometazoans 0,35 ±0,122 0,17 ±0,169 0,26     

Total 0,84 ±0,265 0,37 ±0,172 0,60     

 

MICROZOOPLANCTON  C0 STD C48 STD Cm Increase Secondary production 

V4 Alboran Sea µgC L-1   µgC L-1     % µgC L-1 d-1 

Aloricate Ciliates 0,16 ±0,072 0,18 ±0,130 0,17 14 0,02 

Heterotrophic Dinoflagellates 0,05 ±0,019 0,15 ±0,007 0,10 206 0,10 

Loricate Ciliates: Tintinnids 0,02 ±0,024 0,03 ±0,022 0,02 17 0,004 

Other Protozoans 0,00 ±0,001 0,01 ±0,003 0,01 422 0,01 

Micrometazoans 0,16 ±0,092 0,06 ±0,03 0,11     

Total 0,39 ±0,065 0,43 ±0,100 0,41 9 0,04 

 

MICROZOOPLANCTON  C0 STD C48 STD Cm Increase Secondary production 

V3 Algerian-Provencal Sea µgC L-1   µgC L-1     % µgC L-1 d-1 

Aloricate Ciliates 0,186 ±0,089 0,224 ±0,122 0,205 20 0,038 

Heterotrophic Dinoflagellates 0,035 ±0,033 0,051 ±0,026 0,043 47 0,016 

Loricate Ciliates: Tintinnids 0,073 ±0,060 0,041 ±0,024 0,057     

Other Protozoans 0,009 ±0,006 0,003 ±0,001 0,006     

Micrometazoans 0,114 ±0,030 0,125 ±0,050 0,120 10 0,011 

Total 0,416 ±0,203 0,444 ±0,13 0,430 7 0,028 

 

MICROZOOPLANCTON  C0 STD C48 STD Cm Increase Secondary production 

V1 Ligurian Sea µgC L-1   µgC L-1     % µgC L-1 d-1 

Aloricate Ciliates 0,088 ±0,008 0,718 ±0,025 0,403 717,77 0,630 

Heterotrophic Dinoflagellates 0,101 ±0,025 0,054 ±0,004 0,077     

Loricate Ciliates: Tintinnids 0,064 ±0,029 0,102 ±0,022 0,083 58,88 0,038 

Other Protozoans 0,010 ±0,008 0,016 ±0,016 0,013 54,37 0,006 

Micrometazoans 0,059 ±0,052 0,185 ±0,064 0,122 212,50 0,126 

Total 0,322 ±0,100 1,070 ±0,212 0,696 232,30 0,748 

 

MICROZOOPLANCTON  C0 STD C48 STD Cm Increase Secondary production 

V2 Tirrenian Sea µgC L-1   µgC L-1     % µgC L-1 d-1 

Aloricate Ciliates 0,065 ±0,015 0,279 ±0,12 0,172 331,22 0,214 

Heterotrophic Dinoflagellates 0,064 ±0,031 0,098 ±0,028 0,081 54,08 0,035 

Loricate Ciliates: Tintinnids 0,036 ±0,010 0,181 ±0,050 0,108 405,59 0,145 

Other Protozoans 0,009 ±0,009 0,030 ±0,032 0,019 243,96 0,021 

Micrometazoans 0,066 ±0,007 0,100 ±0,06 0,083 50,83 0,034 

Total 0,239 ±0,119 0,689 ±0,080 0,464 188,28 0,450 

 
Microzooplankton secondary production in VA, V4, V3, V1, V2 (µgC L-1 d-1). 

 
 
 



Bacillariophyceae V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 8,20E+02 8,77E+02 1,19E+03 

100% 9,44E+02 6,55E+02 1,93E+03 

100% 7,76E+02 9,10E+02 1,30E+03 

MEDIA 8,46E+02 8,14E+02 1,47E+03 

DEV.ST 87,10 138,82 400,15 
 

Dinoflagellates < 20 µm V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 3,89E+02 7,70E+02 1,09E+03 

100% 3,20E+02 7,89E+02 8,95E+02 

100% 2,30E+02 6,87E+02 7,58E+02 

MEDIA 3,13E+02 7,49E+02 9,14E+02 

DEV.ST 79,75 54,14 167,53 
 

Dinoflagellates > 20 µm V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 4,16E+02 4,04E+02 3,35E+02 

100% 2,87E+02 2,58E+02 2,89E+02 

100% 2,60E+02 3,90E+02 2,30E+02 

MEDIA 3,21E+02 3,51E+02 2,85E+02 

DEV.ST 83,82 80,55 52,38 
 

coccolithophorids V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 4,97E+02 1,60E+02 1,20E+02 

100% 2,36E+02 2,29E+02 1,16E+02 

100% 1,14E+02 1,89E+02 5,26E+01 

MEDIA 2,82E+02 1,93E+02 9,63E+01 

DEV.ST 195,49 34,99 37,91 
 

Phytoflagellates < 20 µm V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 3,24E+02 1,38E+03 1,54E+03 

100% 3,95E+02 1,62E+03 1,31E+03 

100% 3,51E+02 1,26E+03 1,36E+03 

MEDIA 3,57E+02 1,42E+03 1,40E+03 

DEV.ST 35,58 183,63 119,37 
 

Diatoms V2 C0  V2 C24 V2 C24 Grazing Corycaeus spp. 

100% 3,63E+02 2,58E+02 5,71E+02 

100% 5,72E+02 2,96E+02 8,16E+02 

100% 4,14E+02 3,06E+02 7,20E+02 

MEDIA 4,50E+02 2,86E+02 7,02E+02 

DEV.ST 108,84 25,19 123,16 
 

Dinoflagellates < 20 µm V2 C0  V2 C24 V2 C24 Grazing Corycaeus spp. 

100% 3,39E+02 1,84E+03 1,67E+03 

100% 3,80E+02 1,25E+03 1,53E+03 

100% 3,09E+02 6,42E+02 1,35E+03 

MEDIA 3,42E+02 1,24E+03 1,52E+03 

DEV.ST 35,41 600,05 159,82 
 
 
 
 
 
 



Dinoflagellates > 20 µm V2 C0  V2 C24 V2 C24 Grazing Corycaeus spp. 

100% 1,15E+02 2,23E+02 3,32E+02 

100% 1,53E+02 1,67E+02 3,60E+02 

100% 1,55E+02 1,29E+02 1,85E+02 

MEDIA 1,41E+02 1,73E+02 2,92E+02 

DEV.ST 22,21 47,32 94,02 
 

Coccolithophorids V2 C0  V2 C24 V2 C24 Grazing Corycaeus spp. 

100% 3,13E+02 2,89E+02 3,52E+02 

100% 3,75E+02 2,59E+02 3,47E+02 

100% 2,40E+02 1,64E+02 2,23E+02 

MEDIA 3,09E+02 2,37E+02 3,07E+02 

DEV.ST 6,76E+01 6,56E+01 7,30E+01 
 

Phytoflagellates < 20 µm V2 C0  V2 C24 V2 C24 Grazing Corycaeus spp. 

100% 230,6977 2064,069 2146,985962 

100% 210,0525 1138,655 1899,256813 

100% 178,5446 583,5294 1781,998348 

MEDIA 206,4316 1262,085 1942,747041 

DEV.ST 26,26439 747,9476 186,3398494 
 

Mesozooplancton grazing on microphytoplankton in V1, V2 (Cells L-1). 
 

Aloricate ciliates V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 4,95E+01 2,53E+02 1,25E+02 

100% 6,84E+01 2,01E+02 3,55E+01 

100% 4,33E+01 2,27E+02 6,24E+01 

MEDIA 5,37E+01 2,27E+02 7,41E+01 

DEV.ST 1,31E+01 2,62E+01 4,57E+01 
 

Tintinnids V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 2,86E+01 1,87E+01 8,18E+00 

100% 2,37E+01 2,05E+01 7,27E+00 

100% 1,26E+01 9,98E+00 2,47E+00 

MEDIA 2,16E+01 1,64E+01 5,97E+00 

DEV.ST 8,23E+00 5,65E+00 3,07E+00 
 

Dinoflagellates V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 7,68E+01 1,06E+01 0,00E+00 

100% 6,77E+01 1,09E+01 4,55E+00 

100% 4,05E+01 2,13E+01 3,29E+00 

MEDIA 6,16E+01 1,42E+01 2,61E+00 

DEV.ST 1,89E+01 6,09E+00 2,35E+00 
 

Other protozoans V1 C0  V1 C24 V1 C24 Grazing Centropages spp. 

100% 9,07E+00 1,22E+00 0,00E+00 

100% 4,19E+00 2,82E+00 1,82E+00 

100% 6,98E-01 2,60E+00 0,00E+00 

MEDIA 4,65E+00 2,22E+00 6,06E-01 

DEV.ST 4,21E+00 8,68E-01 1,05E+00 
 
 
 
 
 



Micrometazoans V1 C0 V1 C24 V1 C24 + Centropages spp. 

100% 6,98E-01 2,85E+00 0,00E+00 

100% 4,19E+00 2,42E+00 9,09E-01 

100% 1,40E+00 4,55E+00 8,22E-01 

MEDIA 2,09E+00 3,27E+00 5,77E-01 

DEV.ST 1,85E+00 1,13E+00 5,02E-01 
 

Mesozooplankton grazing on microzooplankton in V1 and V2 (Cells L-1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 MICROZOOPLANKTON DISTRIBUTION 
Ind. L-1 

VA V4 V3 V2 V1 

Aloricate ciliates      

Lohomanniella oviformis   0,5   

Nanociliates 15 25 3,5 6,5 6,5 

Oligotrichida indet 13,5 15  8,5 2,5 

Peritrichida indet. 0,5 1,5 6,5   

Strombilidium neptuni    1  

Strombidium spp    1  

tintinnids      

Acanthostomella minutissima   1   

Acanthostomella obtusa  0,5 0,5   

Amphorella amphora  9,5 1  1  

Amplectella occidentalis   0,5   

Canthariella brevis   0,5   

Canthariella truncata    1  

Climacocylis leiospiralis   0,5   

Codonella brevicollis   0,5   

Codonella galea      

Codonella nationalis    1  

Codonella spp   0,5   

Codonellopsis contracta  1  2 1 

Codonellopsis robusta    2  

Codonellopsis spp      

Craterella armilla     1  

Craterella spp 0,5     

Craterella torulata  2,5 1  0,5  

Craterella urceolata 1  0,5   

Dadayiella curta    0,5  

Dadayiella ganymedes 0,5   1,5 3 

Dictyocysta elegans     1 

Dictyocysta fenestrata    0,5  

Dictyocysta mitra    1  

Dictyocysta mulleri      

Dictyocysta polygonata  0,5    

Dictyocysta spp  1 0,5   

Epiplocylis constricta      

Epiplocylis lata   0,5   



Epiplocylis undella      

Eutintinnus apertus    0,5  1 

Eutintinnus elegans   0,5   

Eutintinnus fraknoii 2  1   

Eutintinnus lusus-undae 2  1  1 

Eutintinnus macilentus      

Eutintinnus perminutus   1,5   

Eutintinnus spp.    0,5  

Eutintinnus stramenus      

Eutintinnus tenuis   1   

Eutintinnus tubulosus 1  1 0,5 1 

Favella azorica  1    

Favella composita  0,5    

Favella ehrenbergi   1   

Favella fistulicauda   1   

Helicostomella spp   1   

Helicostomella subulata 0,5     

Metacylis jorgenseni 2,5     

Metacylis meseschkowski 1     

Osmasella bresslauri     0,5 

Proplectella ovata   1   

Proplectella pentagonata   0,5 1,5  

Protorhabdonella curta  3,5    

Protorhabdonella simplex   0,5   

Protorhabdonella spp  0,5    

Rhabdonella amor      

Rhabdonella brandti      

Rhabdonella chiliensis   0,5   

Rhabdonella conica  0,5    

Rhabdonella exilis      

Rhabdonella hebe   2,5  1 

Rhabdonella spiralis   1,5 0,5 1,5 

Rhabdonellopsis intermedia     0,5  

Rhabdonellopsis minima    0,5  

Salpingella decurtata    0,5  

Salpingella spp     0,5 

Steenstrupiella entzi 0,5     

Steenstrupiella gracilis   1,5   



Steenstrupiella intumescens 0,5     

Steenstrupiella spp 2     

Steenstrupiella stenstrupii 2   0,5 10 

Stenosemella nivalis  2 1 1 1 

Stenosemella oliva   2   

Tintinnide indet. 0,5 2,5 3 2,5 1,5 

Tintinnopsis compressa      

Tintinnopsis karajacensis    1 1,5 

Tintinnopsis nana     1 

Tintinnopsis parvula    0,5  

Tintinnopsis spp   1,5   

Undella hyalina      

Xystonella longicauda 0,5  0,5   

Xystonella minuscola      

Xystonella spp      

Xystonella treforti 0,5     

Dinoflagellates      

Gymnodinium spp 0,5 1,5 0,5 1  

Gyrodinium fusiforme  1   0,5 

Gyrodinium impudicum 0,5 1,5  1,5 1 

Noctiluca scintillans 1 1,5 0,5  0,5 

Protoperidinium crassipes  0,5 1  2 

Protoperidinium diabolus 0,5 1 3  0,5 

Protoperidinium divergens 0,5 1    

Protoperidinium oceanicum  0,5  0,5 1,5 

Protoperidinium spp      

Protoperidinium steini  1 1,5  1 

Protoperidinium subinerme  0,5    

Other protozoans      

Chollengeron spp    0,5  

Coelodendrida spp     1  

Foraminiferans indet.    0,5  

Radiolarian indet      

Radiolarian-nassellarian indet.  0,5    

Radiolarian-spumellarian indet.  0,5  0,5 0,5 

Micrometazoans      

 Copepod nauplii 0,5 2,5 0,5 2 15 

Copepod ova  0,5    



Tot Aloricate ciliates 29 41,5 10,5 17 9 

Tot Tintinnids 29,5 15 29,5 22 26,5 

Tot Dinoflagellates 3 10 6,5 3 7 

Tot other protozoans 0 1 0 2 0,5 

Tot Micrometazoans 0,5 3 0,5 2 15 

Tot microzooplankton 62 70,5 47 46,5 58 

Tot taxa tintinnids 17 12 32 22 14 

 
Microzooplankton distribution sampled at the surface in 5 L and conserved at 2% buffered formaldehyde. 

 
 
 

MICROZOOPLANKTON 
DISTRIBUTION ind L-1 VA V4 V2 V1 

Aloricate ciliates     

Didinium spp     

Holotricha indet  30   

Laboea strobila   10  

Leegardiella sol     

Lohomaniella oviformis     

Nanociliati 50 40 60 40 

Oligotrichida indet. 40 30 50  

Peritrica indet  10 50  

Strmbidium spp    10 

Strombidium conicum  50   

Strombidium stylifer     

Strombilidium neptunii     

Totonia gracillima     

Tintinnids     

Amphorella amphora  10   

Codonella spp    10 

Codonellopsis contracta 10    

Codonellopsis turgescens 10    

Dictyocysta spp   10  

Eutintinnus lusus-undae     

Protorhabdonella curta 10    

Rhabdonellopsis intermedia     

Stenosemella nivalis   10  

Stenstrupiella steenstrupii    10 

Tintinnid indet    10 

Tintinnopsis infundibulum     



Tintinnopsis karajacensis    10 

Dinoflagellates     

Gymnodinium spp 10  20 10 

Gyrodinium fusiforme 10 10 10  

Gyrodinium impudicum  10 10 10 

Gyrodinium indet     

Gyrodinium lachryma     

Noctiluca scintillans  70   

Protoperidinium crassipes   10 10 

Protoperidinium diabolus   10  

Protoperidinium divergens  10   

Protoperidinium steini 10  10  

Other protozoans     

Coelodendrum ramosissimum 
(Rad.-Tripilei)     

Entocannula irsuta( Rad.-
tripilei) 10    

Radiolarian-spumellarian 
indet 

10    

Micrometazoans     

Copepod ova 20  10 10 

Tot aloricate ciliates 90 160 170 50 

Tot tintinnids 30 10 20 40 

Tot dinoflagellates 30 100 70 30 

Tot other protozoans 20 0 0 0 

Tot micrometazoans 20 0 20 130 

 
Microzooplankton distribution sampled at the surface in 300 mL and conserved in Lugol’s solution. 


