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Abstract 1 

In this study the interannual variability of phytoplankton over a ~30-years period in the coastal site of LTER-2 

Senigallia transect (N Adriatic Sea) was investigated to document patterns potentially related to 3 

environmental/climatic drivers. Comparing physical and chemical data of the periods 1988-2002 and 2007-4 

2016 periods, we showed that phytoplankton abundance and biomass and inorganic nutrient 5 

concentrations increased in the last decade, indicating that the tendency to oligotrophication due to the 6 

drop of the Po River outflow in the years 2002-2007 was reversed in the period 2007-2016. The typical P-7 

limited conditions of the N Adriatic Sea seem to have been attenuated in the study area. P levels were not 8 

explained by the P concentrations in the Po River waters, suggesting the possible influence of other local P 9 

sources that could be related to the anomalous meteorological events (intense rainfalls) that took place in 10 

the 2007-2016 period. In the last decade, the community structure and seasonality of phytoplankton 11 

markedly changed, as highlighted by the different indicator species for each season: the blooms of 12 

Skeletonema marinoi shifted from winter to spring. A significant decrease of coccolithophores was 13 

observed particularly in winter months in the 2007-2016 period: some indicator species among the most 14 

relevant in the 1988-2002 period (such as Emiliania huxleyi in winter, and Syracosphaera pulchra in spring) 15 

have lost this role in 2007-2016. Dinoflagellate abundances decreased, except in spring when the 16 

occasional proliferation of large sized species caused biomass peaks. The phytoplankton annual cycle 17 

became irregular with sudden diatom blooms, reflecting the variability of meteorological events in recent 18 

years. It is noteworthy that in the last decade, an allochthonous species, i.e. the diatom Pseudo-nitzschia 19 

multistriata, became a regular inhabitant of the autumn phytoplankton communities of the NW Adriatic 20 

Sea. 21 

 22 

Keywords: northern Adriatic Sea; LTER-Long-Term Ecosystem Research; nutrients; coccolithophore decline; 23 

Emiliania huxleyi, winter bloom 24 

  25 
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1. Introduction 26 

The Adriatic Sea is a continental basin of the Mediterranean Sea, located between the Italian peninsula and 27 

the Slovenian–Croatian–Montenegrin–Albanian coasts. Its major axis is oriented in the NW–SE direction, 28 

showing marked longitudinal and transversal asymmetries in its hydrological and geomorphological 29 

features. The northern Adriatic is characterized by shallow waters (mean depth about 35 m), a weak 30 

bathymetric gradient along the main axis and a high riverine input, due mainly to the discharge of Italian 31 

rivers. Its lower limit (formerly considered the Ancona-Zadar transect) is now regarded as the 100 m 32 

isobath, based on a long term hydrological/climatological analysis, which corresponds to the Giulianova-33 

Sibenik transect (Artegiani et al., 1997a). 34 

The Po River represents the major buoyancy input, with an annual mean discharge rate of 1500–1700 m3/s, 35 

accounting for about one third of the total riverine freshwater input into the Adriatic Sea (Campanelli et al., 36 

2011; Marini et al., 2008; Raicich, 1996). The riverine input affects both the circulation regime (Artegiani et 37 

al., 1997b) and the trophic status (Degobbis et al., 2000) of the northwestern Adriatic basin, and markedly 38 

increases its productivity with respect to the general oligotrophic condition of the Mediterranean Sea 39 

(D’Ortenzio and Ribera d’Alcalà, 2009; Fonda Umani, 1996). The western Adriatic coast is characterized by a 40 

frontal system separating the coastal low-salinity and nutrient-rich waters from the oligotrophic offshore 41 

waters. The position of the frontal zone is highly dynamic and is affected by the circulation and the vertical 42 

structure of the water column. Namely, in stratified conditions the plume spread eastward, while in mixing 43 

conditions the diluted waters are conveyed southward in the Western Adriatic Current (WAC) along the 44 

western coast (Grilli et al., 2005; Jeffiries and Lee, 2007), which flows cyclonically around in the Adriatic 45 

basin.  46 

The northern Adriatic is probably one of the most studied seas in the world because it is considered one of 47 

the most productive basin of the Mediterranean Sea (Fonda Umani, 1996), but especially because it 48 

experienced in different periods several striking phenomena more or less directly related to planktonic 49 

communities, such as harmful algal blooms, sometimes associated with water discoloration (Artegiani et 50 

al., 1985; Boni, 1983; Boni et al., 1983; Cucchiari et al., 2008; Facca et al., 2014; Fonda Umani et al., 2004; 51 
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Giacobbe et al., 1998; Honsell et al., 1992; Mozetič et al., 2017; Penna et al., 2006), hypoxia of bottom layer 52 

(Bernardi Aubry et al., 1999; Degobbis et al., 1979; Djakovac et al., 2015), intense mucilage formation 53 

(Flander-Putrle and Malej, 2008; Giani et al., 2005; Turk et al., 2010), jellyfish outbreaks (Piraino et al., 54 

2014) and, more recently, benthic toxic dinoflagellate blooms (Accoroni et al., 2012; Monti et al., 2007; 55 

Pfannkuchen et al., 2012). 56 

Plankton communities are a key component in the functioning of marine ecosystems and have been 57 

included among the indicators for the definition of Good Environmental Status (GES), as required by the 58 

European Marine Strategy Framework Directive (MSFD). Due to their rapid turnover and fast responses to 59 

environmental changes, plankton is considered a valid proxy suitable to highlight either environmental 60 

changes circumscribed in space and/or time or wider climatic variations. 61 

The spatial distribution and the seasonal variability of phytoplankton communities in the northwestern 62 

Adriatic Sea are mainly driven by the major river discharge (and therefore by the rainfall regime), in 63 

combination with the stratification/mixing condition (Revelante and Gilmartin, 1976). A decrease in both 64 

biomass and cell size range along a north–south and coastal–offshore gradients is commonly reported for 65 

Adriatic plankton communities (Fonda Umani, 1996). On a temporal basis, the phytoplankton annual cycle 66 

in the coastal areas of the Adriatic Sea is characterized by an intense winter bloom due to Skeletonema 67 

marinoi, a small colonial diatom with a pronounced seasonal behavior that in the northwestern basin 68 

causes the most significant biomass increase during the year (Bernardi Aubry et al., 2004; Totti et al., 2005). 69 

Diatom blooms also occur in spring and autumn with variable intensity, depending on rainfall regimes. In 70 

periods between these diatoms blooms, phytoplankton communities are dominated by heterogeneous 71 

communities of small phytoflagellates, while dinoflagellates increase only in spring-summer, with 72 

abundance peaks 1-2 orders of magnitude lower than those of diatoms. Coccolithophorids are a minor but 73 

persistent component of winter communities (Bernardi Aubry et al., 2004; Totti et al., 2005). 74 

Intensive monitoring programs started since the years 70s-80s, as well as regular sampling activities in 75 

selected stations over the years, let to reconstruct the variability of planktonic communities on an 76 

interannual or even on an interdecadal basis in a number of coastal sites of the northern Adriatic Sea 77 
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(Bernardi Aubry et al., 2004, 2006, 2012; Cabrini et al., 2012; Degobbis et al., 2000; Fuks et al., 2012; 78 

Pugnetti et al., 2004; Regione Emilia Romagna, 1978-2016; Solic et al., 1997). All these studies highlighted 79 

that long-term pattern in phytoplankton composition and seasonal trends reflected major environmental 80 

changes and/or climatic trends. In this regard, several studies documented a decrease in the phytoplankton 81 

biomass that occurred in the northern Adriatic in the years 2000-2009 related to the decrease of Po River 82 

outflow causing a strong oligotrophication (Djakovac et al., 2012; Giani et al., 2012; Maric et al., 2012; 83 

Mozetič et al., 2010). 84 

The Senigallia-Susak (SS) transect is located in the lower part of the northern Adriatic sub-basin, where the 85 

Western Adriatic Current (WAC) become sharper (Russo and Artegiani, 1996), clearly separating nutrient 86 

rich coastal waters from oligotrophic offshore waters and affecting the horizontal spatial variability of 87 

phytoplankton communities. The SS transect represents a LTER (Long-Term Ecosystem Research) site, 88 

where physical parameters, nutrient concentration and phytoplankton abundance and biomass along a 89 

trophic gradient have been recorded since 1988. In the western coastal section of the transect, the 90 

hydrological features and phytoplankton communities are mainly influenced by the inflow of continental 91 

waters from the northern Adriatic (Totti and Artegiani, 2001), which are conveyed by the WAC flowing 92 

southward along the Italian coast, which reduce salinity and increase nitrate and silicate concentrations and 93 

shows high values of phytoplankton abundance and biomass. Offshore (i.e., 10 nM from the Italian coast), 94 

the transect is crossed by the NAdDW (Northern Adriatic Deep Water) formed during winter in the 95 

northernmost part and flowing southward as bottom current (Artegiani et al., 1999), and presents the 96 

oligotrophic characteristics of the Adriatic open waters, with abundance maximum in summer (Totti and 97 

Artegiani, 2001). 98 

The aims of this study are to analyze the interannual variability of phytoplankton over a ~30-years period in 99 

the western coastal site of the SS transect, in order to unravel patterns potentially related to 100 

environmental/climatic drivers.  101 

 102 

2. Materials and Methods 103 
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2.1. Study area and general datasets 104 

The sampling station is located in the southern part of the northern Adriatic basin (SG01, 43° 45.86’ N, 13° 105 

13.00’ E, Fig. 1) at 1.2 nM from the Italian coastline (bottom depth 12 m) and included in the LTER Italian 106 

sites. 107 

In order to evaluate the variations on decadal scale of the winter bloom and of the mean annual cycles of 108 

phytoplankton, two datasets (1988-2002 and 2007-2016) were analyzed and compared. Data from 2002 to 109 

2007 (seawater physico-chemical parameters and phytoplankton) were excluded from this study because 110 

too incomplete. 111 

Seasons were defined on the basis of the classical meteorological subdivision, as follows: winter (January-112 

March), spring (April-June), summer (July-September), autumn (October-December). 113 

 114 

2.2. Meteorological data 115 

Air temperature was measured at the weather station of Torrette (20 km distance from Senigallia) using a 116 

platinum resistance temperature detector (PT100), with measurement range from -30 °C to +60 °C with 117 

±0.2 °C accuracy. Rainfall regime was measured at the weather station of Senigallia, using a ETG/R102 118 

software-corrected tipping-bucket rain gauge, compliant to WMO requirements (rainfall intensity 119 

measurement range: 0-300 mm/h; rainfall amount resolution: 0.2 mm; overall accuracy: ±3%). Both 120 

temperature and rain sensors are part of the equipment of the Marche Region meteorological and 121 

hydrological monitoring network. Data are available at http://app.protezionecivile.marche.it/sol. 122 

The atmospheric pressure in the coastal Senigallia area was measured using the ECMWF ERA-Interim 123 

reanalysis dataset (Dee et al., 2011).  124 

Temperature and surface pressure were reported in terms of seasonal anomalies, where the reference 125 

mean is the seasonal average over a period of 38 years from 1979 to 2016. 126 

Unfortunately, wind data (both intensity and direction) were not available for the entire study period. 127 

 128 

2.3. Sampling 129 

http://app.protezionecivile.marche.it/sol
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Data were collected from 1988 to 2016 in the framework of several research projects on board of several 130 

oceanographic vessels (S. Lo Bianco, Tecnopesca 2, G. Dallaporta, Tethis, Copernaut Franca, Urania, 131 

Alliance, Minerva, Bannock, D’Ancona, Actea). Sampling was carried out with approximately a monthly 132 

frequency.  133 

Conductivity-Temperature-Depth data were collected by CTD instrument: from 1988 to 1991 with a Neil 134 

Brown Instrument System (NBIS) (accuracy: Conductivity ± 0.0006 S/m, Temperature ± 0.002 °C, Pressure ± 135 

0.05% of full scale range), and after 1992 with a SeaBird Electronic SBE 911plus (accuracy: Conductivity ± 136 

0.0003 S/m, Temperature ± 0.001 °C, Pressure ± 0.015% of full scale range). Data were acquired and 137 

processed according to UNESCO (1988) standards, obtaining pressure-averaged data (0.5 db interval). 138 

Water samples for determination of dissolved inorganic nutrients (nitrite-NO2, nitrate-NO3, ammonia-NH4, -139 

orthophosphate-PO4
 and orthosilicate-Si(OH)4 and for phytoplankton analysis were collected at surface, 140 

bottom and intermediate depths by Niskin bottles according to the thermohaline structure. Then, samples 141 

for nutrient analysis were filtered (GF/F Whatman, 0.7 μm), and stored at −22 °C in polyethylene vials until 142 

analysis, whereas water samples for phytoplankton analysis were collected in 250 ml dark glass bottles and 143 

preserved by adding 0.8% formaldehyde, prefiltered and neutralized with hexamethylenetetramine 144 

(Throndsen, 1978) and stored at 4 °C until analysis. For this study, only the surface layer (i.e., the 0-4 m 145 

layer) was considered. 146 

 147 

2.4. Nutrient analysis 148 

Nutrient concentrations were measured using a Perkin Elmer spectrophotometer 550A model in the period 149 

1988-1998, an autoanalyzer TRAACS 800 BRAN+LUEBBE in 1999-2002 and then an autoanalyzer QUAATRO 150 

Technicon, following Strickland and Parsons (1972). For both autoanalyzer models, accuracy was ±0.02 151 

µmol l-1 for ±NO2, ±NO3, ±NH4 and Si(OH)4 and ±0.03 µmol l-1 for PO4. A calibration curve was made with 5 152 

levels of Merck® standards and the accuracy was tested using a standard as sample. The precision was 153 

tested on 10 replicates of the standard and were: ±0.006 µmol l-1 (NO2), ±0.005 µmol l-1 (NO3), ±0.001 µmol 154 
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l-1 (NH4), ±0.001 µmol l-1 (PO4) and ±0.055 µmol l-1 (Si(OH)4). Dissolved Inorganic Nitrogen (DIN) 155 

concentration is intended as the sum of NO2, NO3 and NH4. concentrations.  156 

 157 

2.5. Phytoplankton analysis 158 

Identification and counting was carried out using an inverted microscope (ZEISS Axiovert 135) equipped 159 

with phase contrast, following the Utermöhl method (Hasle, 1978). Counting was carried out at 400x 160 

magnification along transects or in random visual fields, depending on cell abundance, to count a minimum 161 

of 200 cells. Moreover, a half of the Utermöhl chamber was analyzed at 200x magnification for a more 162 

precise estimation of less abundant microphytoplanktonic taxa. 163 

Phytoplankton taxa were finally grouped into major groups (diatoms, dinoflagellates, coccolithophores, 164 

phytoflagellates and others), and abundances were expressed as cells l-1. Dinoflagellates were considered 165 

as a whole taxonomical group and both autotrophic and heterotrophic species were included in counting. 166 

Phytoplankton biomass was estimated through cell biovolume: single cells were measured using a 167 

micrometric ocular approximating cell shapes to geometrical figures (Hillebrand et al., 1999). Then, the 168 

carbon content for each taxon was derived by the mean biovolume, following (Menden-Deuer and Lessard, 169 

2000) and biomass was expressed as µg C l-1. 170 

 171 

 172 

2.6. Statistical analysis 173 

Differences in seasonal abundance of temperature, salinity nutrients and abundance and biomass of 174 

phytoplankton groups between different study periods were assessed through a one-way analysis of variance 175 

(ANOVA). When significant differences for the main effect were observed (p < 0.05), a Fisher’s pairwise 176 

comparison test was also performed. Pearson’s correlations were performed on non-transformed 177 

environmental data. The statistical analyses were conducted using Statistica 12 (StatSoft Inc., Tulsa, OK, USA) 178 

software. 179 
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To identify characterizing phytoplankton species for each month, the Indicator Value (IndVal) was applied, 180 

which combines the relative abundance of a species with its relative frequency of occurrence in a given 181 

period (Dufrêne and Legendre, 1997). The IndVal analysis was run separately for the 1988-2002 and 2007-182 

2016 periods, to test long-term differences in the structures of phytoplankton communities. 183 

 184 

3. Results 185 

3.1. Meteorological conditions 186 

Meteorological parameters are shown in Figg. 2-5 (seasonal trends) and in Figg. S1-S4 (annual trends). On 187 

an annual basis, temperature showed a significant increasing trend (Fig. S1). In the 20021988-2016, 188 

temperature anomalies were mainly positive in all seasons except than in autumn, and the trend of T 189 

anomalies along the entire study period showed significant positive tendencies in spring and summer (Fig. 190 

2). The year 2014 was noteworthy due to the unusually warm winter and autumn seasons and the 191 

unusually cool summer. 192 

The annual trend of sea surface pressure anomaly showed a slight but significant decreasing trend (p < 193 

0.05, Fig. S2). On a seasonal basis, the trend of anomalies across the entire study period showed a 194 

significantly decreasing trend during winter (Fig. 3): while in the 1988-2002 period mainly positive 195 

anomalies were recorded, in the 2007-2016 negative anomalies were more frequent. The widest 196 

fluctuations in the winter and autumn seasons.  197 

The seasonal trend of 99th percentile of rainy-days (i.e. days with cumulative precipitation ≥ 1 mm) is shown 198 

in Fig. 4. Although significant only in winter, a positive trend was observed in all seasons, and even in the 199 

mean annual trend (Fig. S3) indicating an increase in the occurrence of heavy rainfall. Regarding the Dry 200 

Spell Length that indicates the length (in days) of dry periods, no significant variations were observed for 201 

this parameter, both on a seasonal (Fig. 5) and on an annual basis (Fig. S4). 202 

 203 

3.2. Physical and chemical parameters 204 
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The water temperature anomaly along the entire study period (Fig. 6A) showed a slight but significant 205 

increasing trend (n=180, r= 0.19. p<0.05). The average seasonal values for both periods are reported in 206 

Table 1: in 2007-2016, only a slight increase was observed in winter (8.6 ± 0.4 and 9.4 ± 0.4 °C for the 1988-207 

2002 and 2007-2016 period respectively), and in summer (24.4 ± 0.3 and 25.1 ± 0.3 °C for the 1988-2002 208 

and 2007-2016 period respectively), while in autumn values were higher in the 1988-2002 than in 2007-209 

2016 period (15.1 ± 1.0 and 14.5 ± 1.0 °C, respectively) (Table 1).  210 

Salinity anomaly exhibited a significant decreasing trend throughout the study period (Fig. 6B) (n=181, r= -211 

0.15, p < 0.05). However, comparing the average seasonal values of the two study periods, such decrease 212 

was evident in winter (35.0 ± 0.3 vs 33.6 ± 0.5, 1988-2002 and 2007-2016 period respectively), spring (34.5 213 

± 0.5 vs 33.4 ± 0.7, 1988-2002 and 2007-2016 period respectively) and autumn (33.1 ± 0.8 vs 32.8 ± 0.8, 214 

1988-2002 and 2007-2016 period respectively) although such differences were not significant (Table 1). 215 

Nutrient concentration anomaly showed a significant increasing trend along the study period for both DIN 216 

(n=123, r= 0.37, p< 0.001) and PO4 (n=125, r=0.38, p< 0.001), (Fig. 6 C and D), while the trend of Si(OH)4 217 

concentrations showed a slight but significant increase throughout the study period (n=124, r=0.18, p<0.05) 218 

(Fig. 6E). 219 

The comparison of mean seasonal values between the two periods showed significantly higher values of 220 

DIN in the 2007-2016 winter and autumn (both p < 0.001) and spring periods (Table 1). In 2007-2016 a wide 221 

variability of phosphate concentrations was observed. Comparing mean values of PO4 concentrations 222 

between each season of both periods, a significant increase was recorded in the last decade for spring (p 223 

<0.05), summer (p <0.01) and autumn (p <0.01) (Table 1). 224 

Comparing orthosilicate seasonal mean values, higher values were observed in the 2007-2016 in all seasons 225 

than in the 1988-2002 period, although such difference was not significant (Table 1). 226 

 227 

3.3. Po River outflow 228 

The Po river outflow measured at Pontelagoscuro is shown in Fig. 7. In winter, the mean outflow was 229 

significantly higher in the 2007-2016 period than in the 1988-2002 one (p<0.001). 230 
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In autumn, the outflow was higher in the 1988-2002 than in the 2007-2016 period (p<0.001). In all years of 231 

the 1988-2002 period, autumn months were characterized by high outflow. On the contrary, the 2007-2016 232 

period was characterized by longer droughts in summer until the end of October, when high autumnal 233 

outflow started abruptly. The lowest discharge of the Po River was recorded in the period 2002-2007. 234 

 235 

3.4. Phytoplankton communities 236 

3.4.1. 1988-2002 period 237 

In the 1988-2002 period, the number of identified taxa was 247 (118 diatoms, 83 dinoflagellates, 18 238 

coccolithophores, 4 cryptophytes, 7 prasinophytes, 5 euglenophytes, 7 chrysophytes, 1 raphidophyte, 4 239 

silicoflagellates, 1 cyanophyte). Total phytoplankton abundance ranged between 241,070 and 36,332,400 240 

cells l-1 (in September 1997 and January 1998 respectively). Diatoms and phytoflagellates were the main 241 

components of the coastal phytoplankton assemblages, accounting from 10 to 74% (average 44%) and from 242 

32 to 78% (average 51%) of the total abundance, respectively. Dinoflagellates (2 to 6%) and 243 

coccolithophores (0 to 2%) represented minor components.  244 

The mean annual cycle of phytoplankton group abundances in the period 1988-2002 period is shown in Fig. 245 

8A, C, E, G and I, while the mean abundance percent composition of the phytoplankton community is 246 

shown in Fig. 9A. The annual maximum of phytoplankton abundance (on average 11,967,891 ± 3,857,705 247 

cells l-1) was observed in early winter (January), because of the typical winter bloom of diatoms accounting 248 

for the 74% of the total abundance. Winter communities were dominated by diatoms (Skeletonema 249 

marinoi) showing their maximum abundance in January. Winters were also characterized also by the annual 250 

maximum of coccolithophores (mainly Emiliania huxleyi). In spring, a lower peak (5,544,446 ± 1,797,029 251 

cells l-1) was recorded in April, again due to the diatoms (multispecific bloom) that represented the 63% of 252 

the total abundance. In summer, the minimum values of phytoplankton abundances were observed, with 253 

the lowest values in August (2,243,704 ± 437,683); the phytoplankton assemblages were dominated by 254 

phytoflagellates that accounted up to 78% of the total abundance with 1,748,239 ± 375,019 cells l-1. In 255 
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autumn, an abundance peak was recorded in October (5,015,654 ± 1,406,303 cells l-1), mainly due to 256 

phytoflagellates (60%) followed by diatoms (35%). 257 

The community structure in terms of significant taxa as revealed by Ind-Val analysis in 1988-2002 period is 258 

shown in Table 2: in winter the highest IndVal values were observed for Skeletonema marinoi (77.50, 259 

p<0.001), Pseudo-nitzschia delicatissima complex (29.95, p<0.05) and Emiliania huxleyi (28.10, p<0.01). 260 

In spring, the most characterizing taxa were Cyclotella spp. (35.20, p<0.001), und. cryptophytes (33.48, 261 

p<0.01), Syracosphaera pulchra (31.72, p<0.05), Nitzschia longissima (21.34, p<0.001) and Dinophysis 262 

caudata (11.46, p<0.05). 263 

In summer, the highest values were observed in Cerataulina pelagica (35.39, p< 0.01), Proboscia alata 264 

(34.01, p<0.05), Guinardia flaccida (31.51, p<0.01) and Prorocentrum compressum (17.54, p<0.01). 265 

In autumn the most significant species were Lioloma pacificum (36.70, p<0.001 Asterionellopsis glacialis 266 

(21.63, p<0.05), Thalassionema frauenfeldii (14.25, p<0.05) and several Chaetoceros species. 267 

The mean annual cycle of phytoplankton biomass is shown in Fig. S5 (A,C,E,G,I), while the percent 268 

composition of phytoplankton community in terms of biomass is shown in Fig. S6A. In 1988-2002, biomass 269 

trend fitted with that of abundance with peaks in January and February (258.06 ± 83.51 and 289.90 ± 270 

153.55 µC l-1 in respectively). Diatoms accounted for the 92 and 82 % of total biomass in January and 271 

February respectively. In June a biomass peak was observed (141.93 ± 82.57 µC l-1), due to a high 272 

contribution of dinoflagellates that were represented by large-sized taxa (47%) and diatoms (45%). 273 

 274 

3.4.2. 2007-2016 period 275 

In the 2007-2016 period, the number of identified taxa was 262 (125 diatoms, 96 dinoflagellates, 19 276 

coccolithophores, 1 cryptophyte, 1 prasinophyte, 2 euglenophytes, 9 chrysophytes, 2 raphidophytes, 5 277 

silicoflagellates, 3 cyanophytes). Phytoplankton abundance ranged from 448,191 to 66,015,480 cells l-1, in 278 

July 2008 and March 2010 respectively. Again, diatoms and phytoflagellates were the main component of 279 

the coastal phytoplankton assemblages, accounting from 10 to 83% (average 54%) and from 16 to 88% 280 
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(average 45%) of the total abundance, respectively (Fig. 9B). Dinoflagellates (0 to 4%) and coccolithophores 281 

(0 to 1%) represented minor components.  282 

The mean annual cycle of phytoplankton group abundance in 2007-2016 is shown in Figg. 8B, D, F, H and J, 283 

while the mean percent composition of phytoplankton community in terms of abundance is shown in Fig. 284 

9B. Two peaks were observed: March (15,515,233 ± 8,764,850 cells l-1) and May (14,913,738 ± 6,452,528 285 

cells l-1), both due to diatom blooms that accounted for the 83 and 71% of the total abundance 286 

respectively. While the March bloom was almost monospecific (Skeletonema marinoi), the May bloom was 287 

due to several diatom taxa. In summer and autumn, no peaks were observed, and the abundance values 288 

never exceeded the 3.5 * 106 cells l-1. The annual peak of coccolithophores was recorded in late spring. 289 

The community structure in terms of significant species as revealed by Ind-Val analysis in 2007-2016 period 290 

is shown in Table 3. In winter, the highest IndVal values were observed for S. marinoi (92.43, p<0.001), 291 

Thalassiosira spp. (60.74, p<0.001), Dytilum brightwellii (52.10, p<0.001), Thalassiosira rotula (46.43, 292 

p<0.001) and Lauderia annulata (32.49, p<0.01). 293 

In spring, the most significant IndVal values were found for Prorocentrum cordatum (58.39, p<0.001), P. 294 

micans (57.3, p<0.001), Dactyliosolen fragilissimus (56.60, p<0.05), Noctiluca scintillans (51.99, p<0.001), 295 

Euglena sp. (46.53, p<0.01), Nitzschia longissima (43.64, p<0.001), Prorocentrum triestinum (36.70, 296 

p<0.001), Alexandrium spp. (34.88, p<0.01), Protoperidinium steinii (31.10, p<0.01) and Dinophysis sacculus 297 

(25.70, p<0.01). 298 

In summer, the highest Ind-Val were observed for Proboscia alata (87.83, p<0.001), Rhizosolenia spp. 299 

(43.39, p<0.001), Pseudo-nitzschia pseudodelicatissima complex (40.31, p<0.01), Pleurosigma sp. (38.75, 300 

p<0.01), Pseudo-nitzschia galaxiae (34.10, p<0.01), Prorocentrum compressum (33.67, p<0.001), 301 

Rhabdolithes claviger (26.81, p<0.01) and Guinardia flaccida (25.38, p<0.05). 302 

In autumn, the highest indVal were found for Lioloma pacificum (51.84. p<0.001), Cylindrotheca closterium 303 

(46.87, p<0.01), Asterionellopsis glacialis (42.42, p<0.001), Dictyocha fibula (37.92, p<0.001), Eucampia 304 

cornuta (36.05, p<0.001), Chaetoceros rostratus (29.94, p<0.001), C. costatus (27.31, p<0.01), C. tortissimus 305 
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(27.25, p<0.01), C. brevis (26.26, p<0.01), C. lauderi (24.73, p<0.01), Calciosolenia murrayi (27.00, p<0.01) 306 

and Pseudo-nitzschia multistriata (22.05, p<0.01). 307 

The mean annual cycle of phytoplankton biomass is shown in Fig. S5 (B,D,F,H,J), while the percent 308 

composition of phytoplankton community in terms of biomass is shown in Fig. S6B. In 2007-2016, biomass 309 

trend showed peaks in March (600.51 ± 347.81 µg C l-1) due mainly to diatom contribution (81%), May 310 

(691.99 ± 227.70 µg C l-1) largely attributed to dinoflagellates (68%), followed by diatoms (28%) and June 311 

(824.95 ± 418.89 µg C l-1) due to large-sized dinoflagellates (92%). A weaker peak was observed in October 312 

(174.22 ± 90.09 µg C l-1) attributed to the diatoms (87%). Biomass trend showed also peaks in March 313 

(600.51 ± 347.81 µg C l-1), May (691.99 ± 227.70 µg C l-1) and June (824.95 ± 418.89 µg C l-1).  314 

 315 

3.4.3 Comparison between the 1988-2002 and 2007-2016 periods 316 

Considering the general trend during the whole study period, a significantly decreasing trend of both 317 

dinoflagellates (r=-0.23; n=181; p < 0.01) and coccolithophores (r=-0.15; n= 183; p < 0.05) abundances was 318 

recorded. When comparing the phytoplankton abundances between the two study periods on a seasonal 319 

basis (Table 4), higher values of total phytoplankton and diatom abundance were observed in the second 320 

period for all seasons except than in autumn, although such differences did not result significant. 321 

Dinoflagellates abundances were lower in the 2007-2016 than in the 1988-2002 period in all seasons except 322 

in spring, although these differences were not significant. Coccolithophore abundances were lower in 2007-323 

2016 than in 1988-2002, although such difference was significant only in winter in terms of abundance (p < 324 

0.05, Table 4), and in autumn in terms of biomass (p < 0.05, Table 5). Phytoflagellate abundances did not 325 

show differences among seasons of the two periods.  326 

Comparing the phytoplankton biomass between the two study periods on a seasonal basis (Table 5), higher 327 

values were observed in all seasons of the 2007-2016 period, whereas difference was significant only for 328 

spring (p < 0.001). Diatom biomass values were higher in all seasons of the 2007-2016, and particularly in 329 

spring, although such differences were not significant. During spring, mean seasonal biomass of 330 

dinoflagellates showed significantly higher values in the 2007-2016 than in 1988-2002 period (p < 0.001), 331 
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due the blooms of large sized species. Regarding coccolithophores, any significant difference was 332 

highlighted between the two periods. In the 2007-2016 period, phytoflagellate biomass showed a 333 

significant decrease in winter (p < 0.01) and autumn (p < 0.05), while an increase was observed in spring (p 334 

< 0.05). 335 

 336 

4. Discussion 337 

In the last decade, a number of long-term studies on phytoplankton communities in the Adriatic Sea have 338 

been published, highlighting major interdecadal changes occurred in phytoplankton communities related to 339 

climate and meteorological changes (Bernardi Aubry et al., 2012; Cabrini et al., 2012; Maric et al., 2012). 340 

Results of this study showed that in the coastal station of the LTER Senigallia-Susak transect, phytoplankton 341 

abundance and biomass as well as inorganic nutrient concentrations, significantly increased in the period 342 

2007-2016 compared to the period 1988-2002. This increase seems related to the increase of the Po River 343 

flow observed since 2008. Our results seem indicate that the tendency to oligotrophication outlined in 344 

previous studies, mainly driven by the marked drop of Po River outflow occurred in period 2002-2007 345 

(Giani et al., 2012; Mozetič et al., 2010) was reversed. 346 

Unexpectedly, the increase in nutrient phosphorous levels (particularly phosphorus), highlighted in our 347 

study is not explained by the nutrient PO4 loads measured in the Po River waters (the main nutrient source 348 

in the Adriatic Sea) which are decreasing (Giani et al., 2018). We hypothesized that this P enrichment could 349 

be explained considering the contributions of minor torrential rivers close to the study site (e.g. Cesano and 350 

Misa rivers), coupled with the increase of anomalous and intense meteorological events observed in this 351 

area, that may have affected the pathways and fate of N and P, and their ratio (Viaroli et al., 2018; Zoboli et 352 

al., 2015). Unfortunately, nutrient loads of these regional rivers are not available for the entire study 353 

period, and such hypothesis should be carefully verified. Moreover, also other possible nutrient sources, 354 

i.e. the regenerative processes in the water column (Tedesco et al., 2007) and the resuspension of bottom 355 

sediments (Boldrin et al., 2009) may have played a role. 356 
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This study highlighted that in the last decade some major changes occurred in the phytoplankton 357 

community structure, in the timing of the seasonal cycle, and in the period of bloom peak occurrences. 358 

Although the phytoplankton trend in the northern Adriatic Sea is typically characterized by a marked 359 

interannual variability (Bernardi Aubry et al., 2012), some events occur with a remarkably regular 360 

frequency. The most regular event in the phytoplankton annual cycle of the Adriatic Sea is represented by 361 

the diatom winter bloom of Skeletonema marinoi which causes the annual maximum of phytoplankton 362 

abundance and biomass every year. While in the period 1988-2002 the S. marinoi maximum peak was 363 

recorded in early winter (January), in the last decade this bloom extended its temporal span from January 364 

to April-May, with its peak in late winter (March), often overlapping to the multispecific diatom spring 365 

bloom. A phytoplankton bloom occurring in the earlier months of the year is a common feature of several 366 

Mediterranean (Bernardi Aubry et al., 2006; Cabrini et al., 2012; Duarte et al., 1999; Goffart et al., 2002; 367 

Morán and Estrada, 2005; Piredda et al., 2017; Totti et al., 2005; Zingone et al., 2010) and extra 368 

Mediterranean (Álvarez et al., 2009; Backhaus et al., 2003; Glé et al., 2007) areas. Such bloom has been 369 

indicated as winter, late winter, winter-spring, late winter-early spring, irrespectively to the actual month of 370 

appearance. Differently from what occurs in other areas where the winter blooms are short-lasting 371 

(Zingone et al., 2010), at present the winter bloom in the Adriatic Sea lasts 2-3 months and supports the 372 

highest biomass values in the year. In the northern Adriatic Sea, this bloom represents the most remarkable 373 

event among the phytoplankton annual cycle and it is expected that the high productivity of the northern 374 

Adriatic is supported by the regularity of such bloom, as outlined for other Mediterranean areas (Duarte et 375 

al., 1999). The most common explanation of the winter bloom, that appears to contradict the classical 376 

Sverdrup’s hypothesis, is a transitory limitation of the depth of mixed layer induced by conditions of sunny 377 

weather or by the formation of thin freshwater surface layer (Fischer et al., 2014; Townsend et al., 1994). 378 

The relevance of both these effects in the coastal areas of the Adriatic Sea is supposed not to be so strong, 379 

considering the shallowness of the water column (12 m) and the homogeneity of the vertical distribution of 380 

phytoplankton throughout the year (data not shown). Nevertheless, our results suggest that the timing (in 381 

terms of onset and duration) of this bloom would be somehow affected by the conditions of high 382 
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atmospheric pressure, affecting both the irradiance and the stability of water column. This hypothesis is 383 

supported by the observation that the significantly higher atmospheric pressures recorded in winter during 384 

the period 1988-2002 compared to the previous one (1977-1987) allowed an earlier onset of the winter 385 

bloom that peaked in January (Totti et al., 2002), as already observed in northernmost areas (Regione 386 

Emilia Romagna, n.d.). On the contrary, in the 1977-1987, as well as in the 2007-2016, the atmospheric 387 

pressure recorded in winter showed mainly negative anomalies which could have delayed the diatom 388 

winter bloom peak. 389 

The analysis of indicator species revealed that, although in the second period the winter bloom shifted 390 

onward, Skeletonema marinoi represented the main indicator species in the winter phytoplankton in both 391 

periods. On the other hand, a change in the winter community structure was highlighted: from a P. 392 

delicatissima complex- and Emiliania huxleyi- characterized community in the 1988-2002 period to a 393 

Thalassiosira spp., Dytilum brightwellii and Lauderia annulata in the 2007-2016 one. Such increase in large 394 

diatoms could be explained considering the increase in nutrient availability observed right in this period. 395 

The spring bloom (April-May) has a completely different physiognomy, being typically characterized by a 396 

diatom multispecific association. Such bloom is typically affected by the rainfall regime and the related river 397 

runoff, and showed both an increase and a shift onwards, with the maximum occurring in April in the 1988-398 

2002 period and in May in the 2007-2016, respectively. The spring community of 2007-2016 markedly 399 

differed from that of the 1988-2002 for the more relevant contribution of dinoflagellates, in that (i) the 400 

presence of Noctiluca scintillans was highly significant (see below), and (ii) Prorocentrum cordatum and P. 401 

triestinum regularly occurred. 402 

In both periods, phytoplankton showed the minimum annual abundances in summer. However, the 403 

composition of the community differed between the two periods: in the 1988-2002 period, when in 404 

summer the northern Adriatic regularly experienced the persistent and regular appearance of large mucus 405 

aggregates (Giani et al., 2005), phytoplankton communities were typically characterized by mucilage-406 

inhabiting large diatom species (e.g., Cerataulina pelagica, Proboscia alata and Guinardia flaccida) (Totti et 407 

al., 2005). In 2007-2016, when the mucilage appearance was only sporadic, the indicator diatom taxa in the 408 
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summer season were more diverse: Proboscia alata, Rhizosolenia spp., Pseudo-nitzschia 409 

pseudodelicatissima complex, Pleurosigma sp. and Pseudo-nitzschia galaxiae.  410 

In autumn the significantly higher nutrient concentrations observed in the 2007-2016 period did not result 411 

in a significant increase in phytoplankton abundances and biomass, but an increase of larger diatoms was 412 

observed among the indicator taxa. The variability of phytoplankton blooms in spring and autumn could 413 

mainly be related to the intensity of river runoff, in terms of both occurrence and magnitude of peaks. After 414 

the input of low salinity- nutrient-rich waters coming from the Po River outflow and carried southward by 415 

the WAC, a sudden response of phytoplankton is always observed, with mixed diatom blooms 416 

characterized by several species of the genus Chaetoceros. It is noteworthy that in the 2007-2016 period, 417 

an alien species, i.e. the diatom Pseudo-nitzschia multistriata (Corriero et al., 2016), became a regular 418 

inhabitant of the phytoplankton communities of the NW Adriatic Sea representing a significant indicator 419 

species for the autumn season. The placement of P. multistriata inside the native communities has already 420 

been reported in other Mediterranean areas (Zenetos et al., 2010). 421 

In both study periods, diatoms were the most relevant group in the phytoplankton community, being 422 

responsible of the bulk of abundance and biomass values. However, their occurrence become more 423 

irregular in the 2007-2016, with unexpected proliferations of heterogeneous groups of species occurring 424 

throughout the year. The patterns of variation in atmospheric pressure probably have important effects for 425 

the marine climate. Extended periods of high atmospheric pressure are associated with weak horizontal 426 

pressure gradients with weak winds and low wave heights (Duarte et al., 1999). The irregularity of intense 427 

meteorological events caused the appearance of anomalous blooms and altered the seasonal trends.  428 

In both periods, dinoflagellates showed their maximum in spring-summer, as expected in temperate areas 429 

(Smayda and Trainer, 2010). However, in the 2007-2016 period a decrease of dinoflagellates in terms of 430 

abundances has been observed in this study, in combination with an increase in terms of biomass, because 431 

of the occurrence with a regular frequency of Noctiluca scintillans red tides, that particularly affected the 432 

biomass values. Considering the phagotrophical behavior of N. scintillans, its blooms could be indirectly 433 
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associated to the increase of phytoplankton biomass and nutrients observed in the 2007-2016 period, even 434 

if in the past such relationship was not proved (Fonda Umani et al., 2004). 435 

One of the most surprising result of this study is that coccolithophores showed a significantly decreasing 436 

trend in the 2007-2016 period, in terms of abundance and a shift onward of their annual peak which was 437 

observed in June, i.e. 2-4 months later than in the 1988-2002 period. Some species that were among the 438 

most relevant seasonal indicator species in the 1988-2002 period, such as Emiliania huxleyi in winter, and 439 

Syracosphaera pulchra in spring, lose this role in the 2007-2016 period. The maximum values of E. huxleyi in 440 

winter were already reported in other Mediterranean (Dimiza et al., 2008) and extra Mediterranean (Chen 441 

et al., 2007) areas. On the other hand, in 2007-2016 Rhabdolithes claviger was highly relevant in summer, 442 

in agreement with reports for other areas where that species is considered indicator of the oligotrophic 443 

conditions typical of subtropical waters (Narciso et al., 2016). The coccolithophore decrease observed in 444 

the last decade could be tentatively explained considering the highest performance of diatoms in nutrient-445 

rich conditions (Litchman et al., 2006; Xiao et al., 2018). In the North Sea, blooms of E. huxleyi typically 446 

follow those of diatoms in waters that have been recently depleted of inorganic nutrients and are 447 

becoming more stable in terms of vertical mixing (Holligan et al., 1993). In winters of the 2007-2016 period, 448 

the anomalous rainfall, combined with freshwater input and nutrient enrichment, altered the diatom cycle, 449 

and may have affected the coccolithophore proliferation. Neither temperature nor salinity are likely to be 450 

significant causal factors, as E. huxleyi is known to be one of the most eurythermal and euryhaline 451 

phytoplankton species (Tyrrell and Merico, 2004). Regarding the pH, although an increasing water 452 

acidification has been documented in the N Adriatic Sea dense deep waters (Luchetta et al., 2010), such 453 

increase is too low and still not significant for lowering the saturation state of carbonates in seawater at 454 

levels which could significantly affect the calcification processes, according to the scientific knowledge 455 

available. Moreover, unfortunately pH measurements were not available for our dataset. Finally, as this 456 

study was carried out using traditional microscopy method, it is not possible to exclude that E. huxleyi could 457 

have occurred as a non-calcified life stage (Frada et al., 2012), and therefore counted within the 458 

‘undetermined phytoflagellates’ group. 459 
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 460 

5. Conclusive remarks 461 

In this study, the main changes occurred in phytoplankton community of the northwestern Adriatic basin 462 

were documented. In the year 80s, the annual trend was characterized by frequent eutrophication-related 463 

phenomena, such as spring-summer dinoflagellate blooms often causing red or even green tides (Artegiani 464 

et al., 1985; Boni, 1983; Honsell et al., 1992), and the Skeletonema marinoi winter bloom peaking in March 465 

(Totti et al., 2002). 466 

In the 1988-2002, dinoflagellate red tides almost disappeared in summer, while the northern Adriatic Sea 467 

experienced the appearance of large mucilage aggregates, with diatoms often being the main component 468 

of summer communities (Del Negro et al., 2005)05; (Totti et al., 2005) together with some dinoflagellates 469 

that were suspected to play a key role in mucilage production (Pistocchi et al., 2005). Both these 470 

phenomena have been related to tThe phosphorus depletion that occurred in the years after 1986 (Cozzi 471 

and Giani, 2011; Giani et al., 2012),, after Italy implemented a new legislation for the control of nutrient 472 

loads, . This P depletion induced a severe P limitation in the N Adriatic Sea, which has been invoked as one 473 

of the main reasons affecting the mucilage aggregate formation, which regularly took place in the period 474 

1988-2002, as it enhances both the extracellular release by phytoplankton and the bacterial activity (Giani 475 

et al., 2005). In the same period, the diatom winter bloom peaked in January, probably favored by long 476 

periods (from 10 to 60 days) of high and steady values of barometric pressure (>1020 mbar) preceding the 477 

winter blooms (Totti et al., 2002). 478 

The 2002-2007 period was characterized by a marked decrease in the discharge of the Po River (although 479 

limited to 5 years only), that determined the decline of phytoplankton biomass which has been already 480 

intercepted by a number of interannual analyses (see Mozetič et al., 2010).  481 

For the last decade, new tendencies in phytoplankton communities structure and annual trend have been 482 

highlighted. A significant increase in DIN and PO4 was observed. The P limiting conditions typical of the 483 

northern Adriatic Sea (Giani et al., 2012) seem to be attenuated in the study area, and the observed P levels 484 

were not explained by the P concentrations measured in the Po River waters, suggesting the occurrence of 485 

Codice campo modificato
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other P sources, possibly related to the intensity of heavy rainfall. Beside a restoration of diatom 486 

abundance and biomass values that merely followed the nutrient enrichment, the timing of the seasonal 487 

cycle of the main groups changed. The Skeletonema marinoi winter bloom shifted onwards, and other 488 

diatom blooms occurred irregularly throughout the year reflecting the irregularity of meteorological events. 489 

Dinoflagellate abundances decreased, but the irregular proliferation of large sized species caused biomass 490 

peaks. Coccolithophores showed a remarkable decline particularly in winter months. The causes of this 491 

decline are not clear and need to be investigated in depth. 492 

The main forcing factors that shape the community structure and seasonal trend of phytoplankton in the 493 

Senigallia-Susak coastal station crossed by the WAC are both climatic (intensity and trend of rainfall) and 494 

related to anthropogenic pressure (nutrient chargeload). However, other important factors unfortunately 495 

not available in this study, such wind speed and direction, affecting turbulence and mixing with potential 496 

direct effects on nutrients and the phytoplankton dynamics, may play a key role. This study confirms that 497 

the analysis of long-time series of plankton represents a powerful tool to estimate the effect of climate in 498 

the pelagic ecosystems. These changes should be followed with a great attention considering the effects 499 

that they can have on the trophic chain.  500 
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Legends of figures 771 

Figure 1 772 

The LTER Senigallia transect in the northern Adriatic Sea. The study station is highlighted by the red circle. 773 

 774 

Figure 2 775 

Seasonal anomalies of air temperature [°C] at the meteorological station of Torrette (Ancona) from 1988 to 776 

2016. The red segment represents the linear regression, calculated by means of the ordinary least square 777 

method. The slope represents the annual rate [°C/year]. 778 

 779 

Figure 3 780 

Seasonal anomalies of atmospheric pressure (mbarhPa) from 1988 to 2016 calculated by ECMWF ERA-781 

Interim model. The red segment represents the linear regression, calculated by means of the ordinary least 782 

square method. The slope represents the annual rate ([mbarhPa/year]). 783 

 784 

Figure 4 785 

Seasonal 99th percentile of rainy-day precipitation [mm] from 1988 to 2016 at Senigallia meteorological 786 

station. The red segment represents the linear regression, calculated by means of the ordinary least square 787 

method. The slope represents the annual rate [mm/year]. 788 

 789 

Figure 5 790 

Seasonal mean of Dry Spell Length from 1988 to 2016 at Senigallia meteorological station. Vertical bars 791 

represent the range between the seasonal minimum and maximum values. The red segment represents the 792 

linear regression of maximum values, calculated by means of the ordinary least square method. The slope 793 

represents the annual rate [days/year]. 794 

 795 
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Figure 6 796 

Trends of anomalies of physical and chemical parameters from 1988 to 2016 of (A) surface seawater 797 

temperature (°C), (B) salinity, (C)  dissolved inorganic nitrogen (DIN) concentration (µmol l-1), (D) phosphate 798 

concentration, (µmol l-1), (E) silicate concentration (µmol l-1). 799 

 800 

Figure 7 801 

Po River discharge [m3s-1] daily (grey line) and annual averages (triangles). The dashed red line represents 802 

the average over the whole period, equal to 1502 m3s-1. Source: Annali Idrologici, Servizio Idro-Meteo-803 

Clima, ARPA Emilia-Romagna, 1979-2016.  804 

 805 

Figure 8 806 

Mean annual cycle of phytoplankton abundance (cells l-1) in 1988-2002 (A,C,E,G,I) and 2007-2016 807 

(B,D,F,H,Jb,d,f,h,j) periods: (A,Ba,b) total phytoplankton, (C,Dc,d) diatoms, (E,Fe,f) dinoflagellates, (G,Hg,h) 808 

coccolithophores, (I,Ji,j) phytoflagellates. Box plot report the data distribution with the mean () median 809 

()), the interquartile range (black box), the non-outlier range (vertical bars), the outliers () and the 810 

extremes (). 811 

 812 

Figure 9 813 

Mean percent composition of phytoplankton community in terms of abundance during the study period on 814 

a monthly basis: (aA) 1988-2002, (bB) 2007-2016. 815 

  816 
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Table 1. Results of ANOVA and Fisher’s tests about the physical and chemical parameters (surface seawater 817 

temperature (°C), salinity, dissolved inorganic nitrogen (DIN)(μmol l-1), phosphate (μmol l-1), silicate (μmol l-818 

1) in 1988-2002 and 2007-2016. Mean values ± standard error (SE). ns, not significant; * p<0.05; ** p<0.01; 819 

*** p<0.001. 820 

 821 

              
1988-2002 2007-2017 p-

level 

Fisher test 

Parameter Season Avg ± SE Avg ± SE 

Temperature Winter 
8.55 ± 0.43 9.35 ± 0.42 

ns 
 

(°C) Spring 
18.23 ± 0.86 18.32 ± 0.89 

ns 
 

 
Summer 

24.44 ± 0.28 25.12 ± 0.33 
ns 

 

  
Autumn 

15.09 ± 0.95 14.52 ± 0.98 
ns 

  

Salinity Winter 
35.0 ± 0.3 33.6 ± 0.5 

ns 
 

 
Spring 

34.5 ± 0.5 33.4 ± 0.7 ns 
 

 
Summer 35.1 ± 0.4 35.0 ± 0.4 ns 

 

  
Autumn 

33.1 ± 0.8 32.8 ± 0.8 
ns 

  

DIN Winter 
9.71 ± 1.19 23.98 ± 5.04 

*** 88-02 < 07-16 

(μmol l-1) Spring 
6.42 ± 1.89 10.96 ± 2.65 

ns 
 

 
Summer 1.60 ± 0.27 1.98 ± 0.54 ns 

 

  
Autumn 

10.05 ± 2.24 28.65 ± 5.63 
*** 88-02 < 07-16 

PO4 Winter 0.11 ± 0.03 0.12 ± 0.03 ns 
 

(μmol l-1) Spring 0.04 ± 0.01 0.20 ± 0.13 
* 88-02 < 07-16 

 
Summer 

0.08 ± 0.01 0.26 ± 0.10 
** 88-02 < 07-16 

  
Autumn 0.11 ± 0.03 0.26 ± 0.07 

** 88-02 < 07-16 

Si(OH)4 Winter 3.83 ± 0.90 6.36 ± 1.96 ns 
 

(μmol l-1) Spring 2.75 ± 0.54 3.55 ± 1.35 ns 
 

 
Summer 2.28 ± 0.44 3.57 ± 0.98 ns 

 

  
Autumn 

6.61 ± 1.40 9.15 ± 2.90 
ns 

  

 822 

 823 

 824 

ha formattato: Pedice 
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Table 2. List of phytoplankton taxa characterized by the highest IndVal for each season in the 1988-2002 825 

period. IndVal values indicated in italic are significant at p <0.05, those in bold italic are significant at p 826 

<0.01, those in bold italic and underlined are significant at p <0.001. 827 

 INDval INDval INDval INDval 

Taxa Winter Spring Summer Autumn 

Skeletonema marinoi 77.50 3.40 0.00 0.35 

Pseudo-nitzschia delicatissima complex 29.95 13.81 1.81 1.60 

Emiliania huxleyi 28.10 13.94 1.95 10.61 

Protoperidinium spp. 15.81 6.54 4.14 0.72 

Chaetoceros curvisetus 13.73 2.25 0.00 4.09 

Und. prasinophytes 13.07 6.79 0.88 13.04 

Cyclotella spp. 1.65 35.20 4.34 1.95 

Und. cryptophytes 9.61 33.48 10.67 14.84 

Syracosphaera pulchra 0.28 31.72 3.15 3.53 

Dactyliosolen fragilissimus 1.73 27.82 5.26 11.34 

Prorocentrum micans 0.36 25.49 6.39 15.46 

Chaetoceros tenuissimus 1.16 22.51 1.53 0.07 

Tripos fusus 1.59 22.40 1.04 7.47 

Nitzschia longissima 0.26 21.34 0.04 0.74 

Cylindrotheca closterium 4.39 19.79 12.32 22.71 

Tripos furca 0.01 16.53 6.69 7.64 

Pseudokephyrion spp. 0.81 14.96 2.30 0.64 

Thalassiosira spp. 10.03 12.46 1.59 5.75 

Dinophysis caudata 0.00 11.46 2.38 1.41 

Gymnodinium spp. 0.56 10.71 8.06 8.00 

Gyrodinium spp. 2.53 10.47 0.01 0.55 

Cerataulina pelagica 6.74 14.82 35.39 3.53 

Proboscia alata 0.53 3.07 34.01 9.46 

Guinardia flaccida 1.46 0.29 31.51 2.66 

Pseudo-nitzschia pseudodelicatissima complex 2.53 13.78 20.90 15.61 

Hemiaulus hauckii 0.12 0.30 19.95 0.62 

Thalassionema nitzschioides 1.36 1.48 19.56 20.71 

Anoplosolenia brasiliensis 0.09 6.36 17.70 1.68 

Prorocentrum compressum 0.00 1.42 17.54 0.02 

Pseudoscourfieldia marina 0.00 12.45 17.36 0.64 

Calciosolenia murrayi 0.00 0.00 17.32 2.53 

Guinardia striata 0.00 0.00 15.77 4.69 

Calycomonas spp. 0.74 5.28 12.07 0.94 

Lioloma pacificum 0.01 0.00 2.06 36.70 

Chaetoceros spp. 1.37 7.49 1.90 29.36 

Asterionellopsis glacialis 8.07 1.16 0.01 21.63 

Leptocylindrus danicus 0.16 1.58 12.65 19.76 

Chaetoceros affinis 0.00 0.29 0.87 17.33 

Chaetoceros socialis 6.26 0.18 0.00 14.73 

Thalassionema frauenfeldii 1.10 3.93 0.03 14.25 

Pleurosigma spp. 2.00 2.32 12.01 13.26 

Und. pennate diatoms 8.34 3.84 7.30 11.84 

Chaetoceros lorenzianus 0.06 0.83 10.59 11.45 
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Table 3. List of phytoplankton taxa characterized by the highest IndVal for each season in the 2007-2016 830 

period. IndVal values indicated in italic are significant at p <0.05, those in bold italic are significant at p 831 

<0.01, those in bold italic and underlined are significant at p <0.001. 832 

 INDval INDval INDval INDval 

Taxa Winter Spring Summer Autumn 

Skeletonema marinoi 92.43 0.72 0.01 1.03 

Thalassiosira spp. 60.74 0.17 0.00 7.04 

Ditylum brightwellii 52.10 0.00 0.00 1.44 

Thalassiosira rotula 46.43 0.08 0.00 16.55 

Lauderia annulata 32.49 0.00 0.00 18.04 

Chaetoceros danicus 29.27 0.20 1.83 19.24 

Chaetoceros curvisetus 23.34 11.20 9.72 7.78 

Dactyliosolen phuketensis 23.00 0.11 0.00 1.20 

Prorocentrum cordatum 2.17 58.39 0.60 0.17 

Prorocentrum micans 3.37 57.30 3.83 15.63 

Dactyliosolen fragilissimus 2.51 56.60 8.46 15.54 

Noctiluca scintillans 0.48 51.99 0.00 0.34 

Thalassionema nitzschioides 0.97 47.37 26.75 6.21 

Euglena spp. 5.65 46.53 2.24 15.48 

Chaetoceros spp. 16.31 44.71 6.05 8.00 

Nitzschia longissima 1.17 43.64 5.57 0.05 

Cyclotella spp. 1.07 38.28 14.42 14.46 

Prorocentrum triestinum 0.00 36.70 2.04 0.03 

Alexandrium spp. 1.36 34.88 9.16 6.53 

Chaetoceros tenuissimus 4.38 34.36 1.90 8.59 

Pseudo-nitzschia delicatissima complex 2.48 33.22 7.28 5.55 

Protoperidinium cf. steinii 1.35 31.10 2.93 4.17 

Dinophysis sacculus 0.00 25.70 12.97 0.06 

Diplopsalis lenticula 19.95 24.14 1.44 2.60 

Und. prasinophytes 8.39 23.65 15.55 17.56 

Meringosphaera mediterranea 0.00 22.03 0.06 0.02 

Protoperidinium divergens 0.14 19.74 1.18 3.86 

Proboscia alata 0.13 0.99 87.83 5.29 

Rhizosolenia spp. 1.12 0.31 43.39 4.31 

Pseudo-nitzschia pseudodelicatissima complex 1.19 0.35 40.31 12.88 

Pleurosigma sp. 0.95 1.84 38.75 15.59 

Leptocylindrus danicus 8.52 4.93 35.27 24.40 

Pseudo-nitzschia galaxiae 0.01 0.36 34.10 16.69 

Prorocentrum compressum 0.78 8.19 33.67 1.57 

Chaetoceros lorenzianus 2.99 8.80 28.95 14.96 

Rhabdolithes claviger 0.00 0.00 26.81 1.25 

Guinardia flaccida 0.94 2.59 25.38 7.91 

Bacteriastrum spp. 0.00 10.06 21.25 0.72 

Anoplosolenia brasiliensis 0.00 13.12 21.22 10.31 

Pseliodinium vaubanii 0.00 0.03 19.84 2.46 

Calycomonas sp. 0.00 13.90 18.33 0.80 

Chaetoceros affinis 0.25 0.10 18.24 17.66 

Guinardia striata 0.04 0.00 17.18 16.23 

Asteromphalus sp. 0.68 0.00 16.66 5.30 

Ceratium trichoceros 0.00 0.00 16.69 5.05 

Lioloma pacificum 0.01 0.00 6.90 51.84 

Cylindrotheca closterium 1.13 18.29 6.20 46.87 

Asterionellopsis glacialis 0.70 0.03 0.21 42.42 

Emiliania huxleyi 0.31 9.69 0.21 39.82 

Cerataulina pelagica 1.41 15.90 23.48 38.98 

Dictyocha fibula 17.24 0.17 0.00 37.92 

Eucampia cornuta 0.13 0.00 0.41 36.05 

Chaetoceros rostratus 0.00 0.00 0.19 29.94 

Chaetoceros costatus 0.08 0.00 0.00 27.31 

Chaetoceros tortissimus 0.00 0.00 0.18 27.25 

Calciosolenia murrayi 0.00 0.02 0.26 27.00 

Chaetoceros brevis 1.23 0.00 1.39 26.26 

Chaetoceros lauderi 0.15 0.00 1.77 24.73 
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Syracosphaera pulchra 13.39 1.05 17.71 23.91 

Pseudo-nitzschia multistriata 0.18 0.00 0.21 22.05 

Protoperidinium spp. 0.22 6.57 7.18 19.97 

Hemiaulus sinensis 0.79 0.00 0.41 19.76 

Chaetoceros diversus 0.00 0.00 9.45 19.33 

Tripos fusus 16.04 13.23 2.23 17.81 

Distephanopsis staurodon 3.50 0.00 0.00 16.82 
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Table 4. Results of ANOVA and Fisher’s tests about the phytoplankton abundances (total phytoplankton, 834 

diatoms, dinoflagellates, coccolithophores, phytoflagellates) in 1988-2002 and 2007-2016. Mean values 835 

(cells l-1) ± standard error (SE). ns, not significant; * p<0.05. 836 

 837 

  
1988-2002 2007-2016 p-level Fisher test 

Parameter Season Avg ± SE Avg ± SE 

Total phyto  Winter 8,621,429 ± 1,760,650 9,287,326 ± 3,367,632 ns 
 

(cells l-1) Spring 4,404,514 ± 793,052 8,674,748 ± 2,747,719 ns 
 

 
Summer 2,391,304 ± 253,979 3,186,198 ± 485,135 ns 

 

  
Autumn 

4,122,920 ± 575,328 2,557,843 ± 511,565 
ns 

  

Diatoms Winter 4,918,631 ± 1,408,129 6,821,744 ± 3,307,979 ns 
 

(cells l-1) Spring 1,959,299 ± 725,205 4,997,232 ± 2,215,694 ns 
 

 
Summer 544,510 ± 164,527 543,914 ± 161,908 ns 

 

  
Autumn 

1,138,577 ± 396,971 731,001 ± 305,514 
ns 

  

Dinoflagellates Winter 75,367 ± 13,451 39,868 ± 10,153 ns 
 

(cells l-1) Spring 164,206 ± 26,521 195,865 ± 57,969 ns 
 

 
Summer 102,044 ± 22,519 76,114 ± 19,164 ns 

 

  
Autumn 

127,427 ± 39,372 46,761 ± 8,929 
ns   

Coccolithophores Winter 40,488 ± 10,498 7,731 ± 3,542 * 88-02 > 07-16 

(cells l-1) Spring 41,460 ± 13,498 37,198 ± 12,917 ns 
 

 
Summer 14,571 ± 3,478 8,401 ± 2,774 ns 

 

  
Autumn 

21,988 ± 5,282 19,171 ± 5,206 
ns   

Phytoflagellates Winter 3,578,648 ± 994,727 2,417,982 ± 290,289 ns 
 

(cells l-1) Spring 2,048,230 ± 201,226 3,436,440 ± 688,167 ns 
 

 
Summer 1,508,917 ± 178,144 2,557,685 ± 424,376 ns 

 

  
Autumn 

2,810,677 ± 426,364 1,760,593 ± 270,294 
ns 
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Table 5. Results of ANOVA and Fisher’s tests about the phytoplankton biomass (total phytoplankton, 840 

diatoms, dinoflagellates, coccolithophores, phytoflagellates) in 1988-2002 and 2007-2016. Mean values (µg 841 

C l-1) ± standard error (SE). ns, not significant; * p<0.05, ** p<0.01, ***p<0.001. 842 

  
1988-2002 2007-2016 p-level Fisher test 

Parameter Season Avg ± SE Avg ± SE 

Total phyto Winter 205.44 ± 59.79 406.56 ± 134.65 ns 
 

(µgC l-1) Spring 107.50 ± 38.24 624.28 ± 167.73 *** 88-02 < 07-16 
 

Summer 45.41 ± 9.52 63.51 ± 14.49 ns 
 

  
Autumn 

103.40 ± 34.01 119.36 ± 33.88 
ns 

  

Diatoms Winter 174.95 ± 57.46 292.03 ± 165.64 ns 
 

(µgC l-1) Spring 56.84 ± 25.77 102.07 ± 42.97 ns 
 

 
Summer 20.93 ± 5.92 34.17 ± 12.30 ns 

 

  
Autumn 

64.92 ± 30.85 79.20 ± 33.80 
ns 

  

Dinoflagellates Winter 5.33 ± 1.11 102.43 ± 53.36 ns 
 

(µgC l-1) Spring 39.03 ± 14.71 500.19 ± 157.70 *** 88-02 < 07-16 
 

Summer 16.01 ± 5.10 17.43 ± 2.85 ns 
 

  
Autumn 

16.26 ± 3.77 30.07 ± 6.81 
ns   

Coccolithophores Winter 0.97 ± 0.39 1.52 ± 0.92 ns 
 

(µgC l-1) Spring 1.14 ± 0.46 2.07 ± 0.61 ns 
 

 
Summer 0.80 ± 0.21 0.74 ± 0.27 ns 

 

  
Autumn 

2.16 ± 1.06 1.54 ± 0.43 
ns 

 

Phytoflagellates Winter 24.02 ± 6.96 10.58 ± 1.30 ** 88-02 > 07-16 

(µgC l-1) Spring 10.15 ± 1.54 19.94 ± 3.97 * 88-02 < 07-16 
 

Summer 5.98 ± 1.00 11.17 ± 2.57 ns 
 

  
Autumn 

17.84 ± 3.52 8.55 ± 1.35 
* 88-02 > 07-16 
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