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In this work, we aim to describe the main features of the plankton communities analysed over 30 years of
oceanographic cruises in the northern Adriatic Sea (NAS). We highlight the ecological complexity of the
NAS by analysing the temporal variations of the abundance and species composition of the phytoplankton and mesozooplankton communities in different regions of the basin, which contain marked
variations of abiotic and biotic parameters, both over time and space. A large interannual variability in
the phytoplankton and mesozooplankton abundance was observed. For phytoplankton, the abundance
exhibited an alternation of peaks and low values, primarily driven by the ﬂooding or drought of the Po
River. The mesozooplankton species composition changed signiﬁcantly over past 20 years, primarily due
to differences in the abundance of some of the copepod species. For both of the plankton communities,
the results suggest that the phenological traits of the taxa, more than the spatial and temporal variations
of the main abiotic parameters, drive the seasonal changes in the community composition.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Although habitat variability is an inherent trait of planktonic life,
recurrent seasonal patterns of plankton abundance and species
composition can be recognised, at least in the open seas of
temperate areas (Cloern and Dufford, 2005; Cloern and Jassby,
2010; Siokou-Frangou et al., 2010; Mazzocchi et al., 2011). In
these areas, phytoplankton appear to be mainly characterised by
a bimodal distribution, with an initial spring bloom fostered by the
thermal stratiﬁcation of the water column followed by a second
autumn bloom related to the deepening of the thermocline.
Zooplankton follow a similar course, with a temporal delay of their
maximal abundance in comparison to the phytoplankton pattern.
However, different patterns are observed in many cases (Ribera
D’Alcalà et al., 2004; Fernandez de Puelles et al., 2007; Winder
and Cloern, 2010; Mazzocchi et al., 2011). In particular, in marine
coastal ecosystems, the plankton community is often characterised
by a pronounced degree of unpredictability, a feature that hinders
the deﬁnition of the “baselines” necessary to identify changes and
the emergence of trends (Edwards et al., 2010). Indeed, in coastal
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areas, a high signal-to-noise ratio often occurs, with a multipleprocess and multiple-scale plankton regulation that increases the
complexity of detecting patterns and trends. Pluriannual ecological
data series are often regarded as an irreplaceable source of information in this respect. However, it must be noted that these time
series often contain irregularities, gaps, and a lack of internal
coherency, preventing the straightforward application of standard
statistical analyses and rigorous statistical tests. Indeed, these
datasets are often not the output of a properly designed monitoring
effort but represent the result of an a posteriori collation of observations gathered by different people using different methods and
sampling designs for different purposes.
The northern Adriatic Sea (NAS), the northernmost basin of the
Mediterranean Sea, is one of the most productive Mediterranean
areas. The NAS is a shallow basin characterised by the inputs of
several rivers; the primary contribution to the total freshwater
inputs is from the Po and Adige rivers. At its south-eastern
boundary, the NAS receives highly saline and oligotrophic waters
from the southern basin (Franco and Michelato, 1992; Boicourt
et al., 1999). A trophic gradient, decreasing from northwest to
southeast, is typically observed in the basin, in which the nutrientrich waters coming from the rivers are mainly spread southward
and eastward from the Italian coast (Bernardi Aubry et al., 2006;
Solidoro et al., 2009). The meteorological constraints, represented
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mainly by winds and precipitation, and biogeochemical parameters
show a marked seasonal and interannual variability. The remarkable river inputs along the Italian coast, the Istro-Dalmatian current
(bringing high salinity and oligotrophic waters from the southern
basin), and the notable sea-level range (relative to the Mediterranean area) represent the major forcings of the system. The NAS is
subject to a marked anthropogenic impact (e.g., nutrient inputs,
coastal urbanisation, ﬁshing activity, tourism, and maritime trade);
in the past, the basin has undergone overﬁshing (Fortibuoni et al.,
2010), a eutrophication phase (Lotze et al., 2011) and, more
recently, an oligotrophication phase (Mozetic et al., 2010). The NAS
has also been subjected to frequent development of mucilage
aggregates (Giani et al., 2005; De Lazzari et al., 2008). The patterns
of plankton variability and trends in the NAS are partially shaped by
the seasonal alternation at the basin scale but are also strongly
driven by meteorological and abiotic stressors and, ﬁnally, by
nutrient enrichment or impoverishment. Many researchers
emphasise the large interannual variability in the abundance and
species composition of the phytoplankton communities in speciﬁc
NAS regions (Mozeti
c et al., 1998; Totti et al., 2005; Fonda Umani
et al., 2005; Bernardi Aubry et al., 2006; Vilicic et al., 2009).
However, these authors refer to less than one decade of sampling
and are therefore unable to give evidence of pluridecadal trends.
Long-term time series of mesozooplankton data are also scarce in
the Mediterranean (Siokou-Frangou et al., 2010), but studies of this
community component are available for the NAS, especially for the
Gulf of Trieste (Fonda Umani et al., 2010). An analysis of pluriannual
time series regarding the mesozooplankton of the western and
offshore NAS has not been completed to date.
In this study, the abiotic parameters have not been used because
the oceanographic and biogeochemical evaluations from the same
dataset have been already discussed throughout the scientiﬁc
literature (e.g., Franco and Michelato, 1992; Socal et al., 2001,
2008b; Russo et al., 2002; Bernardi Aubry et al., 2006; Tedesco et al.,
2007; Solidoro et al., 2009). Most of the previous researchers
described how the west-to-east trophic gradient is modulated by
the volume and timing of the freshwater discharge and by the
intensity of the wind regime (Boldrin et al., 2009), shaping the
northern cyclonic circulation (Franco, 1983), the presence of which
is favoured by the buoyancy of the Po River plume in the basin
(Artegiani et al., 1997a, 1997b).
In this paper, we contribute to the evaluation of the pluriannual
variations, recurrent patterns and interannual variability of the
plankton community in the NAS by collating and analysing a large
dataset derived from 30 years of oceanographic cruises carried out

with heterogeneous sampling efforts in the framework of international, national and regional research projects.
We focus speciﬁcally on the analysis of the temporal variations
of the abundance and taxonomic composition of the phytoplankton
and mesozooplankton communities. In particular, we aim to
describe: (1) the pluriannual variations of the phytoplankton (over
30 years) and mesozooplankton (over 20 years) macrogroup
abundances in different regions of the NAS; (2) the pluridecadal
variations of the most signiﬁcant phyto- and mesozooplankton taxa
in the most intensively sampled periods and areas, and (3) the main
seasonal cycles of the most abundant taxa.
2. Materials and methods
2.1. Sampling and plankton analyses
The investigations were carried out from 1977 to 2006 in the
NAS in the framework of several research projects, each with
different sampling strategies, on board the CNR oceanographic
ships (D’Ancona, Urania, Minerva and Dallaporta). The investigations were, therefore, quite heterogeneous, at least in the ﬁrst phase
of sampling. Seasonal cruises were carried out from 1977 to 1980
and from 1983 to 1985 and also in the years 1987 and 1989. Monthly
cruises were performed from 1990 to 1995 and from 1999 to 2006.
The station grid for the phyto- and mesozooplankton samplings is
shown in Fig. 1. To identify pluriannual variations over the 30 years,
we considered the abundance of the phyto- and mesozooplankton
at the taxonomic level of classes, subclasses and orders, which are
henceforth called macrogroups (diatoms, dinoﬂagellates, coccolithophores, ﬂagellates, copepods, cladocerans and other taxa).
Starting from 1990 for the mesozooplankton and from 1999 for
the phytoplankton, the data were gathered regularly. We used this
dataset for the analysis of the taxa composition, up to the genus or
species level, aiming to identify the dominant taxa and to track
their recurrent phenology during the year. Among the NAS
sampling areas, we selected for this analysis two stations (station
C10 and station E06, Fig. 1) located in the western area of the NAS.
These two stations were considered in other studies as the most
representative of the hydrological and trophic variability of the area
and were therefore sampled with the greatest intensity and regularity over the years (Alberighi et al., 1997; Pugnetti et al., 2004;
Bernardi Aubry et al., 2006; Tedesco et al., 2007).
In the whole dataset and at all of the stations, discrete samples
were gathered monthly at discrete depths along the water column
for the phytoplankton (generally at 0, 1, 5, and 15 m and in the near-

Fig. 1. Frequency of phytoplankton (a) and zooplankton (b) in a grid (0.2  0.2 (grade)) for the summer. The points indicate the sample positions. The squares containing <10
samples are not coloured. The positions of the C10 and E06 stations are indicated by the star and triangle symbols, respectively. The seasons were grouped by the following months:
January, February and March as winter months; April, May and June as spring months; July, August and September as summer months; October, November and December as
autumn months.
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bottom layer); we used the samples collected in the ﬁrst 5 m of the
water column for the interannual analysis and the surface and
bottom samples for the seasonal cycle analyses. The mesozooplankton were always sampled using vertical hauls with
a 200 mm net along the whole water column.
The abundance of the phytoplankton macrogroups was estimated for 2757 samples; of these, the last 1123, which were
collected since 1999, were analysed in more detail (at the genus and
species level). The analysis of the taxonomic composition was
restricted to those organisms that were well preserved and identiﬁable using light microscopy. The counts were performed using
an inverted microscope equipped with phase contrast (model Zeiss
Axiovert 35) at a magniﬁcation of 400. The samples were ﬁxed
with hexamethylenetetramine-neutralised formaldehyde to a ﬁnal
concentration of 4%. Sub-samples of 5e50 ml were allowed to settle
for 24e48 h and were then examined (Utermöhl, 1958). A variable
transect number was observed until at least 200 (but often more
than 500) cells were counted for each sample (Zingone et al., 2010).
The species composition was deﬁned according to Tomas (1997)
and the references therein. The undetermined nanoﬂagellates,
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whose sizes varied between 3 and 4 mm, and the cryptophyceans,
crysophyceans, prymnesiophyceans (except coccolithophores),
prasinophyceans and chlorophyceans were all included in the
macrogroup of the ﬂagellates.
The mesozooplankton community was sampled from the
bottom to the surface using an Apstein net (0.40 m diameter,
200 mm mesh size; the mean ﬁltered volume was around 4e5 m3).
The samples were preserved with borax-buffered formaldehyde.
The macrogroup analysis was carried out on 371 samples. Detailed
taxonomic (down to the species level for the copepods and
cladocerans) determinations were performed using a Zeiss
stereomicroscope using the total sample or a representative subsample. Each of the samples was poured into a beaker to thoroughly mix for a random distribution of the organisms prior to the
subsampling (Camatti and Ferrari, 2010).
2.2. Statistical analyses
The interannual variability of the phyto- and mesozooplankton
was investigated by constructing a seasonal time series for three

Fig. 2. Seasonal trends of the diatoms during the 30 studied years. The graphs report the data distributions, the medians (dark symbols), the interquartile ranges (dark boxes), and
the complete ranges (dark vertical bars). The broken line connects the medians among close years. Na ¼ Gulf of Venice; Oa ¼ Offshore; Wa ¼ Po River delta region; a ¼ winter,
b ¼ spring, c ¼ summer, d ¼ autumn.
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Fig. 3. Seasonal averages of the Po River discharge over 30 years. The dotted lines represent the range for each year.

Fig. 4. Seasonal trends of the copepods during the 20 studied years. See Fig. 2.
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areas selected according to the subdivision proposed by Solidoro
et al. (2009):
(1) a northern area (Na) including the Gulf of Venice (dashed line
in Fig. 1);
(2) a western area (Wa) close to the Po River delta (solid line) and
(3) an offshore area (Oa) including the central and eastern sector of
the northern Adriatic (dotted line).
The seasons were grouped according to the following months:
January, February, and March for winter; April, May, and June for
spring; July, August, and September for summer; and October,
November, and December for autumn.
For each of the areas and for each season, a time series of the
median annual abundance was calculated for the main macrogroups of the phyto- and mesozooplankton. The interquartile range
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and the complete range of each year for a given area and season
were also calculated (Figs. 2, 4 and 5). The number of data points
used for the statistical tests are marked by the thickness of the lines
at the base of the boxplots.
Because the consistency of the dataset does not permit a formal
time series analysis, we tested the variation by comparing the
species abundance observed in 2 (phytoplankton; 1999e2001 and
2003e2006) or 3 (mesozooplankton; 1991e1995, 1999e2001, and
2003e2006) periods at 2 selected stations (C10 and E06).
These periods were selected based on the availability of data;
therefore, the results of the test are indicative of changes
between the selected periods only, and generalisation should be
considered cautiously. An a posteriori analysis demonstrated
that the 3 periods were characterised by high (1999e2001), intermediate (1991e1995) and low (2003e2006) Po River discharge
values.

Fig. 5. Seasonal trend of the cladocerans during the 20 studied years. See Fig. 2.
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The Wilcoxon rank-sum test for equal medians (Hollander and
Wolfe, 1973) was applied for each pair of time periods. For each
of the species, the results of the statistical test, at a signiﬁcance
level of 0.05, are reported for each time and station. In the results
section, only the signiﬁcant signals are presented and discussed.
For the characterisation of the typical annual succession of the
plankton community, the samples from the 2 stations were
grouped by month, giving a total of 12 partitions. The species that
characterised each partition (month) were identiﬁed using the
IndVal indicators (Dufrêne and Legendre, 1997).
This indicator consists of the product of two independent parts
using the following equation:

IndValij ¼ Aij  Bij  100;
The speciﬁcity A, is the ratio between the mean abundance of
species i in month j and the sum of the mean abundances of the
species over all of the months. The ﬁdelity B, is the ratio between
the number of samples of month j in which species i is present and
the total number of samples of that month.
Therefore, the IndVal of a species in a given month is high when
the species is mainly in that month and when the species is
observed in all of the samples during that month throughout the
years.

3. Results
3.1. Phytoplankton and mesozooplankton taxonomic composition
The 1123 phytoplankton samples from the whole basin contained 372 different taxa, of which 282 could be identiﬁed at the
species level. The phytoplankton community was dominated by
diatoms (59% of the cumulative abundance), followed by ﬂagellates
(37%), dinoﬂagellates (2%), and coccolithophores (2%).
We calculated the mean contribution to the abundance for the
most important taxa: 20 taxa contributed approximately 90% of the
cumulative abundance (Table 1). These species have all been reported in other studies of the NAS (e.g., Totti et al., 2005; Vilicic
et al., 2009) and constitute a cosmopolitan community that has
been observed in other temperate estuaries and coastal waters
(Caroppo et al., 1999; Cloern and Dufford, 2005).
The mesozooplankton community was characterised by 82
taxonomic entities, mainly represented by 46 species of copepods
(65% of the total community), 8 species of cladocerans (16%) and 27
other taxonomic entities (19%), composed of several meroplanktonic larval forms of bivalves, echinoderms, and cirripeds together
with appendicularians and doliolids. The 17 most important taxa
contributed approximately 90% of the cumulative abundance
(Table 1).

3.2. Interannual variability
The seasonal median abundance of each of the main taxonomic
groups of phyto- and mesozooplankton was computed for each of
the areas in the 4 seasons.
The median total phytoplankton abundance in the NAS over the
30 years ranged from 503*103 cells l1 in the autumn to
1943*103 cells l1 in the spring, but a high interannual variability of
season values was observed, as demonstrated by the wide intervals
of the 25 and 75 percentiles (Table 2). Among the 3 regions, the
winter, spring and summer maxima, mainly due to diatoms, were
found in the Wa region under the direct inﬂuence of the Po River.
There was a wide interannual variability for every taxon in each
season and in each area (Fig. 2 for diatoms).

Table 1
Mean abundances, relative contribution to the total abundance and cumulative
percentage of the most representative phytoplankton and mesozooplankton taxa.
The values are indicated as cells l1 for the phytoplankton and as ind m3 for the
mesozooplankton taxa.

Phytoplankton
Skeletonema marinoi
Cerataulina pelagica
Und. cryptophyceae
Chaetoceros afﬁnis
Chaetoceros spp.
Cyclotella spp.
Chaetoceros socialis
Pseudo-nitzschia delicatissima
Pseudo-nitzschia seriata complex
Leptocylindrus danicus
Chaetoceros calcitrans
Emiliania huxleyi
Thalassiosira spp.
Chaetoceros compressus
Prorocentrum minimum
Chaetoceros curvisetus
Cylindrotheca closterium
Pseudo-nitzschia pseudodelicatissima
Chaetoceros decipiens
Asterionellopsis glacialis
Mesozooplankton
Penilia avirostris
Paracalanus parvus
Acartia clausi
Larvae of echinoderms
Evadne tergestina
Podon intermedius
Nauplii of cirripeds
Oithona similis
Appendiculars
Oncaea spp.
Nauplii of copepods
Evadne spinifera
Larvae of lamellibranches
Temora stylifera
Doliolids
Podon polyphemoides
Temora longicornis

Average

Percentage

Cum.
percentage

96,027
88,087
39,518
38,531
30,008
26,052
25,556
19,394
17,817
15,958
11,370
11,150
10,379
8296
7160
6513
6043
5157
4750
4189

18
17
8
7
6
5
5
4
3
3
2
2
2
2
1
1
1
1
1
1

18
35
43
50
56
61
66
70
73
76
78
80
82
84
85
87
88
89
90
90

1956
834
815
253
252
245
243
218
197
174
139
117
87
77
72
66
64

30
13
13
4
4
4
4
3
3
3
2
2
1
1
1
1
1

30
43
56
60
64
68
72
75
78
81
83
85
86
87
88
89
90

The 2 main taxonomic groups, in terms of biomass, were the
diatoms and dinoﬂagellates. None of the groups exhibited longterm changes over the whole study period.
Two diatom maxima were recorded in the summer (1994 and
2004 in the Wa region), while minor and irregular peaks occurred
in the other seasons (Fig. 2).
In the spring of 2004, diatom blooms occurred in the whole
basin, although with different abundances in the three areas; these
values correspond to the relative peaks of the Po River discharge
(Fig. 3).
Minor diatom peaks in the Wa region were observed in the
winter of 2001, with a wide interquartile range, due to a Skeletonema marinoi bloom, and in the Na region in the autumn of 1993,
due to Chaetoceros spp. These events were likely linked to high Po
River discharges (Fig. 3).
In the spring, the dinoﬂagellate abundance in the Wa region
showed irregular late spring maxima (years 1991, 1994, 1999 and
2002; data not shown) and winter minima (years 1993, 2000, 2003
and 2006), which is in accordance with the thermophilic behaviour
of this class. In addition, a decrease of abundance throughout the
year in 2005 and 2006 was observed.
The temporal distributions of the other two main taxonomic
groups (coccolithophores and ﬂagellates, data not shown) were
even less certain, also due to methodological constraints. Most of
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Table 2
Medians, 25 and 75 percentiles of the total phytoplankton and total mesozooplankton abundance in the different seasons and regions of the basin. The data were obtained
from the ﬁrst 5 m of the water column for the phytoplankton and from the whole water column for the mesozooplankton. The values for the phytoplankton are indicated as
103 cells l1; the values for the mesozooplankton are indicated as ind m3.
Phytoplankton

Na ¼ Gulf of Venice

Oa ¼ Offshore

Wa ¼ Po river delta region

Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn

Mesozooplankton

Medians

25 e75 percentiles

Medians

25 e75 percentiles

526
1011
665
513
538
1326
557
533
1391
1943
1250
503

238e1016
534e2037
346e1358
246e905
373e1148
630e2308
289e1443
233e823
669e2628
1078e4697
545e3075
176e1123

2830
4075
6147
3154
2148
5565
3930
2052
2919
6067
7223
3359

1571e4003
2349e6334
3791e9043
2035e4814
1672e2945
1104e7730
2228e5559
733e2617
1730e4046
3103e8951
4334e14,968
2221e4987

these cells belonged to the nanoplanktonic fraction, and the cells
<10 mm often presented identiﬁcation problems that have been
partially addressed only in the last years. Flagellates were dominant
in the phytoplankton communities in different periods of the years:
an autumn increase was observed in the years 1990e1995, and
a winter decrease was observed in 2004 in the whole basin. In
autumn, the ﬂagellate abundance decreased in the last 3e5 years,
mainly in the Wa region, likely due to the decrease in freshwater
inputs (Fig. 3).
The mesozooplankton abundance also showed a wide range of
variability from 1986 to 2006. The medians for each season over the
entire period were 2136 individuals/m3 (ind m3) in winter,
4398 ind m3 in spring, 5992 ind m3 in summer and 3337 ind m3
in autumn.
We observed an increase in the copepod abundance in winter
and spring from 2004, especially in the Na and Wa regions, while
a clear summer decrease was found throughout the basin (Fig. 4). A
further autumnal decrease in the Na region was detected in the last
period (2003e2006).
For the cladocerans (Fig. 5), decreases were detectable in
autumn in all of the areas from the 1990e1995 period to the
2003e2006 period and in summer in the Na and Wa regions
(especially in the period 2003e2006). The group “other taxa”,
which is a mixed entity composed of several mero- and holoplanktonic animals, increased in abundance in the Na and Wa
regions in the years 2003e2006 in the spring and decreased in the
summer during 1990e2000, followed by an increase in overall
abundance in the last period (from 2003; data not shown). Finally,
a sharp autumn decrease in the Na region and a light decrease in
the Wa region occurred from the 1990e1995 period to 2003e2006
period.
3.3. Multiannual variations of the main plankton taxa
Table 3 contains the results of the statistical tests for signiﬁcant
changes of the abundance of the phyto- and mesozooplankton taxa
between the indicated periods for the two stations that were most
intensively sampled; only the signiﬁcant differences are listed.
Among the phytoplankton taxa, only a few changes were
detected: the diatom Lioloma paciﬁcum and the dichtyochophycean
Dictyocha ﬁbula increased at station C10 and the undetermined
nanoﬂagellates decreased at station E06 during the years
2003e2006 compared to the years 1999e2001.
Among the mesozooplankton species, the greater abundance of
the copepod Oncaea spp. in the last 2 periods compared to the ﬁrst
period and the decrease of the meroplanktonic larvae of





lamellibranches between the third and the second period were
observed at both of the studied sites. The abundance of the other
taxa showed signiﬁcant differences for only one of the two stations,
for example, Diaixis pygmaea increased from the 1991e1995 period
to the 1999e2001 period at station C10 (Table 3).

3.4. Seasonal patterns
The overall monthly time series of the phytoplankton and
mesozooplankton, computed over the whole sampling period
(Fig. 6), evidenced the presence of 4 maxima for the phytoplankton

Table 3
Results of the Wilcoxon test for signiﬁcant changes of (a) phytoplankton abundance
between the periods 1999e2001 and 2003e2006 and (b) mesozooplankton abundance between pairs of the periods 1991e1995, 1999e2001 and 2003e2006. The
symbols are as follows: þ a signiﬁcant increase;  a signiﬁcant decrease at the plevel of 0.05; ns, no signiﬁcant changes.
a)
Phytoplankton species
Diatoms

C10

E06

Lioloma paciﬁcum
Dichtiocophyceans
Dictyocha ﬁbula
Undetermined nanoﬂagellates

þ

ns

þ
ns

ns


b)
Mesozooplankton
species

Copepods
Calanus helgolandicus
Clytemnestra rostrata
Diaixis pygmaea
Euterpina acutifrons
Oithona nana
Oithona plumifera
Oncaea spp
Pseudocalanus
elongatus
Temora longicornis
Temora stylifera
Appendicularians
Siphonophores
Larvae of
lamellibranches
Larvae of echinoderms

C10

E06

‘91e‘95 ‘99e‘01 ‘91e‘95 ‘91e‘95 ‘99e‘01 ‘91e‘95
’99e’01 ’03e’06 ’03e’06 ’99e’01 ’03e’06 ’03e’06
ns
ns
þ
ns

ns
þ
ns

ns
ns
ns
ns
ns

ns
ns

ns
ns
ns
ns

ns
þ
ns

þ
þ
ns
ns
ns
ns
þ
ns

ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
þ
ns
ns
ns
þ

ns
ns
ns
ns
ns

ns

ns
ns


þ
ns
ns
ns
ns

ns
ns

þ
ns

ns
ns
þ
ns


ns
ns
ns
ns
ns

ns

ns

ns

ns

þ

ns
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(during February, May, July and September) and 2 minor peaks
(March and May) and a summer plateau, with an absolute
maximum in August, for the mesozooplankton.
For each month, the species with the highest (using the rule of
the “hockey stick” breakpoint) and signiﬁcant IndVal values were
selected.

The characteristic successions of the species, derived by selecting the species with the highest signiﬁcant IndVal for each month,
are shown in Fig. 7 (phytoplankton) and Fig. 8 (mesozooplankton)
for both the surface and bottom layers at the stations C10 and E6 for
the phytoplankton and for the entire water column for the
mesozooplankton.

Fig. 6. Annual trend of the phyto- and mesozooplankton abundance in the northern Adriatic; the monthly values represent the mean abundance obtained from the whole dataset
(from 1977 to 2006 for the phytoplankton and from 1986 to 2006 for the mesozooplankton). The main blooming taxa are depicted (drawings from Avancini et al. (2006a, 2006b)).
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Fig. 7. List of the phytoplankton species characterised by the highest and signiﬁcant IndVal for each month at station C10 at the surface (a) and bottom (b) and at station E06 at the
surface (c) and bottom (d). The species are arbitrarily ordered to show the succession throughout the year.
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Fig. 8. List of the mesozooplankton species characterised by the highest and signiﬁcant IndVal for each month at the stations E06 (a) and C10 (b). The species are arbitrarily ordered
to show the succession throughout the year.

The surface-water phytoplanktonic taxa composition during the
blooming periods did not change substantially over the years. The
key species for the 4 blooming periods (Figs. 6 and 7), based on the
IndVal analysis, were as follows:
- in February, the diatom Skeletonema marinoi, with signiﬁcant
contributions of the diatoms Pseudosolenia calcar-avis and
Lauderia annulata;
- in May, a mixed assemblage of diatoms (Cerataulina pelagica
and Cyclotella spp.) together with autotrophic dinoﬂagellates
(Prorocentrum micans, Prorocentrum minimum, Neoceratium
furca, small unarmoured forms) and cryptophyceans;
- in July, the diatoms Proboscia alata, Chaetoceros compressus;
- in September, the diatoms Guinardia striata and Rhizosolenia
styliformis, the dinoﬂagellate Neoceratium thrichoceros and the
coccolithophores Michaelsarsia elegans, Syracosphaera pulchra
and Calyptrosphaera sp.
A high variability in the species composition was found in the
bottom layer during the winter period (December, January; Fig. 7),
when the abundance was generally low and several species had
similar abundances (the dictyochophyceans Dictyocha ﬁbula and
Octactis octonaria, the coccolithophore Emiliania huxleyi, and
several pennate and centric diatoms, including Asterionellopsis
glacialis, Diploneis crabro, Nitzschia sp., Synedra sp., Grammatophora
sp., Detonula pumila, Hemiaulus hauckii, Thalassiosira rotula, Coscinodiscus sp., and Corethron sp.).
Figs. 6 and 8 show the succession of the main zooplankton species
within an average year. The 2 main peaks of mesozooplankton during
the year were represented by the following species:
- in March, by copepods (Temora longicornis, Ctenocalanus vanus
and Calanus helgolandicus);
- in May, by a mixture of copepods (Acartia clausi, Oithona similis, Pseudocalanus elongatus, Centropages typicus and

harpactocoids), cladocerans (Evadne nordmanni and Podon
polyphemoides) and anchovy eggs;
- from July to September, the community was dominated by
cladocerans (Penilia avirostris, Evadne tergestina and Evadne
spinifera), with the presence of lamellibranch larvae, gastropod
larvae and the eggs and larvae of ﬁsh; in September, several
copepods (Centropages kröyeri, Temora stylifera and Oithona
nana) and the nauplii of cirripeds were also present.
In the other periods of the year, especially winter, the community was dominated by copepods (Fig. 8). For example, in January,
the community was dominated by Diaixis pygmaea and Eucalanus
elongatus and by ostracods. In June, the community was represented by siphonophores and several nauplii of copepods. In the
autumn, we found a mixed species composition of several meroplanktonic larvae (echinoderms and polychaetes), the cladoceran
Podon poliphemoides and the copepods Euterpina acutifrons and
Mecynocera clausi.
4. Discussion
The results of this paper represent a long-term dataset of 30
years for phytoplankton and 20 years for mesozooplankton
communities in the NAS. The dataset was obtained in the framework of different experimental research projects and different
sampling strategies and contains several interruptions. However,
the data supply a consistent picture and contribute additional
information on the state of the pelagic regime of the basin.
Several changes in the oceanographic regime of the NAS have
been extensively described in the last few years. For example,
a temperature increase (Russo et al., 2002) and a salinity increase
(Russo et al., 2002; Solidoro et al., 2009) were demonstrated.
Moreover, a clear reduction in the concentrations of phosphate
and ammonia has been reported (Solidoro et al., 2009), likely
induced by the enforcement of new environmental regulations of
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agricultural and industrial discharges, which increased the severity
of the phosphorus limitation in the NAS and altered the N/P ratio in
the environment. An analysis of the chlorophyll a variations over
the years 1970e2007 at the basin scale (Mozeti
c et al., 2010)
suggests a tendency towards biomass reduction that was particularly strong in the last decade and primarily located in the eutrophic area under the inﬂuence of the Po River. This trend could be
unrelated to temperature variations but rather to a reduction in the
nutrient inputs from the Po River, which induced a general oligotrophication of the system.
Our results conﬁrm that the Po River inﬂuence on the primary
producers is more relevant in the western and central regions of the
basin than in the eastern region and that the large seasonal and
interannual variability of the riverine freshwater discharge and
nutrient loads induces a large variability in the phytoplankton
growth, partly masking the presence of other changes in plankton
composition and abundance. The inﬂuence of riverine inputs and
water circulation on plankton dynamics was also discussed by
Kraus and Supic (2011) for the transect PoeRovinj (1990e2004)
and by Degobbis et al. (2000); the latter reported a signiﬁcant
increase of diatoms and a decrease of dinoﬂagellates from 1970 to
1980 that was particularly marked in the north-eastern oligotrophic region.
In the present study, robust statistical analyses have been
applied to the abundance and species composition data of the
studied plankton communities. These analyses demonstrate the
temporal distribution over a medium- to long-term period and
facilitate an evaluation of the phyto- and mesozooplankton
seasonal cycle. The phytoplankton macrogroups over the 30-year
period did not show signiﬁcant changes, demonstrating a wide
interannual variability. This conclusion does not seem to support
the ﬁndings of Mozeti
c et al. (2010) or the conclusions of Maric et al.
(2012), which highlight a decrease in phytoplankton abundances
(especially nanoplankton) in the north-eastern Adriatic waters
starting in 2000. However, it should be noted that the observations
of Maric et al. (2012) refer only to a limited and very oligotrophic
area of the NAS, while the conclusions of Mozeti
c et al. (2010) are
inferred from surface chlorophyll a satellite data and are not based
on abundance counts. Because ﬁeld data are sampled less
frequently and regularly than satellite-derived data, the detection
of a statistically signiﬁcant change in our time series of ﬁeldacquired data is more difﬁcult and might require a longer time
series. In 2005 and 2006, the last 2 years of our time series, a slight
decrease in the abundances of dinoﬂagellates and ﬂagellates was
also observed (data not shown). However, it is not possible to know
whether this decline is the ﬁrst indication of a decreasing trend or
a ﬂuctuation due to the particularly low Po River discharge in those
years, which caused a clear drop of the dissolved nitrogen
concentration (Cozzi and Giani, 2011).
The plankton community composition is considered to respond
to, reﬂect and amplify the effects of changes in many environments
(Taylor et al., 2002; Hays et al., 2005). However, in the NAS, in spite
of the marked variability of many of the environmental parameters, including physical habitat variability and resource availability,
the phytoplankton communities presented clear patterns in
seasonal succession (demonstrated using the IndVal analysis). This
observation, as suggested by some authors (Zingone and Sarno,
2001; Ribera D’Alcalà et al., 2004; Socal et al., 2008a), indicates
that the seasonal changes of phytoplankton community structure
are mainly inﬂuenced by an endogenous clock and phenology
rather than by the spatial and temporal variations of abiotic
parameters. In fact, the magnitude of the abundance peaks of the
main species and their timing may vary from year to year, but the
annual cycles are recognisable with a high degree of reliability.
These statements are also corroborated by the studies of
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a phytoplankton community carried out in the Gulf of Trieste
(Cabrini et al., 2012); the authors applied the same statistical
analysis (IndVal) on the species composition values of a long-term
dataset (from 1986 to 2010) in different areas of the Adriatic. In
addition, the regularity of the occurrence of species suggests the
importance of the role of a resting stage in the phytoplankton life
cycle, the internal biological rhythms that control the temporal
dynamics of the phytoplankton community and the life strategies,
distribution and evolution of a single species (Montresor, 1992).
However, it must be noted that most of the dominant species
recorded in the NAS are generalist and opportunist species (for
example, Skeletonema marinoi, Cerataulina pelagica, the Pseudonitzschia delicatissima complex, and Chaetoceros spp.), which have
a great capacity for adaptations and dominance throughout the
year.
For the mesozooplankton, the seasonal pattern of the main
species may vary from year to year, but the annual cycles are recognisable with a high degree of reliability, as demonstrated by the
IndVal analyses. The seasonal distribution of the cladoceran Penilia
avirostris (see also Atienza et al. (2008)) presented a wide representativeness in the summer (July, August and September). Two
other important species, Acartia clausi and Paracalanus parvus, were
apparent in the IndVal analysis; the ﬁrst was distributed in the late
spring, and the second lacked a clear seasonal sign.
A reduction in the mean plankton size during last decade has
been recently suggested as another effect of oligotrophication or
climatic changes on plankton communities, for example, in the gulf
of Naples (Ribera D’Alcalà et al., 2004) or in the Gulf of Trieste
(Mozetic et al., 2012). The authors noted an increased prevalence of
smaller phytoplankton throughout the years. Our analysis of the
phytoplankton species composition did not provide a clear answer
to this question, although the zooplankton showed some signs of
change. In fact, from our data, the comparison of the abundance of
the single taxa among different periods (Table 3) shows more
changes for the listed mesozooplankton taxa than for phytoplankton. The increase of small copepods, such as the poecilostomatoid Oncaea spp. and the calanoid Diaixis pygmaea, in the last
period of our mesozooplankton dataset partially corroborated the
reduction in the size of zooplanktonic organisms reported by
Kamburska and Fonda Umani (2006, 2009) and Conversi et al.
(2009). These authors compared species composition between
two periods (1972e1980 vs. 1986e2005) in the Gulf of Trieste and
demonstrated a shift in copepod communities towards a prevalence of small species and the arrival of new species in the second
sampling period, possibly related to the Eastern Mediterranean
transient event (Roether et al., 1996) or large-scale climatic factors
(Conversi et al., 2010; Piontkovski et al., 2011). Regarding the
zooplankton macrogroup abundance, we observed an increase of
copepod abundance during winter and spring in the last period. In
contrast, despite the marked summer dominance of Penilia avirostris, an opposite summer and autumn decrease of cladocerans
was observed, which might be explained by top-down control from
planktonic jellyﬁshes, which are emergent throughout the Mediterranean Sea (Boero et al., 2008). Similarly, control by the jellyﬁsh
Pelagia noctiluca of the copepod community, coupled with blooms
of the heterotrophic dinoﬂagellate Noctiluca miliaris, has been
demonstrated by Cataletto et al. (1995) from 11 years of sampling
(1970e1980) in the Gulf of Trieste.
The results of this study suggest that mesozooplankton as well
as small and large pelagic animals, which are longer-living organisms that occupy higher levels in the trophic chain, are more
sensitive than phytoplankton to environmental constraints such as
climatic-oceanographic and anthropogenic changes; a similar
hypothesis has been formulated recently based on data from the
Gulf of Trieste (Mozeti
c et al., 2012).
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5. Conclusions
In the present work, a large dataset (30 years) of the phytoplanktonic and zooplanktonic communities of the NAS has been
assembled and analysed for typical patterns and possible changes.
The results may be indicative for other temperate coastal areas
highly inﬂuenced by freshwater inputs. Our dataset for the NAS
supports the following statements:
(1) the phytoplankton macrogroup abundance exhibits a large
interannual variability, with alternation of peaks and low
values driven by the ﬂood or drought of the Po River.
(2) for the mesozooplankton, the long-term data showed more
signs of changes due to the increase of copepods in the winter
and spring and of siphonophores in the summer and the
decrease of cladocerans in the summer and autumn. Small
copepods increased their representativeness in the community
throughout the years.
(3) the IndVal analyses of both the phyto- and mesozooplankton
highlighted the presence of a regular pattern in species
succession, possibly supporting the idea that endogenous
clocks are more relevant than environmental parameters for
driving the seasonal succession of the species.
(4) the maintenance of uninterrupted times series is essential for
identifying potential future changes in plankton communities
and in marine environments, and the resulting dataset is
a unique tool with which to isolate the components of the
ecosystem response that are attributable to local environmental changes or to global climate changes.
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