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Abstract The Lesina lagoon (southern Adriatic Sea,
Mediterranean) is a coastal lagoon located in a highly intensi-
fied farming and tourist area. A monthly sampling was carried
out in 1998 in five stations, representative of different hydro-
logical features, in order to analyse phytoplankton composi-
tion and its relation to environmental parameters. Our results
showed high spatial variability of abiotic variables.
Phytoplankton abundances and biomass trends showed
marked seasonality, with annual peaks occurring in late win-
ter–early spring and summer periods. Phytoplankton blooms
were due to the diatom Thalassiosira pseudonana and the
dinoflagellate Prorocentrum cordatum. Statistical analyses
showed that salinity and nutrients were the main factors af-
fec t ing phytoplankton abundance and biomass .
Phytoplankton dynamics was associated both to seasonality
and the hydrodynamic regime of the system.Moreover, chem-
ical–physical data were analysed together with those collected
in the same stations in 2007, to compare their dynamics under
different hydrological regimes. The two periods corresponded
to the closure and opening, respectively, of canals connecting
the lagoon to the sea. In general, abiotic variables (salinity,
dissolved oxygen, pH, nitrate, phosphate and silicate concen-
trations) were significantly affected by the hydrodynamic

regime. These data could provide a useful basis to comple-
ment the knowledge gained through current monitoring within
the framework of the European Directives, as well as to im-
plement conservation and management strategies of these
transitional waters.
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Introduction

Coastal lagoons are characterised by peculiar functional and
structural features, due to their position between land and sea.
They generally show large time-related and space-related var-
iations in hydrochemical characteristics and high biological
diversity (Castel et al. 1996; Tett et al. 2003; Roselli et al.
2009). A short nutrient turnover is promoted by these shallow
ecosystems, resulting in considerable primary productivity
and fishing production (Yãnez-Arancibia et al. 1994; Paerl
et al. 2010; Roselli et al. 2013).

Lagoons provide a wide range of ecosystem services, such
as biodiversity conservation, food production, water quality
improvement and recreational and cultural activities. These
environments are also subject to high anthropogenic pres-
sures, which may influence marine organisms by acting di-
rectly on their physiology and phenology, as well as by mod-
ifying environmental variables that govern their dynamics
(Brugnano et al. 2011; Caroppo 2015).

Phytoplankton, which can rapidly respond to a wide range
of environmental perturbations, are sensitive indicators of wa-
ter quality and hydrological evaluations and of any ecological
changes in coastal systems (Paerl et al. 2010; Lugoli et al.
2012; Caroppo et al. 2013; Garmendia et al. 2013). For this
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reason, within the European framework directives (WFD, EC
2000; MSFD, EC 2008), phytoplankton are used as a biolog-
ical quality element for ecological status assessment of differ-
ent types of water bodies (from lakes to open sea).

The Lesina lagoon (southern Adriatic, Mediterranean Sea)
is a non-tidal lentic system, quite interesting for its relevant
biological and economic value. Internationally known as a
breeding area for many migratory birds, in 1995, it was des-
ignated ‘Site of Community Importance’. The main economic
activities of this brackish environment are fishing, tourism,
extensive fish farming and, in the past, macroalgal harvesting.
More specifically, from 1970 to 1990, RhodophytaGracilaria
gracilis (Stackhouse) Steentoft, Irvine et Farnham (as
Gracilaria confervoides Greville) used to flourish in the la-
goon (Sacca Occidentale) in large quantities (e.g. 100 metric
tons dry weight in 1978). It was used for commercial purposes
(agar-agar extraction) (Trotta 1994). After 1990, a drastic re-
duction inG. gracilis biomass productionwas observed due to
over-exploitation. Other seaweeds, i.e. Valonia aegagropila
C. Agardh and Cladophora sp. (not economically profitable)
grew in the lagoon and sometimes reached bloom conditions.
An extraordinary organic matter degradation process and an-
oxia occurred at every bloom of these macroalgae, usually in
the summertime (Trotta 1994; Nonnis Marzano et al. 2003).
Reduced water exchange with the sea, due to the closure of
two canals (Acquarotta and Schiapparo), affected the lagoon
trophic state. Therefore, these canals were opened again in
April 2000 to try and improve water quality (Manini et al.
2005).

As to phytoplankton biodiversity and dynamics, recent in-
formation is scarce, except for the studies carried out in the
past (Solazzi et al. 1972). Moreover, no data are available on
phytoplankton biomass in terms of carbon content. The latest
phytoplankton data in the Lesina lagoon were collected to
evaluate the ecosystem health, in compliance with Italian reg-
ulation No. 152/2006 and for Water Framework Directive
(WFD) implementation (Roselli et al. 2009). Other studies
reported the effects of a dystrophic event on phytoplankton
physiognomy in 2008 (Vadrucci et al. 2009; Basset et al.
2013).

The goal of this study was to collect information on phy-
toplankton assemblages and dynamics in the Lesina lagoon in
relation to specific hydrological conditions, with a view to
assessing this transitional water ecosystem in accordance with
the WFD (Ferreira et al. 2011). In particular, besides the en-
vironmental variables already monitored in 1998, the follow-
ing phytoplankton parameters were described: (i) cell abun-
dances, (ii) biomass in terms of carbon content, (iii) taxonomic
composition and (iv) abundance and biomass correlations
with environmental variables. Moreover, two different moni-
toring periods (January–December 1998 and January–
December 2007), representing two different hydrological re-
gimes, were compared to evaluate the effects of the opening of

the canals Acquarotta and Schiapparo. This study could pro-
vide useful information for conservation and management
strategies of this lagoon in view of a better understanding of
non-tidal lentic lagoonal ecosystems.

Methods

Study area

The Lesina lagoon (Fig. 1) is located on the southern Adriatic
coast (Apulia, Italy) on the northern side of the Gargano
promontor between the Fortore River and Rodi Garganico. It
extends parallel to the coast for about 20 km, covering an area
of about 51.5 km2, with a perimeter of 50 km, an average
depth of about 0.9 m and of maximum 1.6 m (Solazzi et al.
1972). The lagoon is long and narrow, stretching along an
east–west direction. It is divided into three different main
areas: Sacca Occidentale, Area Mediale and Sacca Orientale
(Solazzi et al. 1972). In the Sacca Occidentale and Area
Mediale, the sediments are mostly silty, while mainly reed
beds and sand and silty sediments characterise the Sacca
Orientale (Ferrarin et al. 2014). The lagoon is connected with
the Adriatic Sea through two canals: Acquarotta (on the west-
ern side) and Schiapparo (on the eastern side). The southern
side of the lagoon receives numerous inputs. The Sannicandro
Sewage canal, the Idrovora drainage canal, the rivers Lauro
and Zannella and the Elce stream are the most important trib-
utaries, bringing in groundwater and effluents, both raw and
treated, from fish farming, agriculture and urban activities.
They all end up into the lagoon, thus bringing a surplus of
nutrients from intensive agriculture in the catchment basin,
which, at 500 km2, is ten times larger than the lagoon area
itself (Trotta 1994).

The lagoon shallow depth and the remarkable nutrient load
are responsible for seasonal, and sometimes daily, fluctuations
in physical and chemical parameters. Almost everywhere, the
sediment redox potential in the lagoon is below 100 mV or
even negative (Trotta 1994).

The lagoon current environmental conditions, with in-
creased anthropogenic inputs, are described in Roselli et al.
(2009).

Sample collection and abiotic factors

From January to December 1998, monthly samplings were
conducted in five stations (Fig. 1) located at the Sacca
Occidentale (stations 1 and 13), Area Mediale (stations 15
and 20) and Sacca Orientale (station 28) of the lagoon.
Water samples were taken at the surface of each station
(n = 5) using a 5-L Niskin bottle. Transparency was measured
by Secchi disk. Temperature, salinity, dissolved oxygen and
pH were recorded by an Idronaut Ocean Seven 501
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multiprobe and compared with in situ (electronic thermome-
ters) and laboratory (Guildline Autosal 8400 B salinometer,
Winkler and pH meter) measurements. Nutrients (NH4

+–N,
NO2

−–N, NO3
−–N, PO4

3−–P, SiO3
2−–Si) were measured ac-

cording to Strickland and Parsons (1972). Environmental data
collected from the same stations from January to December
2007 were consistent with the two different hydrological re-
gimes of closure (1998) and opening (2007) of the sea-
connecting canals.

Phytoplankton samples, freshly collected in 1998, were
fixed with Lugol’s iodine solution and examined by an
inverted microscope (Labovert FS Leitz) by following the
Utermöhl method (Utermöhl 1958). Phytoplankton were
counted along transects (1–4) or in random fields (30–60) with
400× magnification. Moreover, to better evaluate less abun-
dant microphytoplankton taxa, half of the Utermöhl chambers
were also examined (200× magnification) (Zingone et al.
2010). Nanophytoplankton (2–20 μm) were counted in 15
randomly selected fields with 630× magnifications.

Biovolume was calculated by approximating species
shapes to geometrical models (Hillebrand et al. 1999).
Carbon content was evaluated from mean cell biovolumes
using Menden-Deuer and Lessard formula (2000).

Statistical analysis

The experimental data were processed using the
STATISTICA software package (StatSoft Inc., Tulsa, OK,
USA).

Mean values and standard deviations of the variables were
regarded as space-related variations of each variable. One-
way variance analysis (ANOVA) was applied to environmen-
tal data to evaluate the differences between the two hydrolog-
ical conditions in 1998 and 2007, respectively. Furthermore,
ANOVA was carried out on the variables collected in 1998
and 2007 to describe the system space–time variation in each
sampling period (Underwood 1997).

A standard Pearson correlation was used to quantify direct
correlations between phytoplankton abundance and biomass
and environmental parameters. In order to obtain a visual rep-
resentation of the correlations between environmental vari-
ables and phytoplankton, a principal component analysis
(PCA) was performed on the whole dataset collected in
1998. Logarithmic transformation [log10(x + 1)] was used on
phytoplankton data prior to statistical analyses, in order to
obtain a normal distribution. Moreover, PCA was also per-
formed by using both 1998 and 2007 environmental data, in
order to compare the two different hydrological regimes.

Results

Environmental data

The average values of the parameters considered during the
two sampling periods are shown in Figs. 2 and 3, together with
the relative standard deviations as spatial variation for each
variable.

Water temperature followed a seasonal trend for both 1998
and 2007 sampling years, with minimum temperatures in win-
ter (January 1998 with 6.90 ± 0.14 °C and December 2007
with 10.30 ± 1.02 °C) and maxima in July (29.65 ± 0.53 and
27.30 ± 0.73 °C, respectively, 1998 and 2007) (Fig. 2).
Temperature showed a significant time-related variation
(p < 0.001), while no significant differences were found
among the stations, in both sampling periods.

In 1998 and 2007, salinity showed similar seasonal trends,
characterised by an increase of values from winter
(18.38 ± 1.65 in February 1998 and 10.37 ± 2.21 in January
2007) to summer (35.78 ± 4.98 in September 1998 and
28.01 ± 4.51 in August 2007) (Fig. 2). In the late summer–fall
period values decreased. Salinity was particularly affected by
the change of the hydrological conditions; in fact it was sig-
nificantly higher in 1998 than in 2007 (p < 10−4), especially in

Fig. 1 Map of the Lesina lagoon
showing the location of sampling
sites (modified from Roselli et al.
2009)
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summer, when evaporation was higher and freshwater input
scarce. ANOVA showed also significant time-related varia-
tions in salinity (1998: p < 0.001; 2007: p < 0.05).
Furthermore, significant differences among the stations
(p < 0.05) were recorded with the western side stations
characterised by higher values than the eastern side stations
in both periods.

Dissolved oxygen (saturation percentage) showed signifi-
cantly different values in the two hydrological conditions
(p < 10−4), and higher values were usually detected in 1998.
Dissolved oxygen displayed opposite trends from May to
August comparing the two sampling periods (Fig. 2). In
1998, saturation percentage values ranged between
100.73 ± 12.84% (November) and 155.79 ± 24.65% (July),
while in 2007 they were comprised between 83.78 ± 19.13%
(July) and 131.48 ± 31.22% (April). In both periods, only
significant time-related variations were observed (1998:
p < 0.001; 2007: p < 0.05).

ANOVA evidenced statistically significant differences
(p < 10−4) of pH values in two sampling years. Seasonal
trends were comparable and higher values were always de-
tected in 2007 (Fig. 2). In 1998, values ranged between
8.08 ± 0.04 (December) and 8.47 ± 0.18 (July). In 2007,
pH values were lowest in August (8.39 ± 0.34) and highest
in March (8.82 ± 0.22). In both sampling periods, no sig-
nificant time-related and space-related changes were
recorded.

As far as the concentration of N, P and Si on the Lesina
lagoon was concerned, ANOVA showed statistically

significant differences in N–NO3
− (p < 0.001), P–PO4

3−

(p < 0.05), Si–SiO2
− (p < 10−4) concentrations and N/P

(p < 0.001) and Si/N (p < 0.01) ratios before and after the
canals opened.

As regards N–NH4
+ seasonal patterns, they did not show

differences between the two considered periods. The lowest
concentrations of N-NH4

+ were recorded in June (1998:
0.88 ± 0.46 μM; 2007: 0.82 ± 0.60 μM) while the highest in
December 1998 (4.31 ± 0.75 μM) and in May 2007
(4.39 ± 6.47 μM) (Fig. 3). N–NO2

− and particularly N–
NO3

− showed a changing trend over time (Fig. 3). N–NO2
−

levels showed opposite trends throughout the years. In partic-
ular, in 1998 higher values were monitored in winter. On the
contrary, in 2007, greater concentrationswere usually detected
in the other periods of the year and sporadic peaks were de-
tected in May, September and December. In 1998, values
ranged between 0.02 ± 0.03 μM (October ) and
1.97 ± 0.31 μM (January). In 2007, N–NO2

− values were
lowest in July (0.16 ± 0.07 μM) and highest in May
(1.62 ± 3.08 μM). As regards N–NO3–, before the canals
opened, temporal distribution of concentrations was
characterised by greater values in late winter (up to
6.77 ± 3.47 μM, March 1998) (Fig. 3). In the other periods
of the year, concentrations decreased, by reaching the mini-
mum average value of 0.20 ± 0.04 μM (July). In 2007, prob-
ably because of heavy rains and nutrient load in freshwater
inputs, N–NO3

− concentrations were higher than in 1998 and
values showed peaks throughout all the seasons, with maxima
values in December 2007 (30.21 ± 44.89 μM). Finally, N–

Fig. 2 Monthly changes (January–December 1998 and 2007) of physical–chemical parameters in the Lesina lagoon (mean + SD) recorded by
multiprobe: temperature, salinity, percentage of oxygen saturation, pH
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NH4
+, N–NO2

− and N–NO3
− concentrations showed no sig-

nificant time-related and space-related variations in both sam-
pling periods.

P–PO4
3− accounted for the least abundant element among

the nutrients studied with extremely low values on average
below 1 μM for the 2 years under examination (Fig. 3). The
seasonal variation of P–PO4

3− was different during the two
periods. Higher concentrations of this nutrient were monitored

in 1998, particularly in spring-summer (from April to
September). Instead, in 2007 the higher levels were observed
in February–March period (Fig. 3). The lowest P–PO4

3−

values were recorded in January (0.08 ± 0.02 μM) and the
highest in September 1998 (0.94 ± 0.28 μM). In the second
period, the lowest P–PO4

3− values were recorded in January
2007 (0.04 ± 0.02 μM) and the highest ones in March 2007
(0.77 ± 1.05 μM). In 1998, P–PO4

3− showed significant

Fig. 3 Monthly changes (January–December 1998 and 2007) of nutrients in the Lesina lagoon (mean + SD): ammonium, nitrite, nitrate, phosphate,
silicate, N/P and Si/N ratios
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variations from month to month (p < 0.001), but not among
stations. In 2007, no space-time-related variations were
detected.

Si–SiO2
− seasonal pattern was similar in the two investi-

gated periods (Fig. 3). Si–SiO2
− concentrations were the low-

est in August 1998 (23.69 ± 3.84 μM) and the greatest in
December 1998 (73.31 ± 7.96 μM). In 2007, the lowest con-
centrations were recorded in August (15.62 ± 8.26 μM) and
the highest one in May (73.35 ± 38.59 μM) (Fig. 3). Si–SiO2

−

showed no significant time- and space-related differences in
the 2 years.

N/P ratio seasonal distribution appeared, on average, sig-
nificantly higher in 2007 than in 1998 (p < 0.001). It was
usually greater than the theoretical value of 16 for all the
sampling periods, except for the summer–fall period in 1998
when the minimum value of 0.88 ± 0.43 (July) was detected
(Fig. 3). Statistically significant time-related variations
(p < 10−4) and space-related variations (p < 0.001) were ob-
served in 1998 and 2007, respectively. Si/N ratio was always
greater than the theoretical value (~ 1) and showed a changing
trend over the years (Fig. 3). The highest values were moni-
tored in summer 1998 (up to 58.05 ± 26.53, June). In 2007,
peaks were detected throughout the year. Moreover, statisti-
cally significant temporal (p < 0.001) and spatial (p < 10−4)
differences were recorded in 1998 and 2007, respectively.

Phytoplankton communities and harmful species

Phytoplankton communities were reported with a wide range
of abundance (119 × 103–20.0 × 106 cells L−1) and biomass
(6.7–805.6 μg C L−1) and with significant time-related varia-
tions (ANOVA, p < 10−4). On average, seasonal abundance
and biomass trends were similar and higher from January to
April (up to 20.0 × 106 cells L−1 and 805.6 μg C L−1, station
15) when a peak was detected in all stations, except for station
1 (Fig. 4a, b). Abundance and biomass decreased from May
on and peaked again in August only in stations 20 and 28 (up
to 10.4 × 106 cells L−1 and 415.8 μg C L−1, station 28).

As to spatial distribution, ANOVA revealed no significant
differences between the stations (p > 0.05). The highest annual
mean cell abundance was observed in station 15
(6.3 ± 7.6 × 106 cells L−1), while station 28 reported the
highest biomass (213.0 ± 171.5 μg C L−1). The lowest annual
mean abundance and biomass were recorded in station 1,
where 1.5 ± 1.9 × 106 cells L−1 and 87.3 ± 73.6 μg C L−1 were
detected, respectively.

The phytoplankton community was generally dominated
by ‘others’, including several phytoplankton groups. This
was the case in all stations and mainly in summer and autumn
(Fig. 5). These algae on average accounted for about
60.7 ± 34.1% of total abundance and 49.7 ± 26.6% of total
biomass. Diatoms accounted on average for 29.3 ± 31.5% of
total abundance and 18.1 ± 17.9% of total biomass. Theymost

contributed to the phytoplankton community in winter
(abundance) and spring (biomass) (Fig. 5). Dinoflagellates
accounted for 10.0 ± 9.4% of total abundance and
32.2 ± 24.7% of total carbon. They reached their highest abun-
dance and biomass percentage in winter and spring, respec-
tively (Fig. 5). All phytoplankton groups only showed signif-
icant time-related (p < 10−4) variability.

A total of 59 taxa corresponding to 34 diatoms, 20 dinofla-
gellates and 5 others were identified (Table 1). Time-related
variations of the six most abundant and frequent taxa in the
Lesina lagoon are reported in Fig. 6.

The group of ‘others’ was an important component in the
phytoplankton community, in terms of abundance
(1.3 ± 1.2 × 106 cells L−1) and contribution to total biomass
(66.4 ± 65.4 μg C L−1). The highest abundances were recorded
in April 1998 (up to 5.4 × 106 cells L−1–290.9 μg C L−1, sta-
tion 15). They were mainly represented by small (< 10 μm)
phytoflagellates of uncertain taxonomic identification, ac-
counting for 65.5 ± 32.6% of total abundances.
Undetermined, > 10 μm phytoflagellates, prymnesiophyceans,
cryptophyceans, dictyochophyceans, prasinophyceans and
euglenophyceans (Table 1) with low cell concentrations were
generally detected less frequently. Among them, the most
abundant were prasinophycean Tetraselmis wettsteinii and
euglenophycean Euglena acusformis. T. wettsteinii was most
abundan t in the la t e fa l l–win te r pe r iod (up to
1.2 × 106 cells L−1 station 15, December) (Fig. 6) and
E. acusformis developed in summer. Its greatest
38.0 × 103 cells L−1 abundance was monitored in station 20
(August).

Diatomswere detectedwith average 2.2 ± 3.4 × 106 cells L−1

abundances, with 25.8 ± 26.6 μg C L−1 contribution to total
biomass. The highest abundance and biomass were reported in
winter and spring in all stations (Fig. 5). In summer (as well as
in autumn), diatoms showed the lowest abundance and biomass
in all stations except for stations 20 and 28. The nano-sized
species Thalassiosira pseudonana was responsible for these
blooms. In winter–spring, this species reached its highest
11.9 × 106 cell L−1 concentration (station 15, February), ac-
counting for 74.9% of total phytoplankton abundance and
33.6% biomass. Other representative diatom species were
Navicula sp.p. (Fig. 6), Cylindrotheca closterium,
Chaetoceros sp.p., Amphora coffaeformis, Amphora sp.p. and
Cocconeis placentula.

Dinoflagellates (on average, 0.5 ± 0.7 × 106 cells L−1 and
71.4 ± 101.2 μg C L−1) increased in late winter and spring,
while in summer the only biomass increase was observed in
station 28 (Fig. 5). In spring, and specifically in April in station
15, different species reached their highest abundance:
Prorocentrum cordatum (2.5 × 106 cell L−1) (Fig. 6),
Gymnodinium sp. (198.6 × 103 cells L−1) and the heterotrophic
Diplopsalis group (116.8 × 103 cells L−1). In summer, the
nano-sizedHeterocapsa niei developed in the lagoon, reaching
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its highest growth in August (up to 140.2 × 103 cells L−1, sta-
tion 28). In late summer and fall, Prorocentrum scutellum was
the most abundant species (up to 87.6 × 103 cells L−1, station
13, October) (Fig. 6). Scrippsiella acuminata with its wide
time-related distribution was observed throughout the year
(Fig. 6), even if its abundance was never particularly high
(up to 58.4 × 103 cells L−1, August, station 28).

Among the dinoflagellates, besides Prorocentrum
cordatum, various harmful, potentially biotoxin producing
species were detected in the lagoon. Alexandrium minutum
was observed mainly in summer (July–August) in all stations
with concentrations ranging between 2.9–70.1 × 103 cells L−1.
Amphidinium carterae was detected only in stations 20 and
28 , wi th abundances rang ing be tween 0 .4 and
2.9 × 103 cells L−1. With its wide time-related distribution,
Gonyaulax spinifera was reported throughout the year, al-
though with a low frequency (14% of the total samples), with
abundances ranging between 0.7 and 5.8 × 103 cells L−1.

Also, Akashiwo sanguinea, a high biomass producer, was
identified, mainly in autumn, with abundances ranging be-
tween 0.4 and 13.1 × 103 cells L−1.

Besides Diplopsalis group, other heterotrophic dinoflagel-
lates, made up of different species of Protoperidium (Table 1),
were detected with abundances ranging between 0.7 and
75.9 × 103 cells L−1 and a sampling frequency of 28.1%.

Correlations between environmental variables
and phytoplankton

Correlation analysis pointed out that seasonal phytoplankton
variations in abundance and biomass were significantly corre-
lated with environmental data, especially salinity and nutrients
(Table 2). Total phytoplankton, the ‘others’, diatom and dino-
flagellate abundance and biomass showed negative correla-
tions with salinity. Moreover, phytoplankton, and especially
dinoflagellate dynamics was significantly correlated with N–
NH4

+, N–NO2
−, N–NO3

−, P–PO4
3− and Si–SiO2

−. The
‘others’ (abundance and biomass) and total phytoplankton

(abundance) showed significant correlations with N/P ratio.
Moreover, dinoflagellate biomass was significantly correlated
with Si/N ratio.

PCA applied to the 1998 dataset and the combined plot of
scores and loadings allowed us to recognise groups of samples
with similar behaviours and any existing correlation with the
original variables. Three principal components were extracted
accounting for 91% variability. The loading of variables on
the first two principal components (Fig. 7) showed that tem-
perature, N–NO2

−, N–NO3
−, P–PO4

3− and N/P ratio were
dominant variables on PC1, whereas N–NH4

+ and dinoflagel-
lates were dominant variables on PC2. The scatter plot of the
scores on the first two principal PC1 and PC2 components
(Fig. 8) showed that in summer, autumn and late spring, all
stations had a positive score on PC1, while in winter and at the
beginning of spring all stations had a negative score on the
same component. Conversely, in spring (April), station 15 had
a more negative score compared to the other stations on PC2.
Therefore, when their physical–chemical parameters were
compared, all stations had the same behaviour, except for
station 15, which in April showed higher dinoflagellate
abundances.

PCA was also carried out to compare physical–chemical
parameters following the closing (A) and opening of the ca-
nals (B), respectively. Three principal components were ex-
tracted, accounting for 87% variability. The scatter plot of the
scores on the first two principal components PC1 and PC2
(Fig. 9) showed that the stations were quite apart. Indeed, in
January and February, station 28 had a more negative score
compared to the other stations on PC1, while station 20 had a
more positive score compared to the other stations on PC2.

Loading of the variables on the first two principal compo-
nents detected in the Lesina lagoon in the two periods
(Fig. 10) showed that the dominant variables on PC1 were
temperature, N–NO2

−, N–NO3
− in period A and temperature

and salinity in period B in station 28. Moreover, the dominant
variables on PC2were pH, N–NH4

+, N–NO2
− and N–NO3

− in
period B in station 20.

Fig. 4 Time-related variations of phytoplankton abundances (cells × 103 L−1) (a) and biomass (μg C L−1) (b) detected in the five stations of the Lesina
lagoon from January to December 1998
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The results obtained from PCA showed that during the two
examined periods, two stations showed a different behaviour
in terms of nitrogen compound concentrations. In period A,
the highest nitrogen compound concentrations (N–NO2

− and

N–NO3
−) were observed in station 28, while in period B they

were detected in station 20. Stations 20 and 28 were located
near the watercourses flowing into the lagoon, along its south-
ern edge and near the Schiapparo canal, respectively,
connecting the lagoon to the sea. Considering that roughly
80% of annual freshwater was discharged into the eastern part
of the lagoon, the low or scarce circulation in 1998 could have

Table 1 List of the
phytoplankton taxa detected in
the Lesina lagoon from January to
December 1998

Diatoms Dinoflagellates

Actynoptycus serianus (Ehrenberg) Ehrenberg Akashiwo sanguinea (Hirasaka) Hansen et
Moestrup

Amphiprora alata (Ehrenberg) Kützing Alexandrium minutum Halim

Amphora coffeiformis (C. Agardh) Kützing Alexandrium spp.

Amphora spp. Amphidinium carterae Hulburt

Chaetoceros simplex Ostenfeld Amphidinium sp.

Chaetoceros spp. Diplopsalis group

Cocconeis costata Gregory Gyrodinium fusiforme Kofoid et Swezy

Cocconeis placentula Ehrenberg Gyrodinium glaucum (Lebour) Kofoid et Swezy

Cocconeis scutellum Ehrenberg Gyrodinium lachryma (Meunier) Kofoid et Swezy

Cocconeis scutellum var. stauroneiformis Van Heurck Heterocapsa niei (Loeblich) Morrill et Loeblich III

Coscinodiscus granii Gough Prorocentrum cordatum (Ostenfeld) J.D. Dodge

Coscinodiscus spp. Prorocentrum gracile Schütt

Cylindrotheca closterium (Ehr.) Reimann and J.C.
Lewin

Prorocentrum micans Ehrenberg

Grammatophora marina (Lyngbye) Kützing Prorocentrum scutellum Schröder

Gyrosigma sp. Protoperidinium cf. biconicum (P.A. Dangeard)
Balech

Licmophora gracilis (Ehrenberg) Grunow Protoperidinium bipes (Paulsen) Balech

Licmophora sp. Protoperidinium mite (Pavillard) Balech

Melosira nummuloides (Dillwyn) Agardh Protoperidinium oviforme (Dangeard) Balech

Navicula cuspidata (Kutzing) Kutzing Prorotoperidinium sp.

Navicula spp. Scrippsiella acuminata
(Ehrenberg) Kretschmann, Elbrächter,
Zinssmeister, S.Soehner, Kirsch,
Kusber & Gottschling

Nitzschia punctata (W. Smith) Grunow Undetermined naked dinoflagellates

Nitzschia sigmoidea (Ehrenberg) W. Smith Undetermined thecate dinoflagellates

Nitzschia spp.

Pleurosigma acuminatum (Kützing) Grunow Coccolitophorids

Pleurosigma cf. aestuarii (Brébisson ex Kützing)
W. Smith

Emiliania huxleyi (Lohmann) Hay and Mohler

Pleurosigma angulatum (Queckett) W.Smith Syracosphaera pulchra Lohmann

Pleurosigma sp.

Rhizosolenia delicatula Cleve Other phytoflagellates

Proboscia alata f. gracillima (Cleve) Gran Euglena acusformis Schiller

Synedra sp. Euglena sp.

Thalassionema bacillare (Heiden) Kolbe Tetraselmis wettsteinii (Schiller) Throndsen

Thalassiosira pseudonana Hasle and Heimdal Undetermined cryptophyceans

Thalassiosira spp. Undetermined phytoflagellates

Tropidoneis lepidoptera (Gregory) Cleve

Undetermined centric diatoms

Undetermined pennate diatoms

�Fig. 5 Abundance and biomass percentages of main phytoplankton
groups (diatoms, dinoflagellates, ‘others’) observed in the Lesina lagoon
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caused a nutrient build-up in station 28. The opening of the
canals favoured an increase in nitrogen content in station 20
compared to the other stations, probably due to the prevalence
of industrial and urban waste inputs. The effects of station
‘behaviours’ were more easily visible in the stations close to
the Schiapparo canal than in those close to the Acquarotta
canal, presumably because the first one is shorter than the
latter, hence with more effective exchange with seawater.

Discussions

Environmental data and their correlation with different
hydrological conditions

Because of its shallow waters, the hydrological characteristics
of the Lesina lagoon are easily impacted by weather

conditions, natural freshwater inflows, industrial and urban
wastewaters and tidal exchanges. Both in 1998 and 2007 sam-
pling periods, temperature followed a time-related trend typi-
cal of the Mediterranean region, with the highest average tem-
perature values recorded in summer. In winter, temperature
and salinity were lowest, due to abundant rainfalls and conti-
nental inputs. Salinity was the highest in summer 1998, when
higher evaporation rates were recorded, linked to higher tem-
perature and concurrent lower freshwater inputs. In this peri-
od, lower dissolved oxygen values were also recorded, espe-
cially near the Acquarotta canal, where the accumulated
macroalgal biomass began decomposing. The area close to
the Schiapparo canal was characterised by lower salinity, be-
cause of more abundant natural freshwater inputs from the
eastern side of the lagoon. However, from September to
December 2007, salinity was lower than in winter 1998.
During the period when the canal was closed (1998),
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Fig. 6 Time-related variations of the most abundant and/or frequent taxa
identified in the six stations of the Lesina lagoon from January to

December 1998 (cells × 106 L−1 for Thalassiosira pseudonana and
Prorocentrum cordatum and cells × 103 L−1 for the other species)



dissolved oxygen reached its lowest values (82% saturation)
near the Acquarotta canal in summer, and its highest peaks
near the Schiapparo canal, probably due to currents and tidal
exchanges. As concerning the significantly high pH values

detected in 2007, they might have been caused by the dis-
charge of wastewaters and the greater concentrations of phos-
phorus (Coelho et al. 2007).

In both considered periods, the Lesina lagoon was
characterised by time-related fluctuations in chemical–physi-
cal parameters and phytoplankton, while only salinity and N/P

Table 2 Pearson correlation
analysis of the phytoplankton
groups abundances (A) and bio-
mass (B) and environmental
parameters

Diatoms Dinoflagellates Others Total phytoplankton

r sign. r sign. r sign. r sign.

Temperature A n.s. − 0.27 * n.s. n.s.

B n.s. n.s. n.s. n.s.

Salinity A − 0.45 *** − 0.58 *** − 0.34 ** − 0.51 ***

B − 0.48 *** − 0.53 *** − 0.35 ** − 0.55 ***

Dissolved oxygen A n.s. n.s. n.s. n.s.

B n.s. n.s. n.s. n.s.

pH A n.s. − 0.28 * n.s. n.s.

B n.s. n.s. n.s. n.s.

N–NH4
+ A n.s. − 0.31 * − 0.33 ** − 0.27 *

B n.s. −0.32 * − 0.36 ** − 0.33 **

N–NO2
− A 0.28 * 0.56 *** 0.32 * 0.38 **

B 0.29 * 0.49 *** 0.32 * 0.42 **

N–NO3
− A n.s. 0.52 *** 0.27 * 0.27 *

B n.s. 0.49 *** 0.28 * 0.34 **

P–PO4
3− A 0.31 * 0.46 *** n.s. 0.35 **

B 0.32 * 0.41 ** n.s. 0.38 **

Si–SiO2
− A 0.29 * 0.26 * 0.26 * 0.32 *

B 0.30 * n.s. 0.27 * 0.30 *

N/P A n.s. n.s. 0.26 * 0.26 *

B n.s. n.s. 0.27 * n.s.

Si/N A n.s. n.s. n.s. n.s.

B n.s. − 0.28 * n.s. n.s.

c Pearson coefficient, sign. significance

*p < 0.05, **p < 0.01, ***p < 0.001

Fig. 7 Loading of the 14 variables (temperature, salinity, dissolved
oxygen, pH, N–NH4

+, N–NO2
−, N–NO3

−, P–PO4
3−, Si–SiO2

−, N/P and
Si/N ratios, diatoms, dinoflagellates and ‘others’) detected in the Lesina
lagoon in 1998 on the first two principal components

Fig. 8 Scatter plot of the scores for the first two principal components
detected in the Lesina lagoon in 1998
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and Si/N ratios (only in 2007) showed significant space-
related differences.

In general, nutrient concentrations (N–NO2
−, N–NO3

−, P–
PO4

3−) as well as N/P and Si/N ratios showed different trends
in 1998 and 2007. High nitrogen compound concentrations
detected in winter and spring could be due to agricultural
runoff. Indeed, the highest concentrations were registered in
both hydrological conditions in the south-eastern stations,
close to the main freshwater inputs. N–NH4

+ concentrations
are also linked to microbial decomposition of organic matter
in the bottom sediments. N–NO2

− concentrations showed op-
posite trends in the various sampling periods, with higher
mean values in winter 1998 and spring 2007, respectively.
N–NO3

− concentrations showed higher mean values in 2007
(12.44 ± 15.65 μM) than in 1998 (1.98 ± 1.31 μM), presum-
ably due to increased agriculture activity throughout these

years. P–PO4
3− concentrations, on the one hand, were related

to biogeochemical processes and to organic matter resuspen-
sion from the bottom caused by turbulence conditions (Gikas
et al. 2006). On the other hand, they could be due to inputs
carrying urban wastewaters and runoff. However, since P–
PO4

3− concentrations were higher in 1998 than in 2007, lim-
ited seawater exchange through the canals could be assumed
to be the cause of increased P–PO4

3− levels. Nitrogen and
phosphorus concentrations are normally associated with an-
thropogenic pressures in limited seawater exchange systems
(Newton and Mudge 2005; Pérez-Ruzafa et al. 2005; Viaroli
et al. 2005; García-Pintado et al. 2007). Therefore, the south-
eastern part of the lagoon seemed to be the main source of
exogenous nitrogen, because of freshwater inputs in both hy-
drological conditions. Actually, observed high N/P ratios are
indication of phosphorus-limited conditions in that part of the
system. Conversely, the western part of the lagoon showed
low N/P ratios, probably due to scarce freshwater input and
high phosphorus concentration. Silicate concentrations fluctu-
ated during the sampling periods, with high concentrations
detected in the eastern part of the lagoon where freshwater
inputs were higher. Whenever the Si/N ratio was higher than
1, diatoms were able to compete with the other algal classes
that require less quantities of silicon (Conley et al. 1993).

Previous studies carried out in 2007 and aimed to evaluate
the trophic state and water quality of the Lesina lagoon evi-
denced a high productivity of this ecosystem, which went
from a good state, in the areas near the canals, to a poor state
in those closed to freshwater inputs, especially during the
winter months (Roselli et al. 2009). Results of this research
show that the Lesina lagoon was a highly productive ecosys-
tem also in the past, like other coastal brackish Mediterranean
environments (e.g. Tett et al. 2003, Basset et al. 2006; Newton
et al. 2014). This is confirmed by the high biomass and cell
concentration of phytoplankton communities. The lagoon has
been experiencing severe urban and agricultural pollution,
which has increased over the years (Roselli et al. 2009).
There was also a moderate freshwater flow, bound to increase
in spring and fall due to rainfalls. The average water renewal
time ranged between 50 days (eastern lagoon) and 250 days
(western lagoon) (Ferrarin et al. 2014). Data collected in
1998–1999 indicated awater turnover time of around 100 days
(Manini et al. 2005). Moreover, in these years, rainfalls were
low, particularly during summer (0.5 mm day−1). Also, the
closure of the canals led to high evaporation rates
(3.7 mm day−1) (Manini et al. 2005), with consequent hyper-
salinity (up to 41.9) of the western area. With high waste
discharges, low renewal capacity and shallow waters, the
Lesina lagoon had a strong eutrophication potential. During
the year of our investigation (1998), a massive growth of the
macroalga Valonia utricularis (Roth) C. Agardh was ob-
served, which had also occasionally caused dystrophic crises
(Cozzolino 1995). However, during the following years

Fig. 9 Loading of environmental variables (temperature, salinity,
dissolved oxygen, pH, N–NH4

+, N–NO2
−, N–NO3

−, P–PO4
3−, Si–

SiO2
−, N/P and Si/N ratios) detected in the Lesina lagoon in 1998 and

in 2007, on the first two principal components

Fig. 10 Scatter plot of the scores for the first two principal components
detected in the Lesina lagoon in 1998 and 2007
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Valonia disappeared (D’Adamo et al. 2009) and in 2007 the
macrophytobenthos in the Lesina lagoon was mostly
accounted for by rhizophytes Ruppia cirrhosa and
Nanozoostera noltii and macroalgae Chaetomorpha sp.,
Chara sp., while in the basin western area, an extensive mead-
ow of Gracilaria sp. was present. In general, the species suc-
cession depends on salinity fluctuations. In particular, Valonia
spp. is associated with high salinity conditions (D’Adamo
et al. 2009), as was found in the 1998 sampling period.

Phytoplankton community

Recorded phytoplankton densities were lower than those in
other estuarine environments (Pereira Coutinho et al. 2012;
Pachés et al. 2014; Coelho et al. 2015). They were higher than
those monitored by Roselli et al. (2009) in the lagoon (0.07–
11.21 × 106 cells L−1), but lower than those reported by
Vadrucci et al. (2009) during the dystrophic crisis in the sum-
mer of 2008 (max value 5.48 × 107 cells L−1). Compared with
previous studies, our abundance data are higher than those
recorded by Solazzi et al. (1972) (10–448.0 × 103 cells L−1),
when only the Schiapparo canal was opened. Our phytoplank-
ton biomass estimates in terms of carbon content (the first for
Lesina lagoon) show that maximum measured values are in
the upper range reported to date for other Mediterranean tran-
sitional systems (Fanuko and Valčić 2009; Bosak et al. 2012)
and are comparable to values recorded in the Fusaro lagoon
(Sarno et al. 1993).

In the Lesina lagoon, the autotrophic biomass could be
controlled by freshwater inputs, availability/limitation of nu-
trients, mineralisation processes, water residence times, tidal
exchanges and the macrophytobenthic component in the basin
as a whole. Actually, our data show a high correlation of
phytoplankton with salinity (negative) and with nutrients.
Presumably, when the canals were closed leading to less water
renewal and higher phosphate availability, phytoplankton
benefited from high nutrient concentrations thus reaching
higher density than during the period in which the canals were
opened and circulation guaranteed (2007). In addition, at the
beginning of the summer 2008, the whole of the western part
of the Lesina lagoon suffered a severe anoxia for about a
month. This dystrophic event was caused by high temperature
and the absence of wind, in conjunction with microbial de-
composition of the macroalgal biomass. The latter was mostly
made up of Gracilaria spp., which over the previous 2 years
had homogeneously covered the bottom. Moreover, this event
occurred with the temporary partial blockage of the
Acquarotta canal, through which seawater was allowed to
enter the lagoon, especially in summer. This partial block, in
turn, further increased phytoplankton biomass concentration.
The eastern part of the lagoon was not affected by these dys-
trophic conditions, probably thanks to freshwater inputs and
the efficiency of the Schiapparo canal allowing for a good

lagoon-seawater exchange. The importance of properly func-
tioning tidal canals is well-known and this study confirms
their fundamental role in lagoon environmental management.

Regarding time-related variations, they showed some dif-
ferences from to the past (Solazzi et al., 1972), when the sea-
sonal cycle was characterised by increased cell concentrations
in spring, and maximum summer concentrations. During our
survey, the maximal standing stock was registered in spring
(April 1998), with increased summer abundances and biomass
detected only in the eastern stations. Moreover, in winter
(February 1998), high cell numbers were recorded, despite
lower total biomass due to the small size of the blooming
species (Thalassiosira pseudonana and Prorocentrum
cordatum).

The community was dominated by smaller organisms: phy-
toflagellates and nano-sized diatoms and dinoflagellates. The
high nutrient input in the lagoon seemed to favour autotrophic
small-sized organisms capable of exploiting quickly available
resources and characterised by high surface/volume ratios and
reproductive rates (r-strategist). No information is available
about picophytoplankton in the Lesina lagoon. However,
based on data collected in other temperate transitional waters
(Caroppo 2015 and references herein), including the adjacent
Varano lagoon (Caroppo 2000), we would assume that this
component plays an important role in phytoplankton
physiognomy.

Phytoflagellates, considered typical autotrophs of the
Adriatic Sea (Fonda Umani et al. 1992; Caroppo et al.
1999) were present throughout the year. The nano-sized
diatom Thalassiosira pseudonana bloomed in late winter-
spring, promoted by high nutrient availability. Unlike
other diatoms, which usually grow in turbulent environ-
ments, T. pseudonana developed even in stable water
conditions, probably due to its low sinking rate, as al-
ready observed in other coastal and brackish environ-
ments (Zingone et al. 1990; Giacobbe et al. 1996).
Dinoflagellates played a minor role in terms of abun-
dance, but were very important in terms of biomass,
and significantly contributed to community diversity.
Also, worth noting is that coccolithophorids—important
components of phytoplankton assemblages in the coastal
Adriatic Sea (Fonda Umani et al. 1992; Caroppo et al.
1999)—were rarely observed.

Less than 10 species accounted for the main bulk of phy-
toplankton population. The scarcity of phytoplankton species
could be associated to eutrophication, responsible for strong
selection and consequent species number reduction in some
coastal sites (Sarno et al. 1993; Caroppo 2000). Moreover,
phytoplankton dynamics was affected by limited tidal range
and poor sea exchange.

The hydrodynamic regime role in the Lesina lagoon is
more evident if we compare its phytoplankton dynamics and
species composition to those in the adjacent Varano lagoon
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(Caroppo 2000). Here, the highest cell abundances were re-
corded in autumn and the succession of the various taxa ap-
peared very similar to that monitored in the adjacent coastal
waters of the southern Adriatic Sea (Caroppo et al. 1999).
Presumably, in the Lesina lagoon, phytoplankton assemblages
were not the result of passive transport. After their initial in-
trusion in the lagoon, species of marine origin might have
been selected by the environment.

Some of these species such as Thalassiosira pseudonana
and Prorocentrum cordatum (= P. minimum) are typical of
enclosed and semi-enclosed basins, or estuarine waters
(Sarno et al. 1993; Pereira Coutinho et al. 2012). Moreover,
due to the lagoon shallow waters, ticopelagic species like
Cocconeis scutellum, Licmophora gracilis and Synedra
undulata were also detected.

In 2007, phytoplankton assemblage composition was sim-
ilar to that observed in 1998 (data not shown), highlighting the
adaptation of some species to lagoonal conditions. Cell con-
centrations seemed to have been controlled by basin water
renewal depending on different hydrological conditions:
closed canals (1998), opened canals (2007) and partially
closed canals (2008). In 2008, the Acquarotta canal was
closed for dredging operations and structural engineering
works recording a concurrent increase in phytoplankton bio-
mass dystrophic crises in the western part of the lagoon
(Basset et al., 2013).

Taking into account the physiognomy of phytoplankton
and their significant correlations with salinity and nutrients,
this study furnishes evidence that phytoplankton provide use-
ful information on the environmental quality of the lagoon and
its canals over the years.

Harmful algal species

During our survey, the Lesina lagoon was affected by the
presence of HABs. The blooming species Prorocentrum
cordatum was one of them, the others were the toxin pro-
ducers Alexandrium minutum, Gonyaulax spinifera and
Amphidinium carterae and the high biomass producer
Akashiwo sanguinea. Among the harmful dinoflagellates,
Alexandrium minutum and Gonyaulax spinifera have been
identified for the first time in the Lesina lagoon during our
investigations.

Prorocentrum cordatum (= P. minimum) blooms are typical
of brackish environments (e.g. Pereira Coutinho et al. 2012)
and seem to be associated to eutrophication (Heil et al. 2005).
Shellfish toxicity has been attributed to Prorocentrum
cordatum from different coastal environments (Japan;
France; Norway; Netherlands; New York, USA). However, a
water-soluble neurotoxic component which killed mice was
isolated only from Mediterranean clones collected along the
coasts of France (Heil et al. 2005). Alexandrium minutum and
Gonyaulax spinifera are common along the Adriatic Sea

(Caroppo et al. 1999; Viličić et al. 2002; Arapov 2013) and
the Ionian coasts (Rubino et al. 2009; Caroppo et al. 2016) and
are known to produce paralytic shellfish poisoning (PSP)
(Chang et al. 1997) and yessotoxins (YTXs) (Riccardi et al.
2009), respectively. Amphidinium carterae, besides being in-
volved in ciguatera poisoning (Hallegraeff 2003), is known to
cause red tides and has been implicated in mass fish mortality
(Yasumoto 1990). This effect seemed to be related to hemo-
lysins, low molecular weight compounds produced by this
dinoflagellate. Laboratory studies evidenced also that this spe-
cies exerts toxic effects on the early life stages of sea urchins
(Pagliara and Caroppo 2012). Akashiwo sanguinea is a non-
toxic bloom-forming organism, but it is suspected of causing
seabird deaths through saponification. Through wind mixing
and surfaction, this dinoflagellate forms a yellowish green
foam. This foam acts as a surfactant, dissolving the natural
oil cover from the feathers of seabirds which can result in
hypothermia (Jessup et al. 2009). It is a very common species
and can cause blooms in coastal waters throughout the world,
such as the Black Sea (Gómez and Boicenco 2004), Oregon,
USA (Du et al. 2011), Hong Kong (Lu and Hodgkiss 2004)
and in brackish environments of the Mediterranean Sea
(Caroppo 2002; Caroppo et al. 2016).

In more recent years, some of the harmful species detected
in 1998 have been identified, including Prorocentrum
cordatum (as P. minimum), but they have never reached high
abundance rates (Vadrucci et al. 2009). However, the presence
of these microalgae needs to be monitored in the future, in
order to protect the high value services (tourism, fishing and
aquaculture) offered by this lagoon.

Conclusions

This study confirms that phytoplankton is a good indicator of
the ecosystem environmental quality, since phytoplankton dy-
namics and biodiversity were shown to be strictly associated
to seasonality, hydrodynamic regime and environmental qual-
ity of the studied environment. On the one hand, a well-
thought-out monitoring plan helps identify those elements that
are likely to tilt an ecosystem balance; on the other hand, it is
also fundamental for lagoon management, which must take
account of nutrient load (wastewaters and/or fertilisers), use
of surface waters for irrigation and the functioning of tidal
canals. This study aimed to improve our knowledge on the
dynamics of coastal lagoons, in order to promote better plan-
ning and the implementation of management strategies de-
signed to guarantee the ecosystem conservation for both pur-
poses: namely, a sustainable exploitation of its resources—
such as fishing, aquaculture, biomass and biochemical pro-
duction—and the implementation of cultural services, such
as recreation and nature-based tourism, cultural heritage and
identity.
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