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Abstract The response of phytoplankton assemblages to the
closure of urban sewage outfalls (USOs) was examined for the
Mar Piccolo of Taranto (Mediterranean Sea), a productive
semi-enclosed coastal marine ecosystem devoted to shellfish
farming. Phytoplankton dynamics were investigated in rela-
tion to environmental variables, with a particular emphasis on
harmful algal blooms (HABs). Recent analyses evidenced a
general reduction of the inorganic nutrient loads, except for
nitrates and silicates. Also phytoplankton biomass (chloro-
phyll @) and abundances were characterized by a decrease of
the values, except for the inner area of the basin (second inlet).
The phytoplankton composition changed, with nano-sized
species, indicators of oligotrophic conditions, becoming dom-
inant over micro-sized species. If the closure of the USOs
affected phytoplankton dynamics, however, it did not preserve
the Mar Piccolo from HABs and anoxia crises. About 25
harmful species have been detected throughout the years, such
as the potentially domoic acid producers Pseudo-nitzschia cf.
galaxiae and Pseudo-nitzschia cf. multistriata, identified for
the first time in these waters. The presence of HABs represents
a threat for human health and aquaculture. Urgent initiatives
are needed to improve the communication with authorities
responsible for environmental protection, economic develop-
ment, and public health for a sustainable mussel culture in the
Mar Piccolo.
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Introduction

Coastal lagoons and semi-enclosed seas possess functional
and structural properties associated with their localization be-
tween land and sea. They generally show large temporal and
spatial variations in hydrochemical characteristics and consid-
erable primary productivity and fishery production (Paerl et al.
2009). The shallowness of these systems promotes a short
nutrient turnover, and the effects of anthropogenic inputs are
more evident. Nutrient supply to coastal waters occurs natu-
rally as a result of geological weathering; however, in recent
years, population growth and related human activities (agri-
culture, urban sewage runoff) have increased nutrient inputs.
This kind of pollution is now considered as one of the greatest
threats to coastal environmental quality (Glibert et al. 2010).
Also, mussel culture, usually acting as a natural eutrophication
control because of the natural capacity of molluscs to clean
water (Shumway et al. 2003), in conditions of intensive pro-
duction could become the source of dissolved and particulate
organic matter (Bouwman et al. 2013) and consequently of
regenerated nutrients. The negative effects of nutrient pollu-
tion can be further exacerbated by climate changes such as
warming, enhanced vertical stratification, and increasing
raining fall (Hallegraeft 2010).

Nutrient enrichment can cause major changes in nutrient
ratio and has significant effects on phytoplankton community
by altering its composition and dynamics and may lead to the
development of blooms dominated by a single species or spe-
cies group. When these blooms lead to undesirable distur-
bance to humans and to the environment, they are defined
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“harmful algal blooms” (HABs) (Glibert et al. 2010). Harmful
species are those that are potential producers of toxins, which
may affect negatively human health, and others are producers
of allopathic substances that inhibit the growth of co-
occurring species and act as a chemical defense against pred-
atory animals (lanora et al. 2010). However, harmful effects
are also caused by the high biomass producers that cause loss
of environmental quality and benthic habitat, development of
hypoxia and anoxia, alteration in food web, and death of wild
and farmed species (Cloern 2001). When high biomass
blooms of any species cause discoloration of the sea (any
color), the term “red tides” is used (Davidson et al. 2012).

The link between anthropogenic nutrient supply and the
appearance of HABs has been largely discussed (Hallegraeff
1993; Anderson et al. 2002, 2008). Field examples have dem-
onstrated evident linkages between anthropogenic nutrient
supply and the marine/coastal HABs (Hallegraeff 1993;
Anderson et al. 2002; Davidson et al. 2012), evidences sup-
ported also by experimental and physiological data (Glibert
etal. 2006). However, other chemical—physical and biological
factors may modulate the harmful species responses to nutri-
ent loadings. In a recent review, Berdalet et al. (2014) sum-
marized hydrobiological factors affecting HAB dynamics in
stratified systems, such as the coastal and brackish environ-
ments. These factors comprise the nutritional pathways and
the food web interactions, including grazing, allelopathy, and
other interactions of HABs with other organisms.

The impact of HABs on public health and economy has
been increasing in the last decades (Hallegraeff 2010), and
deeper knowledge on processes underlying HAB events ap-
pears of critical importance to provide to the environmental
and public health managers information to improve manage-
ment and forecasting of these events. It is particularly impor-
tant to evaluate the principles and processes responsible for
phytoplankton dynamics and to discriminate natural occurring
blooms from those derived from anthropogenic impact
(Spatharis et al. 2007).

The Mar Piccolo (Ionian Sea, Mediterranean) is an
enclosed ecosystem strongly exploited for intensive mussel
commercial fishery and affected by industrial, agricultural,
and sewage inputs (Caroppo et al. 2012a). Since 1938, in the
Mar Piccolo, HABs occurred mainly in summer (Cerruti
1938a; Parenzan 1984). Throughout the years, urban expan-
sion and intensive agriculture caused an increase in nutrients
and organic matter levels, which exceeded the self-depurating
capacities of the basin, and HABs have become increasingly
more frequent than in the past (Caroppo and Cardellicchio
1995). In more recent years (between 2000 and 2005), the
political authorities approved the relocation of one quarter of
the urban sewage outfalls (USOs) from the Mar Piccolo to the
Mar Grande with the objective of improving water quality and
defending the mussel consumers’ health. The present work is
aimed to study phytoplankton dynamics and its relationship

@ Springer

with the environmental factors during three periods: before
(1991-1994) and after (2007-2008) the closure of the USOs
and during the sampling cruises carried out in the frame of the
Italian Flagship RITMARE project (2013-2014). Special at-
tention is given to the blooming of potentially toxic
microalgae in relation to the trophic features of the Mar
Piccolo. Furthermore, the implications of the HABs on the
environmental quality and management of mussel farming
will be discussed.

Material and methods
Study area

The Mar Piccolo (Ionian Sea, Mediterranean) is a shallow,
nearly enclosed estuary of 21 km? consisting of two basins
separated by an intruding promontory (Fig. 1). The basins are
referred to as first inlet and second inlet and have maximum
depths of 13 and 10 m, respectively. The exchange with the
larger semi-enclosed bay of the Mar Grande occurs through a
primary artificial navigation channel (12 m) and a small natu-
ral inlet. The Mar Grande opens into the Gulf of Taranto and
the northern Ionian Sea. The surrounding watershed of
555 km? is used for horticulture (6 %) and agriculture, mainly
cereals (24.1 %), olive trees (24.2 %), and vineyards (25.4 %).
These cultivations involve the application of fertilizers (116,
800 t year ') and xenobiotics (1,800 t year ') (Apulian
Environmental Protection Agency 2009). The watershed is
drained through a number of small tributary rivers, runoff
from the surrounding agricultural soils and from freshwater
springs (locally called “Citri”). The total number of the Citri is
34, comprising 20 in the first inlet and 14 in the second inlet
(Cerruti 1938D).

The exchange with the Mar Grande has been modified in
1985 by the installation of a water-scooping machine
(0.15 M m’® day ') to provide cooling water for the iron and
steel industry. A more important disturbance factor has been
represented by the presence of USOs collecting wastewaters
from the northern area of Taranto and eight nearby towns.

Sample collection and abiotic factors

Surface seawater samples were collected monthly with an
acid-rinsed 5-L Niskin bottle, equipped with silicon elastic
and red silicon O-ring. Samplings were carried out from
March 1991 to February 1994 (period I) and from January
2007 to December 2008 (period II) at two stations located in
the first inlet (1E) and in the second one (2C), respectively
(Fig. 1). In 20132014 (period III), seasonal samples were
collected at the surface and bottom at four stations in the first
inlet (1B, 1E, 1G, and 11) and at two stations in the second one
(2B and 2C) (Fig. 1 and Table 1). These samplings were
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First Inlet

1Ee

urban sewage outfalls (USOs). In the period 2000-2006, 6 out of 13
USOs were closed (blue circles), while today seven are still active

carried out in June and October 2013 and in February and
April 2014 in the framework of the Italian project RITM-
ARE. A total of 168 water samples has been observed.

CTD profiles were obtained by different multiparametric
probes according to the sampling period: Idronaut Ocean
Seven 501 (March 1991-February 1992), Idromar IM5260
(January 2007-December 2008), Seabird 19 PlusSeacat
(June 2013 and April 2014), and Idromar IPO50D (October
2013 and February 2014).

Nutrient (N-NHy, N-NO,, N-NOs3, P-PO,, and Si-Si(OH),)
concentrations were measured by the spectrophotometric
method according to Strickland and Parsons (1972).
Chlorophyll a was determined by spectrophotometric method
(Parsons et al. 1984).

As concerning the other abiotic parameters acquired during the
RITMARE cruises, dissolved inorganic carbon (DIC) and

Table 1

Second Inlet

(yellow-red circles). Note that in the first inlet, the two urban USOs
“via delle Fornaci” and “Quartiere Paolo VI” with the highest
depuration capacity (bigger circles) have been closed

dissolved organic carbon (DOC) were measured using the
Shimadzu TOC-V CSH analyzer following the method of
Sugimura and Suzuki (1988). Particulate organic carbon (POC)
and particulate nitrogen (PN) were determined using an elemental
analyzer CHNO-S Costech mod. ECS 4010 applying the method
of Pella and Colombo (1973) and Sharp (1974). All these param-
eters are described in detail by Kralj et al. (2015; this issue).

Phytoplankton counts and identification

Samples, freshly collected during all three periods, were fixed
with Lugol’s iodine solution and examined by an inverted mi-
croscope (Labovert FS Leitz) equipped with phase contrast at a
magnification of x400 and x630. Depending on phytoplankton
densities, subsamples varying from 50 to 100 ml were allowed to
settle for 2448 h and examined following the Uterm&hl method

Sampling strategy in the Mar Piccolo of Taranto during the RITMARE cruises

Sampling dates

Station Latitude Longitude First survey, June Second survey, October ~ Third survey, February Fourth survey, March/April
1G 40° 29" 48" 17° 15’ 53" 10 June 2013 02 October 2013 04 February 2014 31 March 2014

1E 40°29' 01" 17° 14’ 46" 11 June 2013 02 October 2013 05 February 2014 01 April 2014

1B 40° 28’ 59" 17° 14'10” 12 June 2013 02 October 2013 05 February 2014 05 April 2014

11 40° 28’ 35" 17° 15" 37" 13 June 2013 02 October 2013 04 February 2014 03 April 2014

2B 40° 28’ 95" 17° 16’ 42" 17 June 2013 02 October 2013 03 February 2014 08 April 2014

2C 40°28' 57" 17° 17" 41" 15 June 2013 02 October 2013 03 February 2014 07 April 2014

The stations 1E (first inlet) and 2C (second inlet) have been monitored also in 1991-1992 (period I) and 2007-2008 (period II)
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(Utermohl 1958). Counting was performed along transects (1-4)
or in random fields (30-60); in addition, half of the Uterm&hl
chamber was also examined at a magnification of X200, to obtain
a more correct evaluation of less abundant microphytoplankton
taxa. Nanophytoplankton (2—20 pm) was counted in 15 random-
ly selected fields with a magnifications of x630.

For the identification at species level of diatoms belonging to
the potentially toxic genus Pseudo-nitzschia, ultrastructural obser-
vations of the frustules were carried out using a transmission
electron microscope (TEM). Fixed samples were treated with
nitric and sulfuric acids (1:1:4, sample/HNO3/H,SO,), shortly
boiled to remove the organic matter, and washed with distilled
water until all the acid was removed (von Stosch 1974). A drop of
the cleaned material was placed on a Formvar-coated grid and
observed with a JEOL JEM-100S and a Philips EM208 electron
microscope.

Statistical analyses

Differences in the distribution of environmental variables and
in the abundances of the main phytoplankton groups (diatoms,
dinoflagellates, coccolithophores, and other flagellates)
among different sampling time and stations (two inlets) were
assessed through analysis of variance (Kruskal-Wallis
ANOVA) using Statistica (Statsoft) software. When signifi-
cant differences for the main effects were observed
(»<0.05), post hoc comparisons of mean ranks of all pairs of
groups (Siegel and Castellan 1988) were also performed to
further assess these statistically significant differences.
Square root-transformed abundances of the main phyto-
plankton groups were used to estimate Bray-Curtis similarity
and perform a cluster (complete linkage method) analysis and
a non-metric multidimensional scaling ordination (zMDS)
(Kruskal and Wish 1978) to unveil temporal patterns in the
community structure. In the latter case, the environmental var-
iables were fitted as supplementary variables (vectors) onto
ordination spaces to investigate their effects on the community
structure. When the nMDS analysis was carried out for envi-
ronmental data, the ordination was based on a Euclidean dis-
tance matrix derived from normalized (z-standardization)
physical-chemical data. Analysis of similarity (one-way
ANOSIM) was also carried out (10,000 permutations) to test
for the significance of similarities in biological and physical—
chemical features among the three periods. These analyses
were performed using PRIMER software package (v. 7).

Results
Environmental data

Average values of the main abiotic and biotic parameters mon-
itored in the three periods and at the two stations 1E and 2C of
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the Mar Piccolo are listed in Table 2. Temperature showed
comparable values at the two stations, and its seasonal cycle
was characterized by minima in December—January (up to
8.39 °C, December 1991) and maxima in summer (up to
29.39 °C, June 2007) (Fig. 2a, e). Salinity usually showed
the lowest values in winter and spring (up to 34.32) and the
highest in late summer—fall (up to 37.59) (Fig. 2b, f).
Percentages of oxygen saturation ranged from 62.2 to
153.50 %. The water masses of the Mar Piccolo were gener-
ally oversaturated in oxygen (usually over 110 %) throughout
the year, except for the late summer—fall period when values
were strongly reduced, especially in the second inlet.

Nutrient concentrations were usually higher in period I than
in period II, except for phosphates and silicates (Table 2).
Statistical analyses revealed significant differences between
the two periods for all nutrients (p<0.001), with the exception
of nitrates. In period I, ammonium reached high concentra-
tions in summer and late fall period (December), particularly
in the second inlet, where the maximum value of 19.95 uM
was detected. In period II, the highest concentrations were
recorded in September in both inlets (up to 10.48 uM), about
half of the value registered in period I. In general, higher
ammonium values were recorded in the second inlet than in
the first one (H=6.57, p<0.05). Nitrite and nitrate seasonal
patterns were similar at the two stations with maxima ob-
served in autumn and winter. Mean concentrations of phos-
phates and silicates increased after the closure of the USOs. As
concerning phosphates, their seasonal pattern changed, too.
Particularly, in period I, phosphates showed very low and
comparable concentrations throughout the year. In contrast,
in period II, an increase of phosphates was observed in late
fall and winter periods (up to 1.29 uM). In both inlets, the
maxima of silicates were usually detected in summer (up to
25.97 uM) and the minima in spring (around 2 uM). The
nutrient pattern resulted in higher N to P (H=28.49,
p<0.001) (Fig. 2¢c, g) and N to Si (H=28.75, p<0.001)
(Fig. 2d, h) ratios in period I than in period II.

In period 11, the chlorophyll @ was characterized by a slight
decrease (not statistically significant) in the first inlet and an
increase in the second one (H=4.70, p<0.05), compared to
period I (Table 2). Moreover, in period I, the chlorophyll a
seasonal dynamics showed peaks in spring and late summer in
both inlets and also in fall in the second one. In period I, the
highest concentrations were reached in late fall (December),
up to 3.99 and 7.26 pug L' in the first and second inlets,
respectively.

Data collected within the project RITMARE, even if sam-
pled seasonally, confirmed the general reduction of the inor-
ganic nutrient load already detected in period II, except for
nitrates and silicates in the second inlet (Table 2). The higher
concentrations of the monitored nutrients were observed in
February in the second inlet. Ammonium concentration varied
from undetectable values to 3.14 uM, nitrite from 0.03 to
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Table2 Environmental and biological variables detected monthly at two stations (1E and 2C) of the Mar Piccolo at the surface during the three periods
of investigation: 1991-1992, 2007-2008, 20132014

First inlet (1E) Second inlet (2C)

1991 2007-2008 2013-2014° 1991 2007-2008 20132014
Temperature (°C) 18.6+5.8 19.14+5.82 18.64+5.41 18.1+6.2 19.36+6.27 18.86+5.42
Salinity 36.6+0.6 36.32+0.79 35.89+1.33 36.5+0.3 36.41+0.80 36.03+1.07
Oxygen (% sat.) 112.2+24.9 100.77+8.64  111.50+4 .45 108.0+21.0 101.28+8.73 111.96+1.62
pH 8.33+0.13 8.16:0.06 8.27+0.15 8.19+0.10
N-NH, (M) 3.74+3.17 1.10+0.83 0.93+0.99 9.64+7.29 2.68+2.53 1.33+1.22
N-NO, (uM) 3.2743.60 0.20+0.13 3.91+5.07 0.17+0.08 0.21+0.23
N-NO; (uM) 432+3.74 3.79+2.18 6.96+4.26 4.67+4.86 2.7142.20 4.13+4.91
P-PO, (LM) 0.16+0.12 0.32+0.22 0.15+0.18 0.17+0.10 0.47+0.34 0.21+0.29
Si-Si(OH), (UM) 6.05+3.89 10.66+3.73 9.48+4.30 8.44+5.57 11.13+5.87 14.62+4.92
DIC (mg L™ 34.87+3.55 35.20+3.66
DOC (mg L") 1.20+0.23 1.76+0.29
PN (ugNL™ 45.49+27.73 75.64+36.41
POC (ugCL™) 269.80+168.62 449.33+200.43
Chla (ug L™ 1.76+0.84 1.35+0.70 1.63+0.49 1.52+1.11 237+1.58 2.00+0.67
Diatoms (10° cells L™) 362.35+534.38  90.14+144.60  139.51£194.98  301.71+492.61 215.74£639.45  173.56+258.88
Dinoflagellates (10° cells L™ 101.20£140.89 35.93+29.82  41.52+25.03 57.50£76.18  69.88+102.01 74.34+23.61
Coccolithophores (10° cells L™) 11.60+8.60 4.06+4.11 3.30+2.99 8.38+7.96 2.61+3.40 2.42+2 .86
Other flagellates (10° cells L™ 182.36+159.69 251.71£213.81 195.68+188.90  223.25+194.24 489.07+1,154.98 401.78+452.28
Total phytoplankton (10° cells L) 657.52+643.12  381.85+£25591 380.01+406.435 590.84+632.71 777.30+£1,278.64 652.10£688.43

# Samplings have been carried out seasonally

0.54 uM and nitrates from 0.06 to 11.21 uM. Phosphates
decreased compared to period I and were comprised between
0.03 and 0.64 uM. Silicates ranged between of 6.44 and
19.61 uM, with high concentrations in February and
October. DOC concentrations (range 1.03—1.96 uM) were
higher in June while DIC (range 31.78-40.36 uM) in
October. POC and PN ranged from 114.57 to 644.58 uM
and from 22.93 to 110.52 uM, respectively, with maxima in
October and minima in February.

Chlorophyll a data were not comparable with those of the
previous period, and concentrations varied between 0.92
(February, first inlet) and 2.55 pg L' (October, second inlet).
In the first inlet, concentrations were lower, while in the sec-
ond, they were higher than those observed in 1991-1992.

A complete description of the physical-chemical parame-
ters registered during the RITMARE cruises is reported in
Kralj et al. (2015; this issue).

Phytoplankton communities
Average abundance values of the total phytoplankton and the

main groups detected at the two stations of the Mar Piccolo are
listed in Table 2.

Non-metric multidimensional scaling based on trans-
formed biological and normalized physical-chemical data dis-
tinguished the period I (1991-1992) from the other two
(20072008 and 2013-2014) (Fig. 3). This separation was
confirmed by cluster analyses, too (Fig. 3). Although the
ANOSIM result gave a global R value of 0.41 indicating an
overlapping among the three periods (»p<0.001), a certain de-
gree of differences was nevertheless revealed by this analysis.
The pairwise comparison indeed showed slight differences
between periods I and III and more pronounced ones between
periods I and II (p<0.001), while no differences were ob-
served between periods II and III.

Period I: 1991-1994 Phytoplankton abundance displayed
high variability in the first inlet, ranging from 45.6 to 2,
775.7x10° cells L™ (Fig. 4a). In this period, the highest den-
sities were observed in spring (April) and in winter (up to
1.99x10° cells L', January 1993). Blooms were mainly due
to diatoms. Particularly, Pseudo-nitzschia delicatissima group
accounted for 1.6x10° cells L' (69.3 % of the total phyto-
plankton abundance) and 1.4x10° cells L™ (51.9 % of the
total) in April 1991 and 1992, respectively. Hemiaulus hauckii
alone reached the concentration of 1.7x10° cells L™ (85 % of
the total) in January 1993.
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Fig. 2 Temporal variability of
temperature (a and e), salinity (b
and f), N to P (c and g), and N to
Si ratios (d and h) at stations 1E
(a—d) and 2C (e-h) of the two
inlets of the Mar Piccolo of
Taranto during the three
examined periods

By considering the entire period, diatoms always dominat-
ed the phytoplankton (Fig. 4a). The species detected more

Fig. 3 Non-metric
multidimensional scaling
(nMDS) ordination plot of the
three examined periods at stations
1E and 2C in the first and second
inlet of the Mar Piccolo. The
groups identified by the green line
are obtained to overlay the cluster
analysis performed on the same
matrix (complete linkage)
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Proboscia alata, Skeletonema marinoi, and Leptocylindrus
danicus. Dinoflagellates were responsible for red tides in
August-September 1991, due to the bloom the of the species
Scrippsiella trochoidea (up to 0.4x10° cells L"),
Prorocentrum micans, Prorocentrum triestinum,
Heterocapsa niei, Heterocapsa triquetra, Alexandrium spp.,
and, at the end of the phenomenon, Lingulodinium polyedrum
(up to 0.12x10° cells L"), potentially producer of the
yessotoxin, which seems to have any effect on humans.
Finally, coccolitophores were scarcely represented with the
species Emiliania huxleyi, Syracosphaera sp., and
Calciosolenia brasiliensis.

In the second inlet, phytoplankton abundances showed
marked temporal variations with values comprised between
30.6 and 2,184.3x10° cells L' (Fig. 4b). The seasonal trend
was characterized by an increase of the concentrations in
spring (up to 2.2x10° cells L', May 1991) and summer (up
1.21x10%cells L', August 1991). In spring, diatoms were the
most abundant component of the community. Particularly, in
May 1991, the P. delicatissima group reached the concentra-
tion of 1.71x 10° cells L' (78.2 % of the total phytoplankton),
while in April 1991, the same species, together with the other
diatom Skeletonema marinoi, represented the 68.2 % of the
total cell counts. In summer 1991, undetermined phytoflagel-
lates and the diatoms Thalassionema nitzschioides,
L. danicus, Leptocylindrus minimus, and the P. delicatissima
group dominated the community. In September 1992, dinofla-
gellates were the most important components of the assem-
blages (52.7 % of the total) and were represented by H. niei,
Gyrodinium glaucum, Gyrodinium lachryma, Heterodinium
sp., Gymnodinium spp. Phytoflagellates were the second
group, in terms of abundance (41.5 % of the total). In
September 1993, a bloom of 7. nitzschioides occurred and
reached the concentration of 1.11x10° cells L™" (93 % of
the total).

Throughout the years, also in the second inlet, diatoms
were the most abundant components of the assemblages
(Fig. 4b).

Period II: 2007-2008 After the USOs closure, in the first
inlet, phytoplankton abundances displayed decreasing values
ranging between 57.3 and 923.3x10° cells L' (Fig. 4a).
Higher values were observed in April 2007 and 2008 (up to
774.1x10° cells L") as well in June 2008 (923.3x10° cells
L") and in December 2007 (719.1x10* cells L™"). In April,
diatoms, represented mainly by the P. delicatissima group,
were the most abundant component of the community (up to
60.5 % of the total abundances). Phytoflagellates, and partic-
ularly undetermined cryptophytes, became dominant during
the late fall (December 2007) and summer (June 2008)
blooms. In the second inlet, phytoplankton abundances in-
creased compared to the period I, with values ranging between
67.5 and 5,850.8x10° cells L' (Fig. 4b). The seasonal trend

was characterized by marked temporal variations, and peaks
were detected throughout the year, except in winter.
Particularly in fall, phytoflagellates bloomed reaching the
highest concentrations (up to 5.9x 10° cells L") and account-
ing up to the 98.0 % of the total counts. In spring (April 2008,
1.47x10° cells L") and in summer (July 2008, 3.24x10°
cells L™"), diatoms were dominant and represented 81.5 and
92.1 % of the total abundances, respectively. In April 2008,
P, delicatissima group was responsible for the bloom (77.3 %
of'the total), while in July 2008, C. closterium represented the
90.1 % of the community. From a qualitative point of view,
phytoflagellates were the most abundant component of the
population both in the first and second inlet (Fig. 4a and b).

Period III: 2013-2014 Phytoplankton abundances detected at
the six stations of the Mar Piccolo were comprised between
66.9 and 4,362.8x10° cells L' (Fig. 5). In the second inlet,
higher cell concentrations (855.5+1,231.8x10° cells L")
were detected than in the first one (467.0+621.4x10° cells
L"), although this difference was not statistically significant.

Furthermore, at the surface, slightly higher abundances
(631.7+810.4x10° cells L™") were observed than at the bot-
tom (561.2+959.5x 10° cells L"), but also in this case, dif-
ferences were not statistically significant. Considerably higher
abundances (H=39.90, p<0.001) were recorded during the
cruise carried out in April 2014 (1.78+1.11x10° cells L™)
compared to the other surveys (mean value 202.3+98.6x 10°
cells L"), especially by approaching the second inlet (st. 2B
and st. 2C) (Fig. 5d). In this sampling, phytoflagellates and
cryptophytes reached the 60.8 % and diatoms the 33.6 % of
the entire community. The most abundant species were
Pseudo-nitzschia cf. galaxiae and nano-sized Chaetoceros
spp.

By considering the four sampling cruises, the phytoplank-
ton community consisted mainly of phytoflagellates (Fig. 6),
which represented on average about the 53.1+£21.7 % of the
total abundances. Diatoms and dinoflagellates accounted for
24.1+£18.0 and 16.8+13.3 % of total, respectively. The most
common diatoms were Chaetoceros spp., Pseudo-nitzschia
spp., Dactyliosolen blavyanus, Dactyliosolen fragilissimus,
L. danicus, L. minimus, and Lioloma pacificum. Among dino-
flagellates, besides typically autotrophic dinoflagellates,
mixotrophic species were also detected: Akashiwo sanguinea
(max concentration 102.1x10° cells L"), Alexandrium
minutum, P. micans, P. triestinum, Ceratium furca, and
L. polyedrum. Coccolithophores (e.g., E. huxleyi,
Syracosphaera pulchra, Calciosolenia murrayi) were present
in very low percentages by representing the 6.0+12.4 % of
total counts.

Non-metric multidimensional scaling based on abundance
data also clearly distinguished assemblages of April from the
other months (Fig. 7a), characterized by a lower diatom abun-
dance (Fig. 7b). June and October assemblages were more
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similar but still distinct, and clearly separated from the
February one, when a well-diversified community developed
with a high number of dinoflagellates (Fig. 7b).

Harmful algal species The harmful species detected in the
Mar Piccolo in Taranto from 1991 to 2014 are listed in
Table 3. All the listed species are potentially producers of
toxins, except for C. closterium and A. sanguinea, which are
high biomass producers. The first species was responsible for
anoxia crises and death of mussels in July 2007. Non-metric
multidimensional scaling based on harmful species abundance
data allowed to distinguish the three examined periods char-
acterized by different assemblages of harmful species (Fig. 8).
Period I is characterized by the presence of P. delicatissima
group (species with a diameter <2 um), Dinophysis, and
Lingulodinium polyedra. In period I1, the number of the harm-
ful species increases with Pseudo-nitzschia spp. (>2 pm),
C. closterium, Alexandrium spp., A. sanguinea, and
Prorocentrum cordatum. In period 111, besides the species de-
tected in the previous period, P. cf. galaxiae and P. cf.
multistriata have been identified.

The diatoms belonging to the Pseudo-nitzschia genus were
abundant in the Mar Piccolo since 1991, the year of the be-
ginning of our monitoring, and were responsible for the annu-
al spring bloom and showed a wide temporal distribution.
Also during the RITMARE cruises, different Pseudo-
nitzschia species were detected (Fig. 9). Among them, P. cf.
galaxiae and P. cf. multistriata were identified for the first
time in this basin. Due to the difficulties encountered in the
identification of different species belonging to this genus, only
the ultrastructural observations of the frustule morphology
allowed us to confirm the presence of P. cf. galaxiae in the
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Mar Piccolo. This particular species is characterized by a
clearly distinctive valve ultrastructure, with a high number
of striae in 10 um and the lack of poroids that are typical for
other Pseudo-nitzschia species (Lundholm and Moestrup
2002) (Fig. 9c¢, d). This species reached high concentrations
in April 2014 (up to 1.3x10° cells L', Table 3).

Harmful dinoflagellates comprised a high number of spe-
cies, and except for L. polyedrum and A. sanguinea, they did
not reach high concentrations.

Discussion
Phytoplankton dynamics and trophic state

In coastal and estuarine areas throughout the world, the inter-
actions among topography, hydrodynamic regime, and highly
variable continental water inputs drive a large interannual,
seasonal, and short-term diversity in the distributional patterns
of phytoplankton (Cloern and Jassby 2010). In this study, we
analyzed the phytoplankton dynamics in a highly impacted
coastal, quasi-enclosed area in different periods before and
after the USOs closure. The results confirmed phytoplankton
as a good indicator of the trophic status of the Mar Piccolo and
a key element for assessing the environmental quality, accord-
ing to the recent directives, namely the Water Framework
Directive (2000/60/EC, WFD) (Ferreira et al. 2007) and the
Marine Strategy Framework Directive (2008/56/EC, MSFD)
(Garmendia et al. 2013).

In condition of wastewater pollution, during the first period
of investigation, phytoplankton dynamics showed a typical
seasonal succession of temperate coastal waters, characterized
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Fig. 5 Spatial distribution of total phytoplankton abundance during the
RITMARE cruises in June (a) and October (b) 2013 and in February (c)
and April (d) 2014

by the dominance of diatoms in the winter—spring period in
both inlets. According to the classic “phytoplankton Mandala”
model, proposed by Margalef (1978), a fertilization event like
the seasonal mixing of the water column favored diatoms,
which grow rapidly in nutrient-rich waters. Diatoms assimi-
late available nutrients and bloom, then sink and decompose.
During warmer summer months, ammonium was released
following the decomposition processes occurred in the sedi-
ments, which gave rise to blooms dominated by dinoflagel-
lates, including potentially toxic species (L. polyedrum) and
red tide dinoflagellates, responsible for benthic faunal kills
and damages to the mussels’ cultivation (Parenzan 1984;
Caroppo and Cardellicchio 1995). In the second inlet that is
poorly flushed and characterized by limited water exchange,
summer blooms were dominated by diatoms (7. nitzschioides
and P. delicatissima group). In this case, factors such as high
nutrient availability and favorable light conditions could have
prevailed over stratification that usually favors dinoflagellates
capable of reaching deeper and nutrient-enriched waters and

favored species capable of rapid utilization of the available
resources (r-strategy diatom species).

The closure of USOs in the 2000-2005 period and
the following inorganic nutrient decrease seemed to af-
fect phytoplankton composition since nano-sized compo-
nents, indicators of oligotrophic conditions, became
dominant over the micro-sized components. Data col-
lected during the RITMARE cruises confirmed the re-
sults obtained in the 2007-2008 period. In most recent
years, spring blooms were composed of diatoms such as
the P. delicatissima group and the nano-sized
Chaetoceros sp., together with phytoflagellates and
cryptophytes. The conspicuous presence of smaller spe-
cies in the study area was also confirmed by the obser-
vation of small Chaetoceros spores in sediments in
April 2014 (Rubino et al. Microbenthic community
structure and trophic status of sediments in the Mar
Piccolo of Taranto (Mediterranean, Ionian Sea) (under
review)).

In addition, another study carried out within the RITMARE
project and focussed on the planktonic trophic web revealed an
increase of the picophytoplankton abundances (Karuza et al.
Planktonic trophic web and its relantionships with the mussel
farms in the Mar Piccolo of Taranto (Ionian Sea, Italy) (under
review)), when compared with those of some years before
(Caroppo et al. 2006). The increase of picocyanobacteria rep-
resents a common feature of many sites devoted to the mussel
culture, such as, for example, the Thau lagoon, where the pro-
liferation of Synechococcus was associated with increased tem-
peratures and a reduced inorganic phosphorus load (Collos
et al. 2009). This proliferation of cyanobacteria, which are not
assimilated by mussel, was co-responsible, with the concomi-
tant bloom of the potentially toxic dinoflagellate Alexandrium
catenella, of severe economic loss, because cyanobacteria rep-
resent a conspicuous source of available biomass for
A. catenella, whose capacity for preying on cyanobacteria has
recently been demonstrated (Jeong et al. 2010).

Also in the Mar Piccolo, our data on phytoplankton species
composition evidenced, in more recent years, the increasing
presence of heterotrophic and mixotrophic dinoflagellates like
A. sanguinea, P. micans, P. triestinum, and C. furca and the
potentially toxic species A. minutum and L. polyedrum.
Mixotrophy occurs in many harmful algae which respond di-
rectly to nutrient inputs and indirectly through high abundance
of preys (bacteria, autotrophic and heterotrophic flagellates) and
researches on the nutritional factors that control these harmful
algae are necessary to predict the occurrence of their blooms in
estuarine and coastal waters (Burkholder et al. 2008).

If the closure of the USOs affected phytoplankton dynam-
ics, it did not prevent the occurrence of harmful algal blooms
and anoxia crises. The apparently limited role of nutrients in
HAB dynamics could be due to at least two factors. Firstly,
water nutrient levels provide less information than their
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fluxes, which in contrast enable a dynamic interpretation of
production and consumption processes. Furthermore, envi-
ronmental nutrient concentrations could be underestimated if
we consider only inorganic compounds and not dissolved or-
ganic matter. The sources of organic nutrient in the Mar
Piccolo are presumably due to the intensive mussel culture
carried out in the basin, and the nutrient inputs resulted from
the watershed. The capacity of phytoplankton to assimilate
dissolved organic matter has been generally accepted
(Heisler et al. 2008), and the role of urea, which is increasingly
used in agriculture as an N fertilizer, on HABs and non HAB
species, is widely discussed (Davidson et al. 2012). Particulate
organic carbon could be important for mixotrophic and het-
erotrophic dinoflagellates which consume predominantly par-
ticulate rather than dissolved nutrients (Jeong et al. 2010),
which are becoming more abundant in the Mar Piccolo waters
in more recent years. Today, our data are insufficient to dem-
onstrate this kind of relationships, but in the future, the mon-
itoring of these variables will be needed to understand the
HAB dynamics in the Mar Piccolo.

Harmful algal dynamics

In the Mar Piccolo, high biomass blooming species and po-
tential producers of toxins represent a threat to the environ-
mental quality and the health of humans and animals. High
biomass producers were represented by red tide dinoflagel-
lates and diatoms. Particularly in summer and in the second
inlet, HABs caused anoxia crises and mussel Kkills since
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1938 (Cerruti 1938a; Parenzan 1984; Caroppo and
Cardellicchio 1995). Also in recent years (July 2008), a
bloom of the diatom identified as Cylindrotheca closterium
(=Ceratoneis closterium) was responsible for a heavy re-
duction (~35 %) of the total commercial mussel harvest
with a valued loss of ~€ 13 millions. Furthermore, the loss
of seeds compromised the harvest of the following year
(Caroppo et al. 2013).

C. closterium is very similar to P. cf. galaxiae, poten-
tially capable of producing the neurotoxin domoic acid
and identified for the first time in the Mar Piccolo during
the RITMARE cruises when it was responsible for the
spring bloom in both Inlets. This species has been detect-
ed for the first time in Mexican and Australian waters
(Lundholm and Moestrup 2002), but it is widely distribut-
ed in the Mediterranean coastal waters (Quijano-Scheggia
et al. 2010). P. cf. galaxiae is characterized by a consid-
erable morphological variability with three differently sized
morphotypes (Cerino et al. 2005). Misidentification of the
longer morphotype, even at the genus level, could be pos-
sible if based solely on light microscopy observations, and
it is very plausible that the blooming species in summer
2008 was P. cf. galaxiae. We have no information on the
toxicity of this species on the mussel flesh, because, to the
best of our knowledge, it has not been tested yet.

Pseudo-nitzschia species are commonly detected in the
coastal phytoplankton communities throughout the world
and have been frequently reported as abundant or dominating
in certain seasons (Trainer et al. 2012). Sedimentological data
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Table 3  List of the HABs detected at two stations (1E and 2C) of the Mar Piccolo during the three periods of investigation: 1991-1992, 2007-2008,

2013-2014
Min Max Average S.D. Presence Presence
Cells Cells Cells Cells Number %
10°L! 10°L" 10°L" 10°L"
Diatoms
Ceratoneis closterium Ehrenberg HBP 0.29 2,917.2 73.8 3344 86 355
Pseudo-nitzschia ct. calliantha Lundholm, Moestrup & Hasle PTP 0.73 14.6 39 6.0 4 1.7
Pseudo-nitzschia delicatissima group PTP 0.29 1,810.1 123.0 3232 96 39.7
Pseudo-nitzschia cf. fraudulenta (Cleve) Hasle PTP 7.29 73 73 0.0 1 0.4
Pseudo-nitzschia cf. galaxiae Lundholm & Moestrup PTP 0.24 1,309.8 165.5 3379 44 18.2
Pseudo-nitzschia cf. multistriata (Takano) Takano PTP 0.08 1.6 0.7 0.5 13 5.4
Pseudo-nitzschia spp. PTP 0.08 1,136.2 111.8 226.1 40 16.5
Dinoflagellates
Akashiwo sanguinea (Hirasaka) Hansen & Moestrup HBP 0.04 102.1 5.7 16.6 63 26.0
Alexandrium minutum Halim PTP 0.04 1.5 0.7 0.4 22 9.1
Alexandrium tamarense (Lebour) Balech PTP 0.37 44 1.8 22 3 1.2
Alexandrium sp. PTP 0.04 9.5 1.5 1.9 28 11.6
Amphidinium carterae Hulburt PTP 0.04 0.1 0.1 0.0 4 1.7
Amphidinium sp. PTP 0.04 3.6 0.8 1.1 10 4.1
Dinophysis caudata Saville-Kent PTP 0.04 0.7 04 0.5 2 0.8
Dinophysis saccula Stein PTP 0.04 0.7 0.3 0.3 17 7.0
Dinophysis sp. PTP 0.37 2.9 1.7 1.2 5 2.1
Gonyaulax spinifera (Claparéde & Lachmann) Diesing PTP 0.37 44 1.7 1.3 14 5.8
Lingulodinium polyedrum (Stein) Dodge PTP 0.04 119.6 15.1 329 28 11.6
Ostreopsis cf. ovata Fukuyo PTP 0.73 0.7 0.7 0.0 1 04
Phalacroma rotundatum (Claparéde & Lachmann) Kofoid & PTP 0.37 04 0.4 0.0 2 0.8
Michener
Prorocentrum cordatum (Ostenfeld) Dodge PTP 0.37 29.2 24 54 29 12.0
Prorocentrum lima (Ehrenberg) Stein PTP 0.04 0.7 04 0.5 0.8
Prorocentrum rhathymum Loeblich, Shirley & Schmidt PTP 0.1 11.7 2.8 5.0 2.1

HBP high biomass producers, PTP potentially toxin producers

showed an increase in Pseudo-nitzschia abundance, which
reflected a documented development of the eutrophication in
Louisiana coastal waters (Parsons and Dortch 2002). In the
Mar Piccolo, P. cf. galaxiae bloom was associated to low
levels of phosphates, and the possibility that the species could
assimilate also organic forms of nutrients, extending the
mesocosms’ results reported by Trainer et al. (2012) to the
natural environment, should be considered.

In the Mar Piccolo, Pseudo-nitzschia is presumably
represented by different species; however, the only use
of light microscopy does not allow for a definitive spe-
cies identification, with the exception of few species.
So, it is very plausible that the number of these species
could increase in future if more specific techniques will
be applied (electronic microscopy and genetic probes).
No episode of toxicity is known, also because in April
mussels usually do not reach the market and therefore

toxicity analyses on the mussels’ flesh are not
mandatory.

Harmful dinoflagellates were not only represented by red
tide producers that in summer affected negatively mussel cul-
ture, but also potential producers of toxins that could cause
illness even at low detected cell concentrations (<10° cells
L™"). A typical example is represented by Dinophysis species
(D. saccula and D. caudata comprised), which produce the
diarrhetic shellfish poisoning (DSP) and affect negatively the
economy of many shellfish production areas of Northern
Japan, Chile, and Europe, in terms of days of harvesting bans
(Reguera et al. 2014).

Another species that has never attained high concentrations
in water was Ostreopsis cf. ovata, which is a benthic species
detected in the water column after mixing episodes.
Ostreopsis species are producers of palytoxin-like toxins (pu-
tative palytoxin and ovatoxins) and can cause respiratory
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Fig. 7 Non-metric
multidimensional scaling
(nMDS) ordination plot of the
RITMARE cruises. The length of
arrows indicates the correlations
between the environmental
variables and the ordination axes
(a). The abundances (percentage
of range) of the main
phytoplankton groups are
represented as segmented bubble
plot (b). Abbreviations: Temp
temperature, Sal salinity, Chl a
chorophyll a, Phaeo
phaeopigments
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illness (rhinorrhea, cough, fever, and bronchoconstriction) in
beachgoers, who often required hospital treatment, and irrita-
tions due to contact (skin irritations) have been also recorded.
This species could have also effects at cellular level; in fact,
one strain isolated in the Mar Grande of Taranto revealed
cytotoxic effects, cytoskeletal rearrangement, and apoptosis
on the human-derived HeLa cells (Pagliara et al. 2015).

Furthermore, HABs can have effects on the recruitment of
planktonic and benthic species. As an example, in laboratory
experiments, P. delicatissima has produced oxylipins that in-
duce low hatching success and apoptosis in the offspring of
the copepod of Calanus helgolandicus (lanora et al. 2010).
Furthermore, extracts of Ostreopsis cf. ovata negatively affect
the development of larvae of sea urchins (Paracentrotus
lividus) (Pagliara and Caroppo 2012).

Studies on the effects of toxicity of HABs on marine re-
cruitment in the Mar Piccolo should be encouraged, taking
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into account that generally in Italian waters, and in recent
years also in the basin, it is difficult to capture abundant wild
mussel seed (ISMEA 2013).

Management of the HABs and implication on mussel
culture

The relocation of the main USOs had positive effects on
the environment, as it reduced sewage detritus and nu-
trient loadings in the Mar Piccolo by 25 % and in-
creased the water transparency (from annual average
Secchi disc readings of 3.5 to 4.5 m), leading to a
recovery of shallow water phytobenthos, such as
seagrasses (Caroppo et al. 2012a), which are indicators
of good environmental status. The reduction of the sew-
age inputs has resulted also in a species shift in domi-
nance from micro-sized diatoms to nano- and pico-sized
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organisms, with negative effects on the quality and pro-
ductivity of mussels. These molluscs are filter feeders,
and their growth is largely controlled by food availabil-
ity, which in turn is affected by seston concentration,
composition, and transport rate (Berg and Newel 1986).

The effects of phytoplankton community changes on mus-
sel physiology have been recently modelled (Caroppo et al.
2012a). The model was calibrated by using data on trophic
carbon budgets (phytoplankton and mussels) and available
biometric data of two periods characterized by a good quality
(1975, before the closure of USOs) and bad quality of mussels

Fig. 9 Micrographs of Pseudo-
nitzschia species from the Mar
Piccolo during the RITMARE
cruise in April 2014 at light (a and
¢) and transmission electron (b
and d) microscopes. Pseudo-
nitzschia delicatissima group sp.
(a and b) (note in a the presence
of heterotrophic flagellates) and P.
cf. galaxiae (¢ and d). Scale bar: a
and ¢ 20 um, b 1 pm, d 2 um

(2003, during the closure of USOs), respectively. The obtain-
ed model demonstrated that a diet mainly based on diatoms
generate better growth compared to a diet based on detritus or
on smaller phytoplankton components (nano- and pico-sized
species). This preliminary model supported the recent findings
on the quality of mussels, which is declining for the intensive
techniques of culture.

HABs represent a significant challenge for the coastal
zone management, aimed to protect fisheries, minimize
economic and ecosystem losses, and protect public and
environmental health. Management strategies imply
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mitigation, prevention, and control (Anderson 2009).
Mitigation is represented by the routine monitoring pro-
grams for toxins in shellfish which avoid that contami-
nated shellfish reach the market.

Prevention implies research on all the aspects of HABs,
including their diversity, ecology, and physiology.
Monitoring will be useful to understand the physics, biology,
and chemistry of the environment. All these data are necessary
to develop models to advance toward prediction of HABs.
Particularly, pieces of information on physiology of the spe-
cies of interest, trophic interactions, and benthic—pelagic cou-
pling are needed. Although the Mar Piccolo represents one of
the most important farming sites in Italy, which together with
the northern Adriatic Sea covered up to 50 % of the national
mussel production in the 2000-2005 period (FAO 2010), such
routine monitoring is not carried out.

A strategy to control HABs in the Mar Piccolo has been
studied through laboratory experiments (Caroppo et al.
2012b), which evaluated the ability of the filter feeder poly-
chaete Sabella spallanzanii to remove the toxic dinoflagellate
Amphidinium carterae. The use of polychaete filter feeders for
the purification of the water column from these toxic
microalgae is a novel approach. Some previous studies
(Stabili et al. 2006) allowed to evaluate the filtration effect
of S. spallanzanii on the density of bacterioplankton. The
preliminary results obtained in this work encouraged the use
of this polychaete as potential bioremediator capable of filter-
ing microalgae in the presence of a possible blooming.

In conclusion, the policy changes implemented in the Mar
Piccolo have resulted in a significant effect on the phytoplank-
ton communities. Nano-sized components such as
Chaetoceros sp., phytoflagellates, and cryptophyceans, indi-
cators of oligotrophic conditions, became dominant over the
micro-sized species. But the closure of the USOs did not avoid
the occurrence of HABs and anoxia crises, mainly in summer
periods and in the inner area (second inlet) of the Mar Piccolo.
These findings suggest that nutrient fluxes, more than nutrient
concentrations and more data on dissolved and particulate
organic matter, could provide more information on HAB dy-
namics. Other sources of pollution such as chemical fertilizer
in agriculture and aquaculture wastes should be considered. If
the role of runoff of agriculturally derived urea will be
established, a debate should be generated in order to address
the conflict between the need to use urea in intensive terrestrial
agriculture and the possible impact of HABs. The monitoring
of the HABs in the Mar Piccolo should be implemented; in
fact, tests for biotoxins in flesh represent the regulatory tools
for commercially harvested shellfish, but these are not sup-
ported by systematic phytoplankton and environmental data.
Particularly, it will be important to establish the role of differ-
ent inorganic and organic nutrient pools prior to or during
HAB events. Further studies should be carried out to unravel
the influence of nutrient cycling on their occurrence. The use
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of electron microscopy and molecular methodologies should
be encouraged in order to investigate the diversity and season-
al occurrence of species belonging for example to the Pseudo-
nitzschia genus (McDonald et al. 2007; Rhodes et al. 2013),
which represent a significant threat for human health. Models
should be built for the prediction of HABs and the develop-
ment of tools useful for decision makers. Initiatives are urgent-
ly needed to improve the communication with authorities re-
sponsible for environmental protection, economic develop-
ment, and public health, to continue previous experiences in
the frame of the sustainable mussel culture in the Mar Piccolo
initiated in 2007 (Caroppo et al. 2012a), and to protect the
ecosystem and mainly human health. Citizens have already
demonstrated a high level of awareness in relation to the mus-
sels’ quality, and they could be also involved in routine mon-
itoring, mainly in summer periods.
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