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Abstract The Mar Piccolo of Taranto (Ionian Sea, Southern
Italy) is a semi-enclosed and strongly polluted basin. For de-
cades, it has been subjected to different anthropogenic im-
pacts. These stressors caused severe sediments contamination
with high concentration of different pollutants (PAHs, PCB,
heavy metals). In order to assess the current status of sedi-
ments contamination, an ecotoxicological investigation com-
bined with chemical analysis (heavy metals, PAH, and PCB)
has been performed. In order to derive ecologically relevant
conclusions, a multiorganisms and multiend-points approach
has been applied, exposing organisms from different trophic
levels to elutriate and whole sediment. The battery of bioas-
says consists of a microalgal growth inhibition test
(Dunaliella tertiolecta), acute and sublethal assays (end-
points: mortality, immobilization and swimming speed alter-
ation) on crustaceans larvae and juveniles, and rotifers
(Amphibalanus amphitrite, Artemia salina, Corophium
insidiosum and Brachionus plicatilis), and embryotoxicity test

on echinoderms (Paracentrotus lividus). Considering the high
levels of sediment contamination highlighted from chemical
analysis, an unexpected very low toxic effect was observed,
even considering the sublethal end-point (larval swimming
speed alteration). The results of this study suggest a very com-
plex contaminants dynamic in theMar Piccolo sediments that,
despite a strong level of contamination, seems to not affect in a
proportional manner the biological compartment.
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Introduction

The Mar Piccolo of Taranto (Ionian Sea, Southern Italy) rep-
resents an example of Mediterranean coastal marine ecosys-
tem whose biological balances have been strongly modified
by the anthropogenic development, in particular by harbor and
industrial activities (petroleum refinery and an iron industry),
maritime traffic (commercial and military), and urban waste-
waters discharge (Calace et al. 2005; Buccolieri et al. 2006;
Cardellicchio et al. 2008). Due to the strong pressure present
on the area, the Mar Piccolo has been included in the list of
contaminated Sites of National Interest (SIN), defined by spe-
cific statutory provisions on the basis of their characteristics,
such as the quantity and hazardousness of pollutants, the ex-
tent of health and ecological risks, and the detriment to cultur-
al and environmental heritage; criteria for identifying SIN
were rationalized by the Italian Law no. 134/2012.
Furthermore, the Mar Piccolo is a semi-enclosed basin, char-
acterized by a scarce water circulation, thus promoting organic
matter sedimentation that plays a key role in the transport and
accumulation of contaminants in the sediments (Buccolieri
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et al. 2006; Cardellicchio et al. 2006, 2007). Sediments may
act as a potential source of various chemical substances in
aquatic system; in particular, heavily industrialized areas, such
as Taranto, are a critical source of contaminants, like heavy
metals, carcinogens and mutagens, and organic pollutants
(PAH, PCB) which may accumulate in sediments via several
pathways (Buccolieri et al. 2006; Cardellicchio et al. 2006,
2007; Di Leo et al. 2010). Furthermore, heavy metals can be
absorbed from the water column onto fine particle surface,
move thereafter toward sediments and affect the ecosystems
through bio-accumulation and bio-magnification processes,
potentially being toxic for environment and for human life
(Annicchiarico et al. 2007).

The contamination of marine sediments represents a rele-
vant environmental problem due to ecological role of this
matrix into aquatic system, providing habitat and feeding for
many aquatic organisms (Chapman et al. 2002; Magalhaes
et al. 2007). Benthic organisms are potentially exposed to
substances dissolved in the overlying water, in pore water or
by direct contact to sea bottom (Burton 2002; Macken et al.
2008; Prato et al. 2010, 2012). In the past, sediments quality
has been monitored mainly by chemical data acquisition.
However, the complexity of sediment-contaminant interac-
tions makes this approach insufficient to provide exact infor-
mation about their potential effect on biota (Cairns 1990;
Chapman et al. 1992; Davoren et al. 2005; García-Lorenzo
et al. 2009; Prato et al. 2012). For this reason, many studies
(Giller et al. 1998; Brohon et al. 2001; Frische 2003; Calace
et al. 2005; Prato and Biandolino 2009; Prato et al. 2012) have
proposed a monitoring approach based on the integration of
biological and chemical measurements. Toxicity bioassays
have been applied to monitor sediment quality, because living
system responses are able to significantly integrate the com-
plexity of contaminants mixture effect and to give information
about their bioavailability (Novelli et al. 2003; Prato et al.
2012). Therefore, it results clear that a multispecies ecotoxi-
cological approach is fundamental. In fact, the use of organ-
isms representative of different trophic levels or habitats and
having different sensitivity toward toxicants allows a com-
plete evaluation of the potential contaminants toxicity, by con-
sidering several exposure routes and different end-points of
effect (Burton 2002).

Species selection represents one of the most critical steps
when setting up an experimental design for sediments moni-
toring (Bombardier and Bermingham 1999; Chapman et al.
2002; Davoren et al. 2005; Annicchiarico et al. 2007; Narracci
et al. 2009; Prato et al. 2012). In detail, the battery of bioassays
selected in this study consists of a microalgal growth inhibi-
tion test (Dunaliella tertiolecta), acute and sublethal assays
(Immobilization and swimming speed alteration) on crusta-
ceans and rotifers larvae (Amphibalanus amphitrite, Artemia
salina and Brachionus plicatilis), a mortality test on amphipod
(Corophium insidiosum), and an embryotoxicity test on

echinoderms (Paracentrotus lividus). D. tertiolecta is a well-
known and widely used model organism in algal bioassays
because of its high sensitivity to several xenobiotics; more-
over, this species can be easily maintained in laboratory cul-
tures (US EPA 1974; Walsh 1983; Wong et al. 1995).
Crustaceans and rotifers larvae are extensively used in ecotox-
icological tests because of their ecological relevance and even
because they are easy to maintain under laboratory conditions
all year round (Sanchez-Fortùn et al. 1997; Nunes et al. 2006;
Garaventa et al. 2010; Piazza et al. 2012). Sea urchins such as
P. lividus are a well-known, sensitive, and reliable model or-
ganism. Toxicity bioassays (exposure of gametes and embryos
to aqueous phase such as pore water) with this species are
applied worldwide to assess and monitor sediment toxicity
(Carr and Chapman 1995; US EPA 2000) and elutriate
(Beiras 2002; Nendza 2002; Volpi Ghirardini et al. 2005).
As regards amphipods, several species are successfully
used in whole-sediment toxicity evaluation, because
they represent one of the most sensitive taxa among
benthic animals, and abundant and ecologically impor-
tant component of soft-bottom estuarine and marine
benthic communities. In particular, C. insidiosum was
selected for this monitoring, because previous studies
suggested its tolerance to non-contaminant variables (bi-
otic and biotic) and sensitivity to toxicants (Prato and
Biandolino 2006; Prato et al. 2012).

The aim of this study was to assess the current status of
contamination of sediments from the Mar Piccolo of Taranto
using an ecotoxicological approach based on the evaluation of
sediment-associated effects on marine organisms and to eval-
uate these results on the light of those from chemical analysis
(PAH, PCB, and heavy metals). In order to obtain ecologically
relevant conclusions on sediments toxicity, a multiorganisms
and multiendpoint approach was applied using a battery of
bioassays with marine organisms belonging to different tro-
phic levels, exposing them to both elutriate and whole
sediment.

Materials and methods

Study area and sediments sampling

Mar Piccolo of Taranto (Ionian Sea, Southern Italy) is a semi-
enclosed basin with a total surface area of 20.72 km2 struc-
tured in two shelves, Bfirst inlet^ and Bsecond inlet,^ which
have a maximum depth of 13 and 10 m, respectively. Mar
Piccolo can be compared to a brackish lake that communicates
with the Mediterranean Sea through the Mar Grande. In fact,
the first inlet is directly connected to the Mar Grande, whereas
the second inlet is more internal and connected only to first
one (Fig. 1). Salinity is influenced by the input of fresh water
deriving from small tributary rivers and by freshwater springs
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called Bcitri.^ The low hydrodynamic and the reduced water
exchange with the nearbyMar Grande determine a high water
stratification, mainly in summer.

Sediments were collected in June 2013 from eight stations
(St.) located in the first inlet of Mar Piccolo (1A, 1D, 1I, 1E,
1 F, 1G, 1H, 1C) and three in the second one (2A, 2B, 2C)
(Fig. 1 and Table 1). Sediments for ecotoxicological evalua-
tion were sampled with a Van-Veen grab, by collecting the
surface layer (0–5 cm). Those for chemical analysis were col-
lected with a gravity corer model SW-104 (Magagnoli and
Mengoli 1995). Sediments were maintained at 4 °C and ana-
lyzed within 1 week from their collection.

Chemical analyses

The top layer (0–2 cm) of core sediments was thoroughly
mixed and sieved through a 2 mmmesh to remove any debris.
Subsequently, a sediment aliquot was dried at 50 °C up to a
constant weight, ground and homogenized in a mortar to a fine
powder.

Total metals (Al, As, Cd, Cr, Cu, Fe, Hg, Li, Mn, Ni, Pb,
and Zn) were determined by inductively coupled plasma
atomic emission spectroscopy (ICP–AES) after acid digestion
of sediments in a microwave oven. For digestion, 0.4 g of
dried sample was put into a polytetrafluoroethylene vessel
with 8 ml of nitric acid. For each digestion program,
a blank was prepared with the same amount of acids. A
microwave system (Multiwave 3000, Anton Paar,
Austria) was used to accomplish sediments digestion
according to US EPA test method 3051A (US EPA
2007a). An inductively coupled plasma atomic emission
spectrometer (Optima 2100DV, PerkinElmer, USA) was
used for As, Cd, Cr, Cu, Ni, Pb, and Zn analysis ac-
cording to EPA test method 200.7 (US EPA 1994). Hg
concentration was determined by cold vapor atomic ab-
sorption spectrometry (Analyst 100, PerkinElmer, USA)
on to dried sediment sample following US EPA test
method 245.1 (US EPA 1976).

The accuracy and precision of the analytical procedures
have been checked by analyzing a certified marine reference
sediment (PACS-2 marine sediment, National Research
Council Canada). Analytical results indicate a good agreement
between the certified and found values and metals recovery
ranging from 93 % (Pb) to 111 % (Cd).

Fig. 1 Map of Mar Piccolo
sampling stations

Table 1 Geographical coordinates of sampling stations in Mar Piccolo
of Taranto

Stations Coordinates

Latitude Longitude

I inlet 1A 40° 28′ 41″ E 17° 14′ 13″ N

1D 40° 28′ 44″ E 17° 14′ 42″ N

1I 40° 28′ 43″ E 17° 15′ 45″ N

1C 40° 29′ 4.5″ E 17° 14′ 12.5″ N

1E 40° 29′ 2″ E 17° 14′ 45″ N

1H 40° 28′ 59″ E 17° 15′ 28″ N

1F 40° 29′ 20″ E 17° 15′ 21″ N

1G 40° 29′ 51″ E 17° 15′ 31″ N

II Inlet 2A 40° 28′ 47″ E 17° 16′ 40″ N

2B 40° 29′ 5″ E 17° 16′ 48″ N

2C 40° 28′ 50″ E 17° 17′ 39″ N
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For organic pollutants analysis, another sample aliquot was
air dried in the dark at room temperature for 48 h on hexane-
rinsed aluminum foil and then finely ground in an agate mor-
tar. The extraction was performed using a Microwave Sample
Preparation System (Multiwave 3000, Anton Paar, Austria), in
accordance with the EPA test method 3546 (US EPA 2007b)
by the addiction of a 25 ml 1:1 acetone/hexane solvent mix-
ture; samples were concentrated in a rotating evaporator
(Rotavapor-R Buchi, CH), and the sulfur compounds were
removed by soaking the extracts with activated copper
powder.

Purification and fractionation were performed by eluting
about 2–3 ml of the extracts through chromatography glass
columns (with a length of 30 cm and an inner diameter of
10 mm) packed with Silica gel/Alumina/Florisil (4+4+1 g).
The first fraction, containing PCBs, was eluted with 25 ml of
n-hexane, whereas the second fraction, containing the PAHs,
was eluted with 30 ml of 8:2 n-hexane/methylene chloride
solvent mixture (Fossato et al. 1998, 2000).

The concentration of 14 US EPA priority pollutant PAHs
(naphthalene (Naph), acenaphtene (Ace), fluorene (Fl), phen-
anthrene (Phe), anthracene (Ant), fluoranthene (Ft), pyrene
(Py), benzo(a)anthracene (B[a]A), chrysene (Chy),
benzo(b)fluoranthene (B[b]Ft), benzo(k)fluoranthene
(B[k]Ft), benzo(a)pyrene B[a]Py, dibenzo(a,h)antracene
(diB[a,h]A), and benzo(g,h,i)perylene B[g,h,i]Per) was ana-
lyzed with high-performance liquid chromatograph (PE 200,
USA), coupled to a programmed fluorescence detector (HP
1046A, USA). The column used was a reverse-phase
Supelcosil LC-PAH (L=150 mm, d=3 cm, 5 μm). Linear
gradient elution was executed with acetonitrile-water mixture
as mobile phase at a flow rate of 0.8 ml/min. The composition
of the gradient started with 40 % of acetonitrile held constant
for 4 min, and it was increased to 100 % in 11 min and then
held constant for other 10 min. The column compartment was
thermostated at 40 °C. Awavelength program was developed
to enable the optimal detection of all compounds.

PCBs were analyzed by gas chromatography/mass spec-
trometry (GC/MS) (Agilent 7820A GC coupled with Agilent
5977E Series GC/MS). The software MassHunter was used
for data analysis. The GCwas equipped with a 30-m HP-5MS
capillary column (0.25 mm ID, 0.25 μm film), and the GC
conditions were the following: The GC inlet temperature was
held at 280 °C, injection was performed in splitless mode, and
carrier gas (helium) flow was kept at 1.8 ml/min. The initial
oven temperature was 70 °C for 2 min and then ramped with
25 °C/min to 150 °C, and thereafter ramped with 3 °C/min
until temperature reaches 220 °C, a final ramp with 3 °C/min
until 280 °C and held for 10 min. Total runtime was 42 min.
The MS Source temperature was maintained to 230 °C.
Selected ion monitoring (SIM) acquisition mode was used.
The identification of PAHs and PCBs was based on matching
retention time, and the quantification was determined from

calibration curve established for each compound by analyzing
four external standard. Average coefficient of determination
(R2) of the calibration curves was greater than 0.99 for both
PAHs and PCBs analysis, and the residual standard deviation
(RSD) of the calibration factors was always less than 20 %
(average of 10 %). The method detection limits (measured
using the calibration curve method) ranged between 0.05
and 0.1 ng g−1 for PAHs and 0.05 ng g−1 for PCBs. Blanks
were run for the entire procedure. Validation of the recovery
and accuracy was carried out with IAEA-417 and IAEA-159
sediment sample certified reference materials.

Ecotoxicological evaluation

Elutriate tests

Elutriates were prepared according to EPA-823-F-01-023
method (US EPA 2001). In brief, 0.22-μm Filtered Natural
Sea Water (FNSW) 37‰ salinity was added to 10-g subsam-
ples of sediment in a 1:4 (w/v) ratio. The slurry was mixed for
1 h in dark conditions at 20 °C and then centrifuged at 1200×g
for 15 min at 4 °C. The supernatant was collected and filtered
through a 0.2-μm filter. Elutriate was then diluted using
FNSW (B100 % elutriate^ meaning not diluted elutriate)
(Table 2). The assays were conducted within 24 h from elutri-
ate preparation. As regards microalgal growth inhibition test,
elutriate (and its dilutions) was prepared, by using F2 culture
medium (Guillard and Ryther 1962) without EDTA (disodium
ethylenediaminetetraacidic acid) to avoid its action as chelat-
ing agent.

Microalgae

The green microalgaDunaliella tertiolectawas obtained from
the Institute of Marine Science culture collection. Algal cells
were cultured in artificial seawater with F2 culture medium at
20±0.5 °Cwith a 12–12-h light-dark period and light intensity
of 6000–10,000 lx (Sbrilli et al. 1998). Toxicity tests have

Table 2 Environmental matrices of exposition, elutriate dilutions, and
evaluated end-points for each marine model organism

Environmental matrix End-point

Elutriate (%) Whole
sediment

D. tertiolecta 0-12.5-25-50-75-100 – Growth inhibition

A. salina 0-12.5-25-50-75-100 – Immobilization
swimming speed
alteration

A. amphitrite 0-12.5-25-50-75-100 –

B. plicatilis 0-12.5-25-50-75-100 –

P. lividus 0-25-100 – Embryotoxicity

C.insidiosum – 2 cm Mortality

100 %=not diluted elutriate
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been performed according to the test method ISO 10253 (ISO
2006) modified as reported in ICRAM (2001) by using
multiwell plates instead of glass flasks. The microalga
D. tertiolecta was exposed to different elutriate dilutions
(Table 2). Three replicates for each dilution, including the
control, were prepared. After 72 h, culture growth was
stopped using Lugol’s solution, and the algal growth inhibi-
tion was evaluated (referred to the control) by counting cells
with a hemocytometer Thoma, using an inverted microscope.

Crustaceans and rotifers larvae

Stage II nauplii of the barnacle Amphibalanus amphitrite,
Instar I larvae of the brine shrimp Artemia salina, and 24-h
early stages of the rotifer Brachionus plicatilis were used.
Crustaceans larvae were obtained in laboratory conditions as
reported in Piazza et al. (2012) and Garaventa et al. (2010),
whereas early stages of the rotifer were purchased from
MicroBioTests, Inc. (Gent, Belgium), and obtained following
the protocol of the manufacturer (Rotoxkit M protocol).

For bioassays setup, 10–15 organisms were placed in poly-
styrene 24 multiwell plates containing 1 ml/well of different
FNSWelutriate dilutions (Table 2); A. amphitrite nauplii were
incubated at 20±0.5 °C and brine shrimps and rotifers at 25±
0.5 °C, all in dark conditions. Each treatment, including the
control, was prepared in triplicates.

After 24 and 48 h, the percentages of immobilization (%I)
and swimming speed alteration (%SSA) were evaluated. The
number of immobile organisms is made by dead larvae (con-
sidering as dead the stationary larvae that don’t move any
appendages for 10 s) and by Bnot-swimming^ larvae, consid-
ering Bnot-swimming^ those larvae that do not shift their
barycentre but move their appendages (Garaventa et al. 2010).

The sublethal end point, swimming speed alteration, was
evaluated using the Swimming Behaviour Recorder set to
record organisms’ movement for three seconds in dark condi-
tion. The experimental setup for measuring swimming speed
alteration evaluation has been described in Faimali et al.
(2006) and Garaventa et al. (2010). Data were referred as %
of Alteration of the swimming speed, normalized to the aver-
age swimming speed of the control (S=average swimming
speed):

Alteration %ð Þ ¼ STreated−SControlð Þ
.
SControlÞ � 100

h i
:

Echinoderms

Sea urchin gametes were collected, after KCl injection, from
Paracentrotus lividus specimens reared under controlled con-
ditions in a recirculating system as described in Fabbrocini
and D’Adamo (2011). The embryotoxicity test was performed

using the procedure reported in detail in Arizzi Novelli et al.
(2002) and Volpi Ghirardini et al. (2005).

Briefly, 1 ml of fertilized egg suspension was added to 10-
ml aliquots of elutriate and incubated in a dark room at 18 °C
for 72 h. Samples were then preserved in concentrated buff-
ered formalin, and the percentage of plutei with normal devel-
opment was determined by counting 200 larvae. Artificial Sea
Water (ASW) was used for the negative control and copper as
the reference toxicant for the positive controls. Three repli-
cates were performed for each elutriate dilution and for con-
trols (Table 2). Two independent trials were carried out; for
each trial, all elutriate samples were simultaneously tested in
order to use the same pool of gametes.

Whole sediment test

Specimens of Corophium insidiosum were collected from a
clean site of the Gulf of Taranto, using a 0.5-mm sieve. Once
in laboratory, the organisms were placed in aerated glass con-
tainers with their native sediment and were acclimated for 3–
4 days, before the tests (Prato et al. 2012).

Ten-day sediment toxicity test was performed, following
the standard guides for conducting acute sediment toxicity
tests with marine–estuarine amphipods, with some modifica-
tions (ASTM 1992; SETAC 1993). Briefly, 20 young adults
(2–4 mm) were randomly selected and introduced into a 1-L
glass beaker containing approximately 2 cm of sediment and
750 ml of filtered seawater (0.45 μm). During the 10-day
exposure, no food was added to the test chambers. At the
end of the test, the contents of each beaker were sieved, and
the survivors were counted. Specimens were considered liv-
ing, if movement was exhibited after gentle stimulation. In
order to obtain an acceptable measure of the sediment acute
toxicity tests, a negative control test (with sediment collected
in an unpolluted area) and a positive control reference test
(using CdNO3 as a reference toxicant) were conducted.

Data analysis

Immobilization test was considered valid if the percentage of
affected organisms in the control was less than 10 % (US EPA
2002). The validity criterion for embryotoxicity test was a
percentage of normal plutei in the control greater than 70 %
(Volpi Ghirardini and Arizzi Novelli 2001) and that of the
whole-sediment test was 15 % mortality in the control (Prato
et al. 2012). The algal growth inhibition tests were considered
valid if the control cell density increased at least by a factor 16
after 72 h (ISO 10253 2006).

Median lethal, inhibition, and effective concentrations
(LC50/IC50/EC50), and related 95 % confidence limits (CL)
were calculated using Spearman-Karber analysis (Finney
1978). In order to check differences versus the control, one-
way analysis of variance (ANOVA), followed by Student

Environ Sci Pollut Res (2016) 23:12755–12769 12759



Newman–Keuls (SNK) test pair-wise comparison of each sed-
iment dilutions over the control, was performed.

Results

Chemical analysis

The results of chemical analysis of sediments from the Mar
Piccolo of Taranto are reported in Table 3. Concentrations of
inorganic and organic pollutants were compared to Italian reg-
ulatory limits for marine sediments (D.M. 260/2010) and to
the effects range-low (ERL) and effects range-median (ERM)
reported in sediment quality guideline (Long et al. 1995) to
investigate the eco-toxicological implications. ERL defines
the chemical concentrations below which the probability of
toxicity and other effects on benthic biota are minimal.
Differently, the ERM represents the mid-range above which
adverse effects are more likely, although not always expected.
Within the interval between the two values negative effects
would occasionally occur (Long et al. 1995). Contaminants
exceeding threshold limits are reported in gray in Table 3.
With respect to the Italian regulatory limits (D.M. 260/
2010), exceeding concentrations were observed for most of
heavy metals as Hg, Cr, Ni, Pb, and Cd. PAHs showed a very
high concentration in the first inlet (ranging from
1646 μg kg−1 d.w. in St. 1A to 4690 μg kg−1 d.w in St.1H).

The PCBs exceeded legal limits in both inlets reaching values
of two orders of magnitude higher than the limit (for instance,
St.1I 1045 μg kg−1 d.w. vs. 8 μg kg−1 d.w.—D.M. 260/2010).

Ecotoxicological evaluation

Elutriate tests

For all the model organisms and end-points, only results ob-
tained exposing organisms to undiluted elutriates (100 % elu-
triate) are reported. Results of the one-way ANOVA and post
hoc comparison (100 % elutriate vs. control) for all species,
end-points, and stations are reported in Table 5.

Microalgae

Algal growth inhibition forD. tertiolecta exposed to undiluted
elutriate is shown in Fig. 2. Unfortunately, due to algal culture
problems, it was not possible to analyze sediments 1C and 1H
and those from the second inlet. The test validity criterion was
satisfied; in fact, the algal density in the control after 72 h
reached the concentration of 2.09×105±4.43×103 cell/ml,
starting from an initial inoculum in the order of 2×103 cell/ml.
A high variability of growth inhibition among stations is evi-
dent, with effect percentages ranging from 6 to 39 %. As
reported in Table 4, the algal growth inhibition was signifi-
cantly affected (compared to the control, p<0.01) in five

Table 3 Concentrations of heavy metals (mg kg−1) and organic micropollutants (PCBs and PAHs) (μg kg−1) in sediments collected in Mar Piccolo of
Taranto

Stations mg kg−1 μg kg−1

Hg Cr Cu Ni Pb As Cd Zn PAHs PCB

I inlet 1A 0.98 15.4 17.5 8.3 36.9 8.1 0.25 56.8 1646 277

1D 6.54 57.2 86.9 42.0 113.4 16.7 0.35 260.5 2141 504

1I 8.98 72.9 119.0 50.4 129.8 22.1 0.49 353.5 1624 1045

1C 3.03 49.8 75.8 32.8 69.1 11.8 0.24 372.4 3043 528

1E 3.98 52.2 237.7 39.4 104.4 16.0 0.35 312.7 1756 503

1H 6.69 71.6 105.5 49.7 124.4 19.9 0.47 291.0 4690 626

1F 5.26 71 81 47 96.1 15 0.351 259 2280 622.5

1G 4.39 51.5 119.0 38.0 125.6 13.6 0.72 312.1 1762 710

Mean SD 4.98 55.19 105.27 38.42 99.97 15.37 0.40 277.24 2367.77 601.92

2.47 18.78 62.59 13.60 32.27 4.42 0.16 97.65 1050.47 220.17

II inlet 2A 1.89 64.5 66.5 48.0 54.0 11.3 0.56 254.3 357 138

2B 0.92 55.6 56.6 45.3 40.9 11.4 0.57 229.5 528 98

2C 0.73 62.8 52.1 45.5 33.4 8.4 0.36 167.1 157 83

Mean SD 1.18 60.93 58.40 46.25 42.77 10.33 0.49 216.97 347.07 106.19

0.62 4.74 7.34 1.48 10.42 1.71 0.12 44.93 185.80 28.23

Limits D. M. 260/2010 0.3 50 30 30 12 0.3 800 8

ERL/ERM (Long et al. 1995) 34/270 150/410

Data exceeding D. M. 260/2010 threshold limits are reported in gray
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stations (1A, 1D, 1C, 1E, 1F), but none of the sediments
elutriates were able to affect the growth of at least 50 % thus
not allowing the IC50 value calculation (Table 4).

Crustacean larvae and rotifers

Immobilization percentages (%I) calculated exposing crusta-
ceans (A. salina and A. amphitrite) and rotifers (B. plicatilis)
to undiluted sediment elutriates for 24 and 48 h are reported in
Fig. 3. Test validity criterion was achieved with the following
%I values after 48 h: A. salina 3.7±1.6, A. amphitrite 0, and
B. plicatilis 8.27±3.7. After 24 h, the percentage of immobi-
lization was lower than 30 % for all tested species and for all
sediments; therefore, it was not possible to calculate the EC50

values (Table 4). After 48 h, an increase of immobilization
percentages was observed in several stations, especially 1A,
1C, 2A, 1G, 2B, and 2C for A. amphitrite and 2C for
B. plicatilis (Fig. 3), while A. salina shows a trend similar to
that obtained after 24 h of exposure to elutriates. Despite an
effect enhancement, not even after this prolonged exposure
time, it was possible to calculate EC50 values for all sediments
for these model organisms (Table 4).

As reported in Table 5, for this end-point,A. salina does not
show any significant response (in comparison with the con-
trol) for all stations at both exposure times. On the contrary,
A. amphitrite and B. plicatilis show for some sampling sta-
tions significant effects at different exposure times (1A, 1D,
1I, 1F, and 1G for A. amphitrite and 1F for B. plicatilis;
Table 5).

The results of the swimming speed alteration test (% SSA)
obtained exposing crustaceans (A. salina and A. amphitrite),
and rotifers to undiluted sediment elutriate are reported in
Fig. 4.

This sublethal end-point was significantly altered (in com-
parison with the control, p<0.01) for all species and for all
sediments collected at both exposure times (Table 5).
However, after 24 h (Fig. 4), the percentage of alteration of
swimming speed was lower than 50 % for all species; there-
fore, it was not possible to calculate EC50 values (Table 4).
After 48 h (Fig. 4), an increase of swimming speed alteration
was observed for all species, in particular, A. amphitrite

shows, for several stations (1D, 1C, 1E, 1H, 1G), a speed
alteration between 50 and 70 % with respect to control, thus
allowing the EC50 value calculation, as reported in Table 4.

Considering brine shrimps (A. salina) and the rotifer
B. plicatilis, the swimming speed alteration percentages are
lower than 50 % for all sampling stations even after 48 h.
Furthermore, for three elutriates (1F, 2A, and 2B), an enhance-
ment of swimming speed was observed after 48 h of exposi-
tion with respect to 24 h (Fig. 4).

It is important to highlight that sediments collected in sta-
tion 1C, 1E, and 1H caused an hormetic effect for B. plicatilis
response (Calabrese and Baldwin 2001), resulting in an in-
crease of swimming speed respect to control, both after 24
and 48 h (Fig. 4).

Echinoderms

Sea urchin embryotoxicity results are reported in Fig. 5. The
test validity criterion was fully satisfied with control showing
a percentage of normal plutei equal to 96.5±2.54. For all
tested sediments, a high toxic effect is evident, with significant
percentages of abnormally developed embryos versus the con-
trol (Table 5). Most of the results of embryotoxicity on sedi-
ment tested sediments allowed to calculate the EC50 values
(Table 4).

Whole sediment

Crustacean juveniles

A mortality above 15 % (precisely, 3.5±0.17) occurred in the
negative control. All results obtained for the positive controls
were within the range of previously reported values for this
species (Annicchiarico et al. 2007; Prato and Biandolino
2006; Prato et al. 2010, 2012). The results of acute toxicity
test withC. insidiosum exposed to whole sediment for 10 days
are reported in Fig. 6. Only sediments from stations 1D, 1I,
1C, and 1E caused a mortality higher than the test validity
criteria (15 %mortality in the control) however with mortality
percentages lower than 30 %, thus not allowing an LC50

values calculation (Table 4).

Fig. 2 Growth inhibition of
D. tertiolecta after 72 h of
exposure to undiluted (100 %)
elutriate (M±SE, n=3)
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Discussion

The potential environmental risk of sediments from Mar
Piccolo is mainly due to the strong contamination in the area
caused by industrial settlements and harbor activities
(Buccolieri et al. 2006; Cardellicchio et al. 2006 and 2008;
Annicchiarico et al. 2007; Di Leo et al. 2010). The impact of
these anthropic activities is confirmed by PAHs and PCBs
chemical analysis, displaying concentrations that cover a
range from 157 to 4690 μg kg−1 d.w. and from 83 to
1045 μg kg−1 d.w., respectively (Table 3). Sediments from
the first inlet resulted to bemore contaminated than those from
the second one (PCBs of 602 μg kg−1 d.w. vs. 106 μg kg−1

d.w; PHAs 2368 μg kg−1 d.w vs. 347 μg kg−1 d.w.). This
result confirms what reported by Cardellicchio et al. (2007)
that identified a lower PAHs and PCBs contamination in the
second inlet, placed far from industrial and harbor influence
and characterized by water stratification phenomena of lower
intensity respect to the first inlet (Cardellicchio et al. 2006).

In this study, PAH concentrations resulted to be lower than
those reported by Cardellicchio et al. (2007) in the same area
and also than those registered by La Rocca et al. (1996) in the
Lagoon of Venice (65–48,000 μg kg−1 d.w.) but decisively
greater than those reported for other low to moderately con-
taminated Mediterranean coastal areas (Caricchia et al. 1993;
Gogou et al. 2000; Orecchio et al. 2010; Di Leonardo et al.
2014). Also, the average current PCBs concentration resulted
to be to a certain extend decreased compared to what previ-
ously reported for Mar Piccolo, with 2–1684 μg kg−1

(Cardellicchio et al. 2007), and also to what registered in dif-
ferent geographic areas such as Venice Lagoon with 6–
1590 μg kg−1 d.w (Frignani et al. 2001) and Alexandrian
Harbour with 0.9–1211 μg kg−1 (Barakat et al. 2000).

Heavy metals concentration in sediments analyzed in this
survey resulted to be very high, except for Cu and Zn
(Table 3). In particular Hg and Pb showed the highest levels
for both inlets with results comparable to those reported by
Cardellicchio et al. (2006) that identified level of Hg of 2.62
and 0.66 mg kg−1 d.w. and a concentration of Pb of 111 and
45 mg kg−1 d.w. in the first and second inlet, respectively.

For an objective evaluation of sediments pollution and in
order to observe obtained ecotoxicological data in the light of
the overall chemical contamination, threshold limits imposed
by the Italian law (D.M. 260/2010) for heavy metals and or-
ganic pollutants (PAHs and PCBs) were reported (Table 3).
Most of the investigated chemicals were beyond threshold
limits, and PAHs and PCBs were considerably above them;
in fact, PCBs reached values of two orders of magnitude
higher than the limit (St. 1I 1045 μg kg−1 d.w. vs. 8 μg kg−1

d.w.—D.M. 260/2010).
Chemical results confirmed that sediments from Mar

Piccolo are strongly contaminated; nevertheless, the obtained
biological responses highlighted an unexpected low toxicT
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effect for model organisms exposed to both elutriates and
whole sediments.

Considering results obtained by exposing the green alga
D. tertiolecta to elutriates, the obtained effect, even if signifi-
cantly different from the control for all tested sediments except
1I and 1G (Table 5), resulted to be so slight that it was never
possible to calculate the IC50 values (Fig. 2, Table 4).Moreover,

a high variability of the growth inhibition percentages among
stations was observed (from 6 to 39%; Fig. 2); this finding is in
agreement with what reported by Prato et al. (2012) exposing
D. tertiolecta to elutriate from sediments collected from other
sites in Mar Piccolo; furthermore, Prato et al. (2012) identified
D. tertiolecta as the more sensitive species among those tested
(T. fulvus, M. galloprovincialis, and C. insidiosum).

Fig. 3 Immobilization
percentages (%I) of A. salina,
A. amphitrite, and B. plicatilis
early stages exposed for 24 and
48 h to undiluted (100 %)
sediment elutriate (M±SE, n=3)

Table 5 One-way ANOVA and
post hoc comparison (SNT test)
results for all species, end-points
and stations

End-points Stations

1A 1D 1I 1C 1E 1H 1F 1G 2A 2B 2C

D. tertiolecta GI 72 h * ** ns ** ** / ** ns / / /

A. salina I 24 h ns ns ns ns ns ns ns ns ns ns ns

I 48 h ns ns ns ns ns ns ns ns ns ns ns

SSA 24 h ** ** ** ** ** ** ** ns ** ** **

SSA 48 h ** ** ** ** ** ** ** ** ** ** **

A. amphitrite I 24 h ** ** ns ns ns ns * * ** ** **

I 48 h * ** ns ** ns ns * ** ** ** **

SSA 24 h ** ns ** ** ** ** ** ns ** ** **

SSA 48 h ** ** ** ** ** ** ** ** ** ** **

B. plicatilis I 24 h ns ** ns ns ** ns ** ns ns ns **

I 48 h ns ** ns ns ** ns ns ns ns ns **

SSA 24 h ** ** ** ** ** ** ** ** ** ** **

SSA 48 h ** ** ** ** ** ** ** ** ** ** **

P. lividus E 72 h ** ** ** ** ** ** ** ** ** ** **

C.insidiosum M 10 d ** ** ** ** ** ** ** ns ns ns **

100 % elutriate results were compared to the respective control result

GI growth inhibition test, I immobilization test, SSA swimming speed alteration test, E embryotoxicity test, M
mortality test, ns not significant

*p<0.05; **p<0.01
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Considering Crustaceans (A. salina and A. amphitrite) and
Rotifers (B. plicatilis) exposed to sediments elutriate, it was
possible to appreciate different sensitivity levels among spe-
cies and among end-points.

The acute toxicity test showed that none of the immobili-
zation results obtained with A. salina significantly differed
from controls (Table 5) after both 24 and 48 h of exposure.
The rotifers showed a similar low acute response even if, with
this model organism, significant differences in immobilization
percentages (compared to control) in stations 1D, 1E, and 2C
(Table 5) were found, but despite this, none of the immobili-
zation test with B. plicatilis allowed to derive EC50 values
(Table 4). In fact, all the immobilization percentages resulted
to be below 50 %; actually, they generally reached a maxi-
mum of 20 %. Among larval stages exposed to sediment elu-
triates, A. amphitrite nauplii resulted to be the most sensitive
in terms of acute response at both exposure times (24 and 48 h;
Fig. 3). A significant toxic effect compared to controls was

found for sediments from all stations except 1I, 1E, and 1H,
but the level of effect was too low to calculate EC50 values; in
fact, the highest percentage of immobilization, after 48 h of
exposure to elutriates, was observed in stations 1C, 2A, and
2B (43.68±9.68, 43.37±4.41, and 43.35±6.03, respectively)
with values never exceeding the 50 %.

Results obtained with the swimming speed alteration test
(sublethal end-point) with A. salina, A. amphitrite, and the
rotifer B. plicatilis (Fig. 4) were useful to better highlight the
slight toxic effect associated to the investigated sediments.
Among the model organisms exposed to elutriate,
A. amphitrite nauplii resulted to be the most sensitive even
considering the sublethal end-point, confirming barnacle
nauplii as useful model organisms in toxicity testing
(Faimali et al. 2006; Piazza et al. 2012). SSA test results after
48 h of exposure of A. amphitrite to sediment elutriates
allowed to calculate EC50 values for most of the investigated
sediment (1D, 1C, 1E, 1H, 1G, 2B; Table 4).

Fig. 4 Swimming speed
alteration percentages (%SSA) of
A. salina, A. amphitrite, and
B. plicatilis early stages exposed
for 24 and 48 h to undiluted
(100 %) sediment elutriate
(M±SE, n=3)

Fig. 5 P. lividus embryotoxicity
after 72 h of exposure to undiluted
(100 %) sediment elutriate
(M±SE, n=2)
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The low level of toxicity is pointed out also by results obtain-
ed with B. plicatilis (Fig. 4); in fact, sediments from stations 1C,
1E, and 1H after 24 h of exposition caused an increase in rotifers
swimming speed. This phenomenon is well-known in toxicolo-
gy, and it is defined as hormesis; it occurs at low levels of
toxicity when many biological systems display an overcompen-
sation response, which results in a stimulation effect (Calabrese
and Baldwin 2001). A similar behavior was reported by
Garaventa et al. (2010) for the same model organism exposed
to different toxic compounds. Between the evaluated end-points
(acute and sublethal), the behavioral one (swimming speed al-
teration) confirmed to be a very useful tool to identify toxic
effects when the level of toxicity is low (Faimali et al. 2006;
Garaventa et al. 2010). Recently, many bioassays on sediment
elutriate were conducted using larvae of marine organisms
(Geffard et al. 2002, 2003, 2004; ASTM 1992; Nascimento
et al. 2000; Losso et al. 2004; Onorati and Mecozzi 2004;
Pelosi and Franchi 2003; Mueller et al. 2003; Beiras et al.
2003; Cheung et al. 2003; Davoren et al. 2005; Faimali et al.
2006), but only few authors reported study on elutriate sediment
toxicity assessment by the use of behavioral responses such as
the swimming speed (Chapman et al. 2002; Faimali et al. 2006).
A. salina and B. plicatilis seem not to be appropriate model
organisms for the screening of low toxicity sediments, resulting
to be less sensitive than A. amphitrite both considering acute and
behavioral end-points (Table 4). A similar observation was re-
ported byDavoren et al. (2005) exposingA. salina larvae to pore
water and elutriate, showing that this crustacean has too low
sensitivity against the environmental matrix.

As regards embryotoxicity test, all sediments caused
medium/high level of acute toxicity in sea urchin, and a high
variability was observed among sediments, but this does not
seem to be correlated with chemical contamination; the results
do not allow to identify differences in toxic effect between the
two inlets of the Mar Piccolo, and in fact, the average
embryotoxic effect is 50.06±11.60 in the first inlet and
50.95±6.27 in the second one (Table 6). P. lividus revealed
to be the most sensitive organism among the tested ones. The
high sensitivity pointed out in this study by sea urchin, com-
pared with others marine organisms exposed to elutriate, con-
firmed the choice of P. lividus as good biological model and a
sensitive tool for evaluating the sediment biological quality of

contaminated sediments (Volpi Ghirardini et al. 2005;
Fabbrocini et al. 2010; D’Adamo et al. 2014).

The results obtained exposing microalgae D. tertiolecta,
larvae of the crustaceans A. salina and A. amphitrite, and the
rotifer B. plicatilis to aqueous elutriates indicated that sedi-
ments form Mar Piccolo, despite the high level of contamina-
tion highlighted by chemical analysis (Table 3), are not able to
cause relevant toxic effect on the model organisms.

Considering metals toxic effect, the low toxicity exerted by
sediments could be due to the negative values of redox poten-
tial reported for Mar Piccolo sediments (Cardellicchio et al.
2006) that may influence metal behavior in benthic sediment
changing oxidation state of ligand, capable of completing the
metal. Furthermore, the same authors pointed out that in
strongly anoxic sediment like those fromMar Piccolo, sulfide
production via bacterial sulfate would buffer pore-water metal
concentrations.

Fig. 6 C. insidiosum mortality
after 10 days of exposure towhole
sediment (M±SE, n=6)

Table 6 Mean values of each end-point for the two Mar Piccolo Inlets

End-points

Acute Sublethal

Inlet Inlet

I II I II

A. salina

% I 48 h 7.37 4.21 % SSA 48 h −37.39 −8.46
SD 5.37 3.96 SD 6.70 22.70

A. amphitrite

% I 48 h 23.41 43.08 % SSA 48 h −54.16 −53.62
SD 11.42 0.50 SD 16.82 4.57

B. plicatilis

% I 48 h 10.07 25.85 % SSA 48 h −17.84 −42.75
SD 5.81 19.48 SD 29.58 11.64

P. lividus

Embryotox 72 h 50.06 50.95

SD 11.60 6.27

C. insidiosum

Mortality 10 days 19.98 9.72

SD 5.93 3.94
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For what concern organic micropollutants, a possible ex-
planation of the highlighted low toxic effect could be that
PAHs and PCBs have a low affinity for the water phase and
therefore are not available in the elutriate matrix. The absence
of correlation between the contamination levels and the toxic
effect has been already observed in a previous study by Volpi
Ghirardini et al. (2005). The authors exposed P. lividus to
elutriates from sediments collected in different sites in the
Lagoon of Venice and observed a low toxic effect associated
to one sediment collected in the Industrial area of Porto
Marghera characterized by high level of PAHs contamination
(560 μg kg−1); authors supposed that this finding could be due
to the industrial origin of the sediment and to the richness in
pollutants with poor bioavailability in the water phase.

For that, it is possible to speculate that the toxic effects
exerted by elutriate matrix were so low compared to detected
chemicals contamination, because of a low bioavailability of
contaminants such as PAH and PCBwithin the elutriate phase.
Similar results were also observed in the whole-sediment test
with the amphipod C. insidiosum. It is well known that when
using a battery of bioassays for sediment assessment, the use
of sediment reworker species is recommended for the high
ecological relevance of whole sediment testing (Picone et al.
2008). Knowledge about the use of amphipods for sediment
toxicity assessment is very wide. Moreover, a lot of
studies indicated that this species is a good biological
model for sediment toxicity evaluation, because amphi-
pods come into contact with the compounds through
both physical contact and ingestion of sediment material
(Prato and Biandolino 2006, 2009; Annicchiarico et al.
2007; Narracci et al. 2009; Prato et al. 2010, 2012). In
our study, C. insidiosum showed high tolerance toward
the sediments from Mar Piccolo with a mortality around
25 % in St. 1C and 1E and never exceeding 15 and
20 % for the other stations that are the mortality percentages
of the control reported by the protocol for test validity (Prato
et al. 2010, 2012); the same authors previously observed a
similar general mortality trend in the investigated stations
(Prato et al. 2012). In 2010, Prato et al. (2010)compared the
toxicity of two sediments collected in the Livorno harbor
(Ligurian Sea), characterized by a heavy metal contamination
lower than that found in this study with one sediment from the
first Inlet of the Mar Piccolo. The results indicated that the
sediments from Livorno, even if less contaminated than those
analyzed in this study (Table 3), caused a significantly higher
mortality of C. insidiosum (48 and 58 %) than that obtained in
the present study. These results support the hypothesis that the
contaminants present in sediments from Mar Piccolo (Table 3)
are poorly bioavailable.

The results obtained with ecotoxicological tests, even if of
low magnitude, do not allow to clearly separating the two
inlets on the basis of the effect. In fact, the Binlet effect^ seems
to be species and end-point dependent (Table 6).

Conclusion

The results obtained in this study confirmed the importance of
coupling ecotoxicological investigations with chemical ones
during sediment contamination monitoring; in fact, the analyt-
ical concentration of contaminants in sediment alone provides
little information as to the possible biological effects of the
contaminants (Chapman et al. 1998). The use of ecotoxico-
logical bioassays is an important complementary tool to eval-
uate the synergistic effect of contaminants mixture and also to
evaluate the ability of sediments to hold contaminants and
reduce their release in the water column. The results of this
study suggest very complex contaminants dynamic in the Mar
Piccolo sediments that despite a strong level of contamination
seems to not affect in a proportional manner the biological
compartment. This finding needs to be better addressed inte-
grating the obtained chemical and ecotoxicological data with
other results obtained during the recent and future Ritmare
project surveys in the Mar Piccolo, such as contaminants ac-
cumulation in organisms, biomarkers, and responses at com-
munity levels. In fact, community level responses and ecotox-
icological approaches are complementary, and the use of com-
bined approaches of different disciplines is fundamental to
achieve a good evaluation of an ecosystem health status
(Martinez-Haro et al. 2015). It would be important to integrate
all the chemical and biological data within a quantitative
weight of evidence (WOE) approach (Regoli et al. 2014). In
fact, a multidisciplinary approach is fundamental in chronical-
ly polluted sites as Mar Piccolo where the low sediment-
associated toxic effect identified in this study may be altered
by changes in sediment physicochemical characteristics (re-
dox potential, pH, water stratification, dissolved oxygen) or
by anthropic alterations as dredging activities that can remo-
bilize contaminants affecting their mobility and bioavailability
(Bocchetti et al. 2008).
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