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Abstract The large estuary that the River Po forms at its
confluence into the Adriatic Sea comprises a multitude of
transitional environments, including coastal lagoons. This
complex system receives the nutrients transported by the
River Po but also its load of chemical contaminants, which
may pose a substantial (eco)toxicological risk. Despite the
high ecological and economic importance of these vulnerable
environments, there is a substantial lack of information on this
risk. In light of the recent amendments of the European Water
Framework Directive (2013/39/EU), the present study inves-
tigated the sediment contamination of six coastal lagoons of
the Po delta and its effects on Manila clams (Ruditapes
philippinarum), exposed in situ for 3 months. Sediment con-
tamination and clam bioaccumulation of a wide range of
chemicals, i.e. trace metals (Cd, Cr, Ni, Hg, Pb, As),
polybrominated diphenyl ethers (PBDEs), alkylphenols
(APs), organochlorine compounds (PCBs, DDTs), polycyclic
aromatic hydrocarbons (PAHs) and organotins (TPhT, TBT),
suggested a southward increase related to the riverine trans-
ports. Where the River Po influence was more direct, the con-
centrations of contaminants were higher, with nonylphenol
and BDE-209 exceeding sediment quality guidelines.

Biometric indicators suggested the influence of contamination
on organism health; an inverse relationship between PBDEs in
sediments and clam condition index has been found, as well as
different biota-sediment accumulation factors (BSAFs) in the
lagoons.
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Introduction

Many contaminants discharged to riverine environments are
easily sorbed to sediment particles and are thereby transported
for long distances along watercourses, often alternating depo-
sition and resuspension processes but remaining bioavailable
to exert biological effects (Mearns et al. 2013; Jahnke et al.
2014). In fact, many studies have demonstrated that contam-
inated sediments can directly threaten benthic species, but
many other organisms can be indirectly exposed to sediment
chemicals via trophic transfer (Chapman et al. 2013). In high-
ly anthropised environments, it is difficult to assess whether
the multitude of chemicals generally present may pose a risk
to the aquatic community or to human consumption. As may
be perceived, this problem is common in transitional and
coastal environments, which, often located at the closure of
drainage basins, receive both nutrients and contaminants from
the multiple sources of entire basins. If nutrients can support a
higher productivity, the loads of contaminants expose the
communities of these important environments to potential tox-
ic effects. The nature of coastal lagoons and estuarine areas
typically facilitates deposition processes, increasing the risk
posed by contaminated sediments. At the same time, in many
regions worldwide, the higher productivity of these
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environments has substantially favoured aquaculture activities
with important economic benefits; thus, the protection of these
vulnerable ecosystems and the control of human risks due to
seafood consumption should be of utmost importance (EC
2013; Newton et al. 2013).

The Po River is the most important Italian watercourse, and
its wide drainage basin contributes to more than 35 % of
Italian agricultural, livestock and industrial production.
These human activities originate important organic loads, es-
timated in 114×106 inhabitant equivalents (AdbPo 2006). The
Po River also transports inorganic nutrients, trace metals and a
multitude of compounds, making it the primary source of
land-derived nutrients to the Northern Adriatic Sea and one
of the main sources of contaminants to Adriatic environments
(Giani et al. 2012). Its delta has been traditionally exploited for
different types of aquacultures, and its suitability for mollusc
farming recently led to the development of flourishing com-
mercial activities (Abbiati et al. 2010). In particular, the clam
Ruditapes philippinarum, called the Manila clam, which was
first introduced in Italy in the 1980s for marine farming, was
soon shown to be more tolerant and faster growing than the
native species, Ruditapes decussatus, allowing much higher
production yields (Turolla 2008). As a result, through inten-
sive farming, the Manila clam rapidly colonised several coast-
al areas of the Adriatic Sea and the Po River delta, making
Italy the second-highest producer in the world after China
(FAO 2014).

Bivalves are widely used as sentinel species because of
their limited biotransformation activities and high toler-
ance to xenobiotics, in addition to their economic impor-
tance. For example, being distributed in many intertidal
areas around the world, the Manila clam has been used to
investigate environmental quality (Sacchi et al. 2013;
Dedeh et al. 2014). Previous studies have demonstrated
that several priority and endocrine-active compounds that
originate from the tributaries of the River Po are
transported with particulate material along its course, up
to the transitional and coastal environments of the river
delta (Viganò et al. 2015; Casatta et al. 2015). Originally
designed for a specific action, pesticides, flame retardants,
plasticisers or surfactants were found to have endocrine-
disrupting activity and side effects on organisms, either
mimicking or blocking hormones and thus disrupting nor-
mal physiological functions. Recently, it was shown that
relatively few of the multitude of chemicals reaching the
Po delta were potentially of (eco)toxicological concern;
for example, among the many flame retardants reaching
these environments, only polybrominated diphenyl ethers
(PBDEs) were identified as concerning (Casatta et al.
2015). In this study, we provide further evidence of these
recent results by focusing on chemicals that were previ-
ously ident if ied as being of part icular interest :
alkylphenols among surfactants; PBDEs among flame

retardants; DDT, polychlorinated biphenyls and polycy-
clic aromatic hydrocarbons among legacy pollutants; and
organotin compounds. In parallel, we analysed trace metal
contamination, paying particular attention to Ni and Cr,
given their abundance of geochemical origins in the Po
Rive r bas in (Amoros i and Sammar t ino 2007) .
Importantly, most of the considered chemicals are listed
as priority substances in the recent amendments of the
European Water Framework Directive (WFD; EC 2013).
In addition to analysing sediment contamination or clam
bioaccumulation, we also focused on bivalve responses to
the combination of habitat and contaminant factors that
likely occur in the delta system. Furthermore, in consid-
eration of the endocrine-disrupting properties of the afore-
mentioned chemicals, we also investigated whether spe-
cific gonadal effects could be induced by the exposure to
the lagoons of the delta. To achieve all of these objectives,
groups of young R. philippinarum were exposed in field
for 3 months to bed sediments of the major Po delta la-
goons. The present results are discussed to assess whether
some of these contaminants may pose a risk to aquatic
organisms or to human consumption, contributing to the
prioritisation of environmental problems in estuarine la-
goons and thus to the applicability of the WFD.

Material and methods

Area of study

The exposure sites were located in six lagoons of the Po River
delta (Fig. 1). The lagoons were chosen to represent potential-
ly different transitional ecosystems. Table 1 reports the major
geographical and morphological features of these lagoons.
Notably, 3 of them—i.e. Marinetta, Canarin and Sacca di
Goro—receive direct freshwater inflows from the Po River.
A brief description of each lagoon is given below.

Following a north–south direction, the first lagoon investi-
gated was Caleri. The hydrodynamics of this large and shal-
low area primarily depends on the water exchangewith the sea
through a narrow mouth, which is located close to our expo-
sure site. This easternmost part is designated for clam aqua-
culture. Marinetta is connected to the sea by a narrow mouth
and directly receives freshwater through a deltaic branch of
the Po River (Po di Levante). Only a small area, in the west-
ernmost part of the lagoon, is designated for clam farmers
(Vincenzi et al. 2014).

Barbamarco is the smallest and shallowest lagoon exam-
ined in this study. It is connected to the Adriatic Sea through
two main openings, and no direct freshwater inputs are pres-
ent. According to coastal currents, freshwater input indirectly
comes from the distributaries of the Po di Tramontana or the
Po di Maistra via the sea mouths. The opening of the only
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other waterway located in the southern part of the lagoon is
strictly regulated and discontinuous (Spillman et al. 2009).

Canarin currently presents only a small mouth to the sea in
its northern part. It directly receives freshwater through minor
distributaries originating from the primary branch of the Po
River, the Po di Pila, which accounts for more than the 50% of
freshwater discharge and sediment load of the Italian river
(Nelson 1970). Water circulation in the entire southern area
of the lagoon is very limited, whereas in the northern part, it is

more effective, due to the strong and direct freshwater input.
Canarin is subjected to eutrophication, with extensive growth
of algae and frequent anoxic periods (ARPAV 2004).

Sacca di Scardovari is the largest embayment of the area
and is located between the Po di Tolle and Po di Gnocca
distributaries. As a result of the main coastal currents, it re-
ceives Po waters indirectly, through the wide mouth that con-
nects the lagoon to the Adriatic Sea. The southern area hosts
intensive bivalve cultures (ARPAV 2004).

The last and southernmost exposure site is located in Sacca
di Goro, one of the most important Italian rearing sites for
R. philippinarum. It is separated from the Adriatic Sea by a
narrow sandy barrier that regulates seawater exchanges and
has several freshwater drainage canals, with the main input
coming from the Po di Volano (Sacchi et al. 2013). The out-
ermost area of the lagoon is part of a regional Barea of biolog-
ical protection^, which was recognised as being suitable for
the spontaneous reproduction and growth of clams and other
species of commercial interest.

Clam exposure and experimental design

In each lagoon, an area of 5 m×5 mwas selected, and juvenile
clams of R. philippinarum from a common batch (mean
length, 29.4±5.7 mm; mean weight, 6.8±1 g) were seeded
on 12 and 13March 2014 at the density of 3 kg/m2, according
to farming practises. We exposed a common pool of clams,
avoiding autochthonous organisms, to exclude the effects of
life history adaptation to specific conditions (Paul-Pont et al.
2010). Moreover, although the conditions were much more
variable than a laboratory study, this experimental design ap-
peared to be the most faithful to real environmental condi-
tions, and considering its length of time, it was the best way
to highlight significant alterations for the populations
inhabiting the lagoons. After 3 months of exposure (mid-
June), approximately 100 clams were sampled at each of the
six sites and brought on ice to the laboratory, where they were
kept at −80 °C until the next measurements and analyses.
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Fig. 1 Map showing the Po River main course and its basin, with a zoom
on the main branch distributaries of its delta, showing the selected
exposure sites

Table 1 Transitional water ecosystems considered in this study. Major
morphological features of the six lagoons are adapted from Abbiati et al.
(2010) and Vincenzi et al. (2014). All other geographical and morpho-
logical details specifically refer to the exposure areas. Environmental

variables are limited to the period of exposure of clams (ARPAV and
ARPA-EMR, personal communication). Values are expressed as the
means±SD. Letters indicate significant differences among the groups
(p<0.05)

Lagoon
area (km2)

Latitude Longitude Depth
(m)

Fine
fraction (%)

OC (%) Total N
(%)

C/N Temperature
range (°C)

Salinity
(psu)

pH Dissolved
oxygen (%)

Caleri 11.5 N 45°05′10″ E 12°19′35″ 0.4 6.5 2.25 0.24 9.31 10.9–23.8 25.4±5.0d 8.22±0.14c 105.8±15.7c

Marinetta 10 N 45°03′26″ E 12°21′49″ 0.3 15.4 1.12 0.20 5.72 10.3–27.5 20.5±8.0bc 8.14±0.18a 87.3±19.8a

Barbamarco 8 N 44°59′34″ E 12°28′42″ 0.5 14.2 2.34 0.23 10.17 10.9–28 28.2±6.0e 8.15±0.27a 130.5±39.0e

Canarin 10 N 44°55′19″ E 12°30′07″ 0.5 49.8 1.48 0.24 6.11 10.6–28.6 20.5±6.6ab 8.31±0.14c 100.3±25.2bc

Scardovari 32 N 44°50′31″ E 12°26′50″ 1 17.5 1.24 0.22 5.72 10.8–29.8 23.7±4.6d 8.39±0.19d 98.2±21.5b

Goro 26 N 44°48′76″ E 12°18′06″ 0.7 34.2 1.47 0.21 6.88 11.4–30.1 17.5±4.5a 8.29±0.25bc 117.3±36.8d

N nitrogen, OC organic carbon
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Clams were properly rinsed with milliQ water, blotted on filter
paper and characterised for shell length and wet weight. After
lyophilisation, clams were pooled and homogenised. The dry
weight was determined on three pooled samples for each la-
goon and the lipid content was determined in a subsample of
the Soxhlet extracts. Chemical analyses were then conducted
on a pooled and homogenised sample of dried clam tissues
that was obtained for each exposure site. The Clam Condition
Index (CI) was calculated as the ratio between the dry weight
of soft tissues (mg) and the shell length (mm; Cataldo et al.
2001). CI is a physiologic parameter generally used to provide
information about the state of the nourishment of bivalves.
High CI values are related to the presence of organic constit-
uents that support growth, whereas low values reflect periods
of stress, involving utilisations of reserves (Beninger and
Lucas 1984). From the same exposure sites, and contempora-
neously to clam sampling, the upper layer of bed sediments
(0–10 cm) was collected using a small Ponar grab sampler.
Composite sediment samples were refrigerated during trans-
port and stored at −80 °Cwithin a few hours of sampling, until
freeze-drying and analysis. The sediment samples were sieved
to determine the particle-size composition and to separate the
fine fraction (<63 μm), on which chemical analyses were per-
formed. Total organic carbon (OC) and nitrogen (N) were also
measured.

Chemical analysis

Organochlorine compound, polybrominated diphenyl ethers
(PBDEs) and polycyclic aromatic hydrocarbons (PAH)
analysis

Chemical analyses of organochlorine compounds and PBDE
in sediments and clams were described in previous studies
(Poma et al. 2014a; Poma et al. 2014b; Casatta et al. 2015).
A detailed description is provided in the Online resources.
Briefly stated, dried samples (0.5–1 g) of clams and of the fine
fraction of sediments were spiked with 50 μL of an internal
standard solution that contained decabromobiphenyl (BB-
209, 1000 μg/L) and the labelled compounds [13C12] PCB-
101, [13C12]PCB-153, [

13C12]p,p′-DDT, and [13C12]BDE-28,
[13C12]BDE-47, [13C12]BDE-99, [13C12]BDE-153,
[13C12]BDE-154, [

13C12]BDE-183 (250 μg/L), purchased
fromWellington Laboratories, Inc., Canada. Unless otherwise
indicated, all other analytical standards were purchased from
Sigma-Aldrich, Germany. Regarding the analysis of PCBs,
PBDEs and DDTs, the samples were extracted using a hot
Soxhlet apparatus (Büchi, Switzerland) using an n-hexane/ac-
etone mixture (3:1, v/v). The clean-up procedure was per-
formed using a multi-layer column (1.5×20 cm) packed (bot-
tom to top) with 1.5 g of acidified silica gel 30 % with
sulphuric acid (Sigma-Aldrich, Germany) and 1.5 g of
Florisil® (100–200 mesh, Sigma-Aldrich, Germany). The

column was pre-washed with 15 mL of n-hexane/dichloro-
methane (1:1 v/v), and the elution was performed by collecting
40 mL of the same solvent. One milliliter of toluene was
added to the extract, concentrated by Turbovap on a gentle
nitrogen stream, and then reconstituted to 100 μL using tolu-
ene. Gas chromatography (GC) analysis for organochlorine
compounds and PBDEs was performed using a Thermo
Electron TraceGC 2000 coupled with a PolarisQ Ion Trap
(ThermoElectron—Austin, TX) mass spectrometer and
equipped with a PTV injector and an AS 3000 auto-sampler.
The system was managed by ThermoFinnigan Xcalibur soft-
ware version 1.4.1. Detection and quantification was done in
selected ion monitoring (SIM) mode.

PAHs were extracted from sediments and clams using an
ultrasonic bath (Martinez et al. 2004). Before extraction, dried
samples of clams (0.2 g) and a fine fraction of sediment (1 g)
were spiked with an internal standard solution that contained
50 ng of each labelled compound (acenaphthene-d10, phen-
anthrene-d10, chrysene-d12 e perylene-d12) purchased from
Sigma-Aldrich. Samples were extracted three times using di-
chloromethane (20 mL) at 40 °C and 59 kHz for 20 min; the
extracts were jointed, evaporated to 1 mL under a nitrogen
stream and cleaned up using a column packed with a mixture
of silica gel and neutral alumina (2:1 v/v). First, the columns
were washed with dichloromethane (20 mL), and then, com-
pounds were eluted by collecting 20 mL of dichloromethane.
Finally, 1 mL of toluene was added, and the extract was evap-
orated to 200 μL under a gentle nitrogen stream. A gas chro-
matography–mass spectrometry (GC-MS) analysis of PAHs
was performed with a Focus GC (Thermo Fisher, USA)
equipped with a TriPlus autosampler. GC was coupled to a
DSQ single quadrupole mass spectrometer (Thermo Fisher,
USA). A capillary column (SUPELCO SLB-5 MS 30 m×
0.25 mm I.D., 0.25 μm film thickness) was used in the fol-
lowing conditions: carrier gas, helium (1.3 mL/min); injector
temperature, 270 °C (split mode, 10:1); initial oven tempera-
ture was 90 °C (held for 1.5 min) increased to 270 °C at
20 °C/min and maintained in isothermal condition for
15 min; transfer line at 270 °C. Detection and quantification
was done in SIM mode.

Alkylphenols (AP) analysis

Determinations of AP were performed in accordance with the
CEN/TC CSS99040 method with a modification of the chro-
matographic analysis, as previously reported (Casatta et al.
2015). The extraction and clean-up were performed using
pressurised liquid extraction (PLE) with an ASE-200 instru-
ment (Thermo Fisher Scientific). Briefly, 0.67 g of freeze-
dried sample was mixed with neutral alumina and copper at
a ratio of 1:3:3. The extraction was conducted using an ace-
tone/n-hexane mixture (1:1 v/v, three cycles, 60 °C). The ex-
tract was evaporated to 0.5 mL and analysed by ultra-
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performance liquid chromatography tandem mass-
spectrometry (UPLC/MS-MS; Waters Acquity interfaced to
an AB-Sciex API-5000).

Organotins analysis

The extraction of organotins was performed using PLE with
an ASE-200 instrument (Thermo Fisher Scientific). The de-
termined compounds were triphenyl-tin, Sn(C6H5)3

+ and
tributyl-tin, Sn(C4H9)3

+. One gram of freeze-dried sample
was mixed with neutral alumina and copper at a ratio of
1:5:5. The mixture was placed in 66 mL extraction cells be-
tween two layers of diatomaceous earth. Extraction was per-
formed with methanol (three cycles, 110 °C). The volume of
the organic extract was reduced to 1 mL. The determination
was performed by liquid chromatography tandem mass-
spectrometry (LC/MS-MS) using a water/methanol gradient.
Each solvent contained 5 mM of ammonium formate and
0.1 % formic acid. The gradient analysis started at 90/10 and
was changed to 10/90 in 10 min. Finally, an isocratic step of
5 min was applied. The procedure was validated using a cer-
tified reference material of freshwater sediment (Quevauviller
and Ariese 2001).

Trace metal analysis

Total mercury concentrations were determined with thermal
decomposition, amalgamation and atomic absorption spec-
trometry in accordance with US-EPA method 7473 (US-
EPA 1998) using an automated Hg Mercury Analyzer
(AMA254, FKV, Bergamo, Italy). After freeze-drying and
homogenising, each sample was analysed in triplicate
(0.04 mg for clam tissue and 0.1 g for sediments), and preci-
sion was generally better than 5 %. Accuracy was checked
using certified reference materials BCR 278 Mussel tissue
from the Bureau Communautaire de Référence for organisms
and GBW07305 from the National Standard Centre of China
for sediments. For both materials, the accuracy was within
±10 % of certified values. As, Ni, Cr, Pb and Cd concentra-
tions were measured using graphite furnace atomic absorption
spectrometry (GF-AAS) with a Perkin Elmer AAnalyst 600
with Zeeman correction, equipped with a graphite atomisation
system, after the microwave-assisted digestion (Preekem EU
Excel 2000) of dried samples (0.1 g) with 5 mL of concentrat-
ed HNO3 acid (VWR, Suprapur). Procedural blanks were reg-
ularly run to check for ambient or reagent contamination.

Quality assurance and quality control

Quality control (QC) steps were taken to monitor and ensure
the precision and accuracy of the obtained experimental re-
sults. QC practices included the analysis of quality control
samples within each set of samples. They included calibration

standards, certified reference materials (where available),
spiked samples, duplicate sample analysis and blanks.
Additional QC measures included the analysis of blind dupli-
cate samples. Quality assurance (QA) activities included the
review of analytical methods, the evaluation of non-
conformances and the review of quality data. The internation-
al standards followed were ISO 17025 and ISO 9001. The
limit of detection (LOD) and the limit of quantification
(LOQ) were evaluated for all investigated organic pollutants.
Specifically, LODs were evaluated as the concentration,
allowing for a signal threefold higher than the noise to be
obtained. LOQs were evaluated as three times the LOD and
are reported in Table S1 (Online resources).

Regarding biological samples, the method performance for
PCBs, PBDEs, DDTs and PAHswas checked by analysing the
NIST SRM2974a. Sediment quality assurance was conducted
by analysing candidate reference material BROC-2 provided
by the RIVO (The Netherlands Institute for Fisheries
Research). For PCBs and PBDEs, all measured values (n=4)
were within the range of the expected concentration (±30 %),
with relative standard deviations (RSD) below 20 %. Internal
standard recoveries were calculated for each sample, and the
analysis was repeated if the value was below 30 %. A proce-
dural blank was analysed every eight samples to check for
laboratory contaminations. The results of the procedural
blanks were always lower than the determined LODs for or-
ganochlorine compounds and PBDEs. The analytical methods
for AP were validated by spiking a known amount (between
0.5 and 2 ng/g) of the pollutants onto sediments and then
running the analytical protocol using the standard addition
method for calibration. The recoveries ranged between 65
and 112 %: the PLE procedure that was employed was effec-
tive in both extracting the organic pollutants and avoiding the
use of a post-extraction column for the removal of polar con-
taminants. The matrix effect was evaluated for all pollutants.
A labelled internal standard, i.e. 13C6-OP2EO, was added to
the extracted samples. Linear regressions were obtained over a
concentration range of 3 orders of magnitude for all organic
pollutants investigated. For each trace metal and each sample,
an analysis was run in duplicate, and the precision was gener-
ally better than 5%. The accuracy of recovery was between 75
and 92 %, as estimated using reference materials BCR 278 for
organisms and GBW07305 for sediments.

Histological analysis

Simultaneously to the collection of samples for chemical anal-
ysis, 15 individuals per exposure site were freshly dissected,
and their gonads were immediately fixed in 10% neutral buff-
ered formalin for 24 h. The tissues were subsequently
dehydrated in a series of increasing concentrations of ethanol
solutions (70–80–90–100 %) and then embedded in paraffin
wax (Diapath, melting point 56–58 °C). Serial sections were
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cut at 5 μm using the rotary microtome (Leica RM 2145) and
then treated with hematoxylin-eosin staining solution. A mi-
croscopic examination under the optic microscope (×4–×40)
aimed to determine the stages of gonadal development. Clam
gonad development was classified in accordance with Lubet
(1959).

Hazard quotient (HQ)

The evaluation of hazard from sediment chemistry followed
the calculations proposed by Piva et al. (2011). The HQ is
initially based on the calculation for each pollutant of a ratio
to reference (RTR), i.e. the ratio between the concentrations
measured and those indicated by various sediment quality
guidelines. In this study, the considered guidelines were
Italian legislation D.M. 260/2010, the Region III BTAG
Marine Sediment Screening Benchmarks (US-EPA 2006)
and the guidelines provided by European and Canadian au-
thorities for nonylphenol and PBDE, respectively (EC 2002;
Environment Canada 2013). The RTR is weighted (RTRw) to
account for the typology of a contaminant, i.e. whether it is a
Bpriority^ or Bpriority and hazardous^ pollutant, according to
the WFD (EC 2013). In the calculation of the specific hazard
quotient, an average RTRw is obtained for all parameters with
RTR<1 (i.e. values below the SQG), whereas for those with
RTR≥1, the RTRw are individually added into the summa-
tion. With this calculation, the HQ increases according to both
the number and the magnitude of the exceeding parameters.
The resulting values of HQ are then assigned to one out of five
classes of chemical hazards: Absent, Slight, Moderate, Major
and Severe (Piva et al. 2011).

Data analysis

Statistical analyses of the clam length and weight measure-
ments were performed using GraphPad Prism v.6 (La Jolla,
CA, USA). The normality and homogeneity of data were ver-
ified using Shapiro-Wilk’s test and Levene’s test, respectively.
The differences among the six groups were evaluated using
one-way ANOVA, followed by Tukey’s post hoc test. The
criterion for significance was set at p<0.05. The Pearson cor-
relation coefficients (r) were calculated using Statistica 7
(StatSoft, Inc., 2004). The data are reported as the mean±
standard deviation (SD).

Results and discussion

Sediments and clams

The results of the main physical and chemical parameters of
the six exposure areas of the Po River delta and the particle-
size composition of their sediments are shown in Table 1. The

temperature, dissolved oxygen and pH did not show relevant
variations among the lagoons, likely due to the results of var-
iable combinations of water circulation and depth, freshwater
and seawater inputs. The values measured for these three pa-
rameters should have not deviated from the tolerance limits
defined for optimal the clams’ growth (Vincenzi et al. 2007),
as reported in Table 2. On the contrary, the other environmen-
tal parameters, i.e. OC, C/N and particularly salinity, suggest
that Caleri, Barbamarco and Scardovari can be can be distin-
guished from the other three lagoons. In fact, the higher salin-
ity values confirm that they do not receive direct freshwater
inputs and are primarily characterised by their relationship
with the marine coastal environment. Scardovari receives no
direct freshwater contributions, but its wide sea mouth is ex-
posed to the indirect effects of the Po di Tolle and the other
northern branches of the Po River (Fig. 1). In fact, the lower
OC and C/N values of this wide lagoon are shown to be more
similar to the other three environments receiving direct con-
tributions from the Po River, i.e. Marinetta, Canarin and Goro.
Although wide variations may exist, C/N ratio can be a useful
indicator of the origin of the organic matter (Yu et al. 2010).
Accordingly, the higher values of Caleri and Barbamarco
(Table 1) suggest a higher contribution of fresh algal organic
material, benthic marine macrophytes or, more in general, of
marine particulate organic matter (Faganeli et al. 1988). The
lower values observed in the other lagoons might also be due
to algal production, but a denser bacterial community, typical-
ly characterised by lower C/N ratios, is likely more important
and supported (directly or not) by the River Po (Faganeli et al.
1988; Yu et al. 2010).

Table 2 reports the main morphological parameters deter-
mined in clams after 3 months of exposure. Significant differ-
ences among clams from the six lagoons were observed:
clams exposed in Caleri and Barbamarco, the two lagoons less
influenced by freshwater, grew significantly more than those
exposed in all other lagoons. Caleri, in particular, hosted the
largest specimens (p<0.05), with an average growth rate of
approximately 1.3 mm/month. By contrast, clams exposed in
the Lagoon of Canarin grew very slowly. Their average in-
crease in shell length was only 0.23 mm/month, and they had
the lowest wet and dry weight soft tissues (p<0.05; Table 2).
The lipid contents were only partially consistent with the
growth trend. The highest content was found in the exposed
group in Caleri, the lagoon substantially providing the best
growth conditions, according to all indicators, but a high lipid
content was also found in Canarin clams, the site apparently
offering the worst conditions. The ecotoxicological interpre-
tation of lipid contents has often been controversial; compared
with previous studies’ observations on fish or other taxa, the
amount of lipid reserves may show unexpected trends, not
necessarily related to organism health. Higher lipid reserves
were observed, for example, in fish that lived in polluted en-
vironments and had several histological damages. The
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investment in lipid reserve, rather than in growth or reproduc-
tion, seems to be a complex process that depends on several
factors, such as food quality and quantity, species tolerance or
contaminants (Marshall Adams 1999; Kerambrun et al. 2014).
In this respect, the clam condition index (CI) has potentially a
higher informative content, and it shows the following rank
order: Caleri>Barbamarco/Goro/Marinetta>Scardovari>
Canarin (Table 2). This finding confirms that the best environ-
mental conditions were in the northernmost lagoon, Caleri,
whereas the worst were in Canarin. These data further reflect
the mentioned distinction between the marine lagoons and
those exposed to Po River waters, and they confirm that many
factors interact to determine the final results.

The histological analyses of clam gonads, necessarily con-
ducted on a subsample of each exposure group, did not reveal
any significant alterations (Table S9). All individuals reached
similar gonadal maturation, with only a minor percentage of
individuals in a post-spawning phase. Importantly, we obtain-
ed a homogeneous stadium of development; we did not, how-
ever, note differences in the stage of reproductive maturity
among the clams exposed in the six lagoons after 3 months
of exposure (Fig. S1, Online resources).

Alkylphenols and flame retardants

Alkylphenols belong to the group of non-ionic surfactants and
are widely used for many applications. They have been con-
sidered for many years as endocrine disrupters, leading to
several official restrictions (David et al. 2009). Nevertheless,
they are important components of the sediment contamination
of Po delta environments. They represent approximately 50%
of the overall amount of organic chemicals detected in the six
lagoons (Fig. 2a). In this class of contaminants, there is a
marked prevalence of nonylphenol (NP) and its mono-
ethoxylate (NP1EO), generally accounting for 90 % of total
AP contamination (Table 3). Similar results have previously
been reported for Po River sediments, which, transported to
the estuary, are evidently responsible for the present results

(Viganò et al. 2015). Accordingly, a lower NP and NP1EO
contamination is present in Caleri and Barbamarco, the two
lagoons that do not receive the waters of the Po River
(Table 3). Marinetta, Canarin, Scardovari and Goro show
NP concentrations in the range of 57.3–202.3 ng/g dw. It is
important to note that these values exceed the predicted no
effect concentration for sediments (PNECsediment) of 39 ng/g
provided by European authorities (EC 2002). NP may thus
threaten the health of benthic organisms living in areas ex-
posed to the Po River. Nevertheless, the present AP concen-
trations are in the low range of most values reported in the
literature (David et al. 2009 and references therein).
Consistent with sediment contamination, NP and its
ethoxylates (primarily NP1EO) bioaccumulated in clam tis-
sues at concentrations higher than all other chemicals in this
study (Table 3). Although nonylphenols and octylphenols are
listed as hazardous substances in the WFD, no environmental
quality standard (EQS) is given for biota for secondary poi-
soning or human health protection.

Regarding PBDEs, there is increasing scientific evidence
of the endocrine-disrupting properties of several congeners
and of their induction of neurobehavioral and reproductive
disorders and thyroid hormone-level alterations in both
humans and wildlife (Yogui and Sericano 2009). In this study,
the decabrominated congener BDE-209 accounted for more
than 95 % of the contamination in all sediment samples,
followed by BDE-47 and BDE-99 (Table 3). These results
confirm the prevailing uses of deca-BDE technical formula-
tions previously documented for the Po River basin and pro-
vide further evidence that the BDE-209 load can be
transported to its deltaic region and, thereby, to the Adriatic
Sea (Viganò et al. 2011; Viganò et al. 2015; Casatta et al.
2015). Similarly to AP, the lowest PBDE concentrations were
in fact observed in Caleri and Barbamarco, which receive no
inputs from the Po River. The concentrations of PBDEs in this
study are in line with those reported for sediments from other
estuarine and coastal areas (Ramu et al. 2010; Stewart et al.
2014). The Canadian authorities set Sediment Quality

Table 2 Major morphological features of clams collected at the six sampling sites. Values are expressed as the means±SD. Letters indicate significant
differences among the groups (p<0.05)

No. of clams Length (mm) Wet weight (g) Dry weighta (%) Lipid contenta (%) CIa (mg/mm)

Caleri 100 33.4±2.6c 2.64±0.59e 16.8±0.5a 7.6 13.3±0.7a

Marinetta 107 31.1±2.5ab 1.91±0.45bc 14.6±0.2b 7.3 8.8±0.6b

Barbamarco 97 32.4±2.9c 2.17±0.62d 14.6±0.2b 6.9 9.8±0.2b

Canarin 95 30.2±2.2a 1.52±0.39a 11.03±0.6d 7.0 5.7±0.1d

Scardovari 99 31.1±2.5b 1.83±0.38b 12.9±0.4c 5.0 7.5±0.1c

Goro 79 31.3±3.1ab 2.12±0.68cd 14.1±0.3b 6.4 9.4±0.4b

CI condition index
a The lipid content was obtained from a subsample of the Soxhlet extracts, while dry weight and condition index were obtained from three pooled
samples of the lyophilised clams for each lagoons
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Guidelines for the protection of aquatic life, intended to pro-
tect benthic and pelagic organisms, from PBDE contamina-
tion (Environment Canada 2013). In particular, the threshold
concentration of BDE-209 in sediment was set to 19 ng/g dw.
According to this value, the sediments from the Lagoon of
Canarin were 1.5 times higher than the guideline (28.6 ng/g
dw, normalised to 1 %OC). It is interesting to observe that the
concentration in the fine material (<63 μm) of the three other
lagoons influenced by the Po transport, in turn, exceeded this
guideline (40.7, 47.3 and 25.1 ng/g dw normalised to 1 % OC
for Marinetta, Scardovari and Goro, respectively). These re-
sults deserve more attention because several sites of the Po
delta and coastal environments could be more favourable for
the sedimentation of fine particles, thus exposing these areas
to a higher risk. In this context, it is worth mentioning the
inverse relationship found between PBDEs in lagoons’ fine
materials and the CI of exposed clams (R2, 0.76; p=0.02).
Although this result does not imply a primary causative role

of these flame retardants, it increases concern regarding their
presence and potential effects in the whole River Po environ-
ment. Regarding the other congeners, only BDE-47 and BDE-
99 were detectable in sediment samples, at concentrations far
below existing thresholds (Environment Canada 2013).

BDE-209 bioaccumulated in clams exposed to Scardovari
and Goro, whereas it was not detected (<3 ng/g dw) in clams
from Marinetta or, unexpectedly, from Canarin, which
contained the highest sediment contents of this congener.
The latter result has no clear explanation, but it was confirmed
by further analyses performed on wild specimens collected
from the same lagoon (data not shown). Although this result
suggests that exposed clams were equilibrated with lagoon
sources of PBDE, the main cause of this apparent lack of
accumulation remains unclear. Previous studies have
hypothesised that bivalves can biotransform PBDEs (Wang
et al. 2009; La Guardia et al. 2012; Poma et al. 2014b; Tian
et al. 2015). Although this potential cannot be ruled out, clams
exposed to Canarin also showed a lower biota-sediment accu-
mulation factors for PCB than those exposed to Scardovari
and Goro, which had a lower PCB in their sediments
(Table 4; see below). Only a few minor congeners were de-
tectable in clam tissues, at concentrations (from 0.008 to
0.012 ng/g ww) in the range of the limit provided by the
WFD for biota (0.033 ng/g ww for the sum of six PBDE
congeners, if re-calculated for bivalves, as detailed in previous
studies; EC 2013; Casatta et al. 2015).

Legacy pollutants

Concerning legacy pollutants, the concentration of DDT iso-
mers and 14 PCB congeners was analysed (Table 3). The
widespread contamination of the highly persistent DDTs is a
common result in areas directly or indirectly exposed to the
effects of agriculture activities or to solid waste disposal,
which can contribute to soil contamination (Mrema et al.
2013). The chronic toxicological endpoints of this pesticide
are well known and include growth, reproductive and behav-
ioural responses (US-EPA 2000; Mrema et al. 2013). Almost
all DDT isomers were found in lagoon sediments, with a prev-
alence of p,p′-DDE. The spatial trend of∑DDTsuggests a role
of the Po River in contaminating four lagoons, with Caleri and
Barbamarco again showing lower concentrations. In this con-
text of diffuse contamination, it is interesting to observe that
with the exception of Caleri, the parental insecticide p,p′-DDT
was found in all lagoons, although at a low concentration
range. This finding seems to confirm recent studies that
showed an important source of poorly transformed DDT res-
idues within the River Po basin, precisely in the area of Lake
Maggiore, where previous industrial activities were located
(Guzzella et al. 1998; Bettinetti et al. 2012; Viganò et al.
2015). Accordingly, the p,p′-DDE/p,p′-DDT ratio calculated
for our samples showed values of approximately 3 or higher,

0 100 200 300 400 500

Caleri

Marinetta

Barbamarco

Canarin

Scardovari

Goro

ng/g dw
∑AP ∑PAH ∑PBDE ∑PCB ∑DDT TBT

a

b

0 10 20 30 40 50 60 70

Caleri

Marinetta

Barbamarco

Canarin

Scardovari

Goro

μg/g dw
Chromium Nickel Arsenic Lead Mercury Cadmium

Fig. 2 The contamination profile for organic pollutants (a) and metals
(b) determined in whole sediment samples from the six lagoons
considered in this study. AP, alkylphenols; PAH, polycyclic aromatic
hydrocarbons; PBDE, polybrominated diphenyl ethers; PCB,
polychlorinated biphenyls; DDT, p,p′-DDT and its metabolites and
isomers; TBT, tributyl-tin
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indicating aged inputs (Hitch and Day 1992). The present
results are below the maximum concentrations set by the
Italian legislation for sediments of transitional coastal systems
(1, 0.8 and 1.8 ng/g for DDTs, DDDs and DDEs, respectively;
D.M. 260/2010; although other areas with higher sedimenta-
tion rates could easily exceed these limits). Partly in agree-
ment with sediment contaminations, the pattern of DDTs’ bio-
accumulation in clams seems to confirm the importance of
River Po transport, although the minimum values observed
in Canarin and the relatively high values of Caleri, both unex-
pected, further propose the complexity of the deltaic system
and factor interactions. As discussed below, the relative im-
portance of suspension feeding and the likely differences in
chemical bioavailability can be deemed relevant factors
(Sfriso et al. 2014).

The PCB contamination was measured in sediment samples,
and their congener profiles reflect what was previously reported
for the Po River, whose contamination was generally
characterised by the prevalence of PCB-101, PCB-138, PCB-
149, PCB-153 and PCB-180 (Viganò et al. 2015). This profile is
the result of the technical mixtures that weremorewidely used in
Northern Italy, i.e. Aroclor 1254 and 1260 (Viganò et al. 2007).
No significant differences in the congener distributions were
observed in the sediments of the six lagoons, identifying the
common origin of this widespread contamination. Moreover,
the direct or indirect contribution of the Po River seemed to be
evident from a north–south increasing trend of contamination.
The prevailing marine currents, moving the same direction, like-
ly contribute to this pattern (Table 3; Falcieri et al. 2014) and that
is the reason why the lagoons located south of the main branch
of the Po di Pila may be exposed to additional loads of
chemicals. As shown in Table 3, clams’ bioaccumulation of
PCBs provided further evidence of these exposure conditions
in the Po delta. Adverse effects of PCBs on biota and on humans
were widely studied and comprise reproductive deficiencies,
immune- and neuro-toxicity, carcinogenicity and endocrine ef-
fects (Erickson 2001). Compared to the literature, present sedi-
ment concentrations ofΣPCB are lower than those reported, for
example, in the Venice Lagoon or in other transitional environ-
ments (VanAel et al. 2012;Moschino et al. 2012).Moreover, no
sediment sample exceeded the threshold of 8 ng/g dw set by the
Italian legislation for the protection of marine and human health
(D.M. 260/2010). Nevertheless, the present PCB levels are close
to this value or other threshold values (e.g. Lopes et al. 2012), so
it is easy to predict that less favourable grain-size compositions
would generate limit exceedances and thus present a risk to the
environments of the Po delta. Thus, although PCB use was
banned in the 1970s, these chemicals are worthy of attention
in the Po River deltaic region. Clam congener profiles substan-
tially reflected sediment contamination, confirming the low ca-
pacity of clams to metabolise PCBs and their bioavailability to
the aquatic community of the deltaic region. Comparable levels
of contamination were reported for some fish species from the

closing section of the Po River (Viganò et al. 2015) and for wild
clams in the Sacca di Goro (Casatta et al. 2015).

PAHs and organotins

PAHs are ubiquitous environmental pollutants. Because they
are human carcinogens and mutagens and toxic to all living
organisms, both the European Community and the US
Environmental Protection Agency have listed them as priority
pollutants (Tobiszewski and Namieśnik 2012). PAH concen-
trations in sediments are shown in Table 3. The PAH levels
were above the LOD for all chemicals analysed, with the
exception of acenaphthylene. In all sediments, the PAH con-
t am in a t i o n wa s du e t o f l u o r a n t h e n e , p y r e n e ,
benzo[k]fluoranthene, perylene and also to phenanthene.
Diagnostic ratios are often used to distinguish the influence
of the multiple possible sources of PAHs. The application of
these ratios indicated a main pyrolytic origin in all six expo-
sure sites (Wang et al. 2008; Tobiszewski and Namieśnik
2012). The distribution patterns of the single PAHs are very
similar across lagoons, and the role of the River Po as main
determinant of delta contamination seems to be less evident.
Other local sources of PAH likely superimpose, and the wide-
spread use of fishing and recreational motor boats is the most
probable pyrolytic sources. In any case, present sediment
values are far below the SQG for transitional water bodies,
indicated by the Italian legislation (D.M. 260/2010), and be-
low the concentrations reported in other transitional environ-
ments (Van Ael et al. 2012; Moschino et al. 2012; Solé et al.
2013). The bioaccumulation profiles seem to be more hetero-
geneous and suggestive of different bioavailabilities, particu-
larly higher in Scardovari and Goro but also in Barbamarco
(Table 3). The causal factors are likely different, and at least
for Scardovari and Goro, boat traffic and the widespread bed
sediment reworking due to benthic organisms and clam cul-
ture activities can be hypothesised (Eggleton and Thomas
2004).

The WFD lists polyaromatic hydrocarbons among priority
hazardous substances (EC 2013), but limits in biota are set
only for fluoranthene and benzo[a]pyrene. The concentrations
in clam tissues, as reported in Table 3, are far below both the
European thresholds and the Environmental Assessment
Concentrations defined by OSPAR for shellfish for the pro-
tection of marine biota (OSPAR 2009).

Finally, concerning organotin compounds, the WFD has
recognised severe adverse effects on aquatic ecosystems
(EFSA 2004). In this study, triphenyltin (TPhT) was undetect-
able in sediments and clams from the six lagoons, whereas
tributyltin (TBT) was detected only at low levels. The highest
concentration found in our sediment samples (0.64 ng/g dw in
Canarin) is far below the SQG of 5 ng/g for TBT in transition-
al ecosystems set in the Italian Decree n. 260/2010 and even
lower than TBT concentrations previously reported for Sacca
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di Goro (ARPA-EMR 2013). Moreover, the concentrations of
TBT bioaccumulated in our clam tissues are at least 2 orders
of magnitude below the tolerable daily intake (TDI) value of
0.25 μg/kgbw adopted for antifouling agents (EFSA 2004).
Consequently, organotin contamination should not pose a
threat for biota or human health.

Trace metals

In consideration of the known adverse effects of metals on
biota at all levels of organisation, from cellular to the physio-
logical and biochemical levels (De Paiva et al. 2015), we also
measured the concentrations of trace metals in lagoon sedi-
ments (Table 3). Similar spatial trends were observed for all
metals in the six sites, with increasing concentrations from the
northernmost site, the Lagoon of Caleri, to the southern Sacca
di Goro. As observed for some organic contaminants, the
Lagoon of Canarin showed the highest whole sediment levels
for all trace metals (Fig. 2b, Table 3). For some trace metals,
e.g. Pb, Cd or Hg, the fine materials of northern lagoons are
the most contaminated. Therefore, these data suggest that the
sediment quality of the lagoons results from the interaction of
the Po River transport, with its prevailing north–south direc-
tion, and the local properties of each lagoon, particularly their
hydrodynamics. The present concentrations are below the
SQGs for metals in transitional water bodies indicated by the
Italian legislation (D.M. 260/2010) and below the guidelines
set for the protection of both human and biota (US-EPA 2006;
OSPAR 2009). The only exception is Ni, whose concentration
(26.9 and 21 μg/g dw in Canarin and in Sacca di Goro, re-
spectively) slightly exceeded the US-EPA benchmark for ma-
rine sediments of 15.9 μg/g dw (US-EPA 2006). It is known

that the contamination of Ni but also of Cr in the Po River is
mainly related to the geological composition of some areas of
its drainage basins, with documented effects on sediment
chemistry (Amorosi and Sammartino 2007). The present con-
centrations remain, however, below the threshold of 30 and
50 μg/g dw for Ni and Cr, respectively, as indicated in the
Italian legislation (D.M. 260/2010); they are of low concern
for biota, at least in terms of their exposure to sediments.

Concerning metal bioaccumulation, Ni, Cd and Cr concen-
trations in clam tissues reflected the Po River footprint described
for sediments: the lowest concentration was found in clams ex-
posed in the Lagoon of Caleri, with an increasing trend moving
to the south of the deltaic area. Hg and As, on the contrary, did
not parallel sediment contamination; the two showed compara-
ble concentrations in clams from all six lagoons (Table 3).
Although Cd and Ni are listed in theWFD as priority pollutants,
no EQS is given for biota. A threshold is instead provided for Hg
(0.02μg/g ww; EC 2013), but it is higher than all present results,
which range from 0.008 to 0.014 μg/g ww.

Hazard quotient, biota-sediment accumulation factors
(BSAF) and potential for trophic transfer

To provide a synthetic evaluation of the contamination profile
of each lagoon, all data on sediment chemistry were elaborat-
ed according to a previously described Weight Of Evidence
model, which produces hazard quotient estimates (Piva et al.
2011). These HQs do not necessarily reflect the real ecosys-
tem situation because many other pollutants can be present in
the environment, causing interactive or synergistic effects on
biota. However, as a general evaluation of the chemical status,
the HQs determined in the present study indicated that Caleri

Table 4 Biota-sediment
accumulation factors (BSAFs) of
the main chemicals analysed in
this study for the six sampling
sites

Contaminant Caleri Marinetta Barbamarco Canarin Scardovari Goro

OP 0.51 0.15 0.42 0.23 0.15 0.41

NP 1EO 0.28 0.06 0.65 0.22 0.05 0.11

NP 0.34 0.09 0.49 0.11 0.21 0.22

BDE-209 0.00 0.00 0.00 0.00 0.03 0.06

DDTs 0.40 0.19 0.47 0.04 0.32 0.64

PCB-101 0.62 0.39 0.59 0.53 0.45 0.54

PCB-138 0.48 0.34 0.64 0.40 0.36 0.65

PCB-149 0.45 0.29 0.61 0.26 0.38 0.51

PCB-153 0.58 0.43 0.74 0.21 0.50 0.80

PCB-180 0.39 0.26 0.63 0.23 0.38 0.79

Phenanthrene 0.08 0.05 0.10 0.04 0.09 0.07

Pyrene 0.05 – 0.08 0.00 0.08 0.07

Benzo[k]fluoranthene – – 0.02 0.00 0.03 0.04

Perylene – – 0.00 0.00 0.00 0.08

TBT 0.94 0.63 1.18 1.01 1.35 0.45

OP octylphenol, NP1EO nonylphenol mono-ethoxylate, NP nonylphenol, DDTs p,p′-DDT and its metabolites
and isomers, TBT tributyl-tin
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and Barbamarco appeared to be the least affected (HQs of 0.1
and 0.2, respectively), and their chemical hazard was
summarised as Absent. The contamination in Marinetta,
Goro and Scardovari were found to present Slight or
Moderate hazards (HQ values in the range of 2.1–5.6).
Conversely, Canarin exhibited the highest chemical hazard,
classified as Major due to its HQ of 11.4, toward the less
restrictive normative limits. This finding strengthens the im-
portance of the fact that two priority and hazardous pollutants,
i.e., BDE-209 and NP, exceeded the existing SQGs. This pro-
file primarily reflects the influence of the Po River’s contribu-
tion to the delta area, with a major hazard recorded in the
lagoons that are directly exposed to the Po River.

However, sediment chemistry and the mentioned estimates
do not necessarily describe in its entirety real environmental
conditions. Differences in bioavailability and the presence of
other chemicals, not included among the listed chemicals,
may have unexpected critical roles. The use of BSAFs, which
integrate bioaccumulation results and thus direct information
on organisms’ exposure, may provide additional insights to
evaluate the environmental conditions of the six lagoons. The
Manila clam burrows in surficial sediments and feeds on
suspended particles collected above the sediment surface.
The clam is thereby exposed to contaminants via multiple
exposure pathways, i.e. through direct contact with
sediment/interstitial water and the ingestion of particulate mat-
ter, which, in turn, is variably composed of, e.g. detritus, phy-
toplankton or benthic microalgae, depending on tidal hydro-
dynamics, land-use characteristics within catchments or sim-
ply the availability of food items (Dang et al. 2009; Komorita
et al. 2014).

The BSAF of the main chemicals examined in this study
are reported in Table 4. As expected from the low trophic level
of the Manila clam, most BSAF were in the range 0.01–0.8,
and all were below 1.7, i.e. the value proposed as a theoretical
threshold for simple partitioning processes of non-ionic organ-
ic compounds (Ozkoc et al. 2007). Nevertheless, some differ-
ences in chemicals’ uptake among the lagoons seemed to be
present. Hydrophobic organic compounds associate primarily
with organic matter in sediments. However, it is recognised
that not only the amount but also the nature and composition
of organic matter can greatly modify sorption processes and
thus partitioning between sediment particles and the dissolved
phase (Karickhoff et al. 1979). Regarding particle composi-
tion, a fraction residual of the incomplete combustion of fossil
fuels and biomasses, generally termed Bblack carbon^, has
received considerable attention by environmental scientists.
It is abundant in aquatic environments and has been demon-
strated to greatly reduce chemicals’ bioavailability
(Moermond et al. 2004; Koelmans et al. 2006). As particulate
matter can control bioavailability, the amount and composi-
tion of dissolved organic carbon (DOC) can further reduce
chemicals’ bioavailability in the dissolved phase, in either

the interstitial or overlying water column (Haitzer et al.
1998; Akkanen et al. 2012). The chemicals in the dissolved
phase are generally considered the most readily bioavailable;
however, the ingestion of particle-bound fraction also contrib-
utes to bioaccumulation, although with a different relative
importance, depending primarily on chemical hydrophobicity
but also on diet composition (Mackay and Fraser 2000; Wang
and Zhang 2013; Khairy et al. 2014). In such a potential com-
plexity of interactions, it is interesting to observe the results of
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Fig. 3 Box-and-whisker plots of biota-sediment accumulation factors
(BSAFs) of alkylphenols (a) and of the main PCB congeners (b). Letters
indicate significant differences among the groups (p<0.05)
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Fig. 3. It shows the BSAF of APs and PCBs determined in
Manila clams from the six lagoons. The lagoons influenced by
the Po River have a lower BSAF. However, whereas the dif-
ferences in bioavailability are clear for the APs, regarding
PCBs, the clams of Scardovari and particularly Goro show
an increasing BSAF. APs are moderate/low hydrophobic
chemicals for which the uptake from water is expected to be
more important than for PCBs. The Po River transports col-
loidal and DOC, so the lower BSAF of APs may be explained
by a higher content of dissolved organic carbon and colloids
capable of reducing the dissolved fraction of APs in interstitial
and overlying water (Pettine et al. 1998; Boldrin et al. 2005).
In the case of PCBs, colloids, DOC and black carbon, which
are likely transported by the river, are expected to reduce bio-
availability. However, in this case, the ingestion of particle-
bound PCBs is expected to be more important than for APs.
Scardovari and particularly Goro are characterised by inten-
sive clam culture activities; therefore, sediment reworking and
resuspension are surely more important than in Canarin,
where this anthropic pressure is substantially absent, or in
Marinetta. Previous studies have demonstrated that sediment
resuspension increases chemical exposure and bioaccumula-
tion (e.g. Josefsson et al. 2010; Roberts 2012). Similar trends
seemed to be evident for PAHs, DDTs and some trace metals,
although statistical significance was not reached.

As mentioned, a large part of the Po basin is known to
contain high natural concentrations of Cr and Ni, constituting
a background level against which anthropogenic influence
must be assessed (Amorosi and Sammartino 2007). In this
study, although we could describe the discrete concentrations
of Cr and, particularly, of Ni in sediments, we calculated the
lowest BSAF values among all trace metals considered
(Table S10). This finding suggests that these potentially toxic
components are not easily bioavailable to biota in these con-
ditions. There is a limited bioaccumulation capacity in clam
soft tissues; these chemicals thus do not constitute a threat for
the environment.

The present data for the different pollutants in clam tissues
do not suggest a threat to wildlife communities. The values we
found in clams after chronic exposure are much lower than
any critical toxicity thresholds calculated for the protection of
higher trophic organisms (Lazorchak et al. 2003; ODEQ
2007; EC 2008; Environment Canada 2013). In the evaluation
of the possible risks for human health, it should be considered
that our study describes the results of a chronic test. As stated
above, the concentrations measured in clam tissues at the end
of the exposure period might not properly reflect the concen-
tration of chemicals that could be bioaccumulated by clams
reared in these lagoons for much longer periods. However, in
the Po delta area, clams are widely reared for human con-
sumption. To provide a tentative evaluation of the risks fol-
lowing bivalve ingestion, we calculated the potential contri-
bution of the pollutants accumulated in clams in a diet.

Considering a daily seafood consumption of 30 g/person for
people living along Adriatic Sea coasts (Boscolo et al. 2007),
and deriving the dietary intake, the present results for
alkylphenols indicate a negligible risk for humans, i.e. more
than 2 orders of magnitude lower than the TDI (Nielsen et al.
2000; Ademollo et al. 2008). The present concentrations are
also below any limit set for human carcinogenic risk due to
shellfish consumption for DDT (US-EPA 2000) and the limits
set by European Regulation for the six ICES PCBs and for Cd
(1259/2011/EU and 1881/2006/EU, respectively). In addition,
when considering the thresholds meant for human consump-
tion, it should be taken into account that clams undergo a
depuration process before commercialisation. This procedure
tends to lower, even if not always significantly, the chemical
concentrations in clam tissues (Yakan et al. 2013; Anacleto
et al. 2015). Consequently, reported concentrations in clams
should be of even lesser concern for human consumption.

Conclusions

This study has examined the sediment contamination levels in
six main lagoons of the Po River delta, and it has discussed the
effects on clams (R. philippinarum) exposed for 3 months to
the lagoons’ different environments. Despite the great com-
plexity of the Po delta, the wide dataset on sediment properties
and chemical contamination provided evidence of the impor-
tant role of the Po River in influencing the quality of some of
the lagoons, particularly those with lower interactions with
seawater. The geographical distribution of the main river
branches and the relative proportions of freshwater and sea-
water inputs of each lagoon result in a north–south environ-
mental trend. The northernmost lagoon, Caleri, showed the
lowest sediment contamination and the best clam growth per-
formance, whereas more southern lagoons, particularly
Canarin, showed higher levels of chemicals and worse clam
growth. Despite these differences, the histological examina-
tion of gonadal tissues did not show alterations among the
exposure groups. As demonstrated, the present results confirm
that sediment contaminations through the Po River transports
may be of concern, and NP and BDE-209 in particular may
present a threat to aquatic organisms. Concentrations of PCBs
were very close a concerning level, and together with DDTs,
they might easily become a problem in areas characterised by
higher sedimentation rates. Likely because of low bioavail-
ability, trace metals seemed to be of low concern individually.
As observed in other studies, sediment contamination was not
always paralleled by bioaccumulation in clam tissues. Since
clams are exposed both via (interstitial) water and suspended
particles that they ingest, different bioavailabilities as well as
natural and anthropogenic disturbances of lagoon sediments
may partly explain the bioaccumulation results. No potential
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negative implications for human health were evidenced in
clams exposed for 3 months to the six lagoons.
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