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The effectiveness and reliability of the polychaete Hediste diversicolor (O.F. Müller,
1776) to bioaccumulate polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans
(PCDFs) was assessed in an in-situ passive biomonitoring study. Field collected
specimens were sampled in five sites within the Venice Lagoon (Italy), selected
along a PCDD/F contamination gradient. The homolog profiles in the tissues of the
common ragworm were considerably different from those observed in the sediments,
independent of sediment contamination. Moreover, H. diversicolor accumulated
preferentially the less chlorinated 2,3,7,8-TCDD, 2,3,7,8-TCDF and 2,3,4,7,8-PeCDF
compared to the more chlorinated and hydrophobic hexa-, hepta- and octa-
substituted congeners, as evidenced by the significant and linearly decreasing
trend of the Biota-to-Sediment Accumulation Factor (BSAF) with the increasing
lipophilicity of the congeners, expressed as the logarithmic form of the octanol/water
partition coefficient (logKOW). The BSAFs for dioxins and furans were generally low
compared to other organochlorine compounds such as polychlorinated biphenyls and
organochlorine pesticides, suggesting that H. diversicolor may eliminate both dioxins
and furans efficiently.

Keywords: Venice Lagoon, TCDD, TCDF, benthos, bioaccumulators

INTRODUCTION

Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) are highly persistent,
bioaccumulative and toxic contaminants not intentionally produced, but occurring in the
environment as byproducts of chemical processes involving the use of chlorine (i.e., wood pulp
and magnesium industries), as a result of combustion processes from both natural (forest fires) and
anthropogenic sources (smoke from incinerators, car and boat exhaust fumes) or as impurities in
chemicals (i.e., pesticides and herbicides) (Swerev and Ballschmiter, 1989).

Once released, PCDD/F enter the marine and coastal environments via atmospheric deposition,
riverine inputs from the inland, and direct discharges of urban and industrial wastewaters into the
coastal waters (Armitage et al., 2009).
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In the marine environment PCDD/F are quickly adsorbed
onto suspended matter, due to their high hydrophobicity, and
then deposited onto the sediment where they accumulate over
time, due to their persistence. As a consequence, sediment may
act both as a secondary source of PCDD/F pollution for the
water column (Khairy et al., 2016) and as a primary source of
contamination for the benthic species living and/or feeding on
sediment-bound contaminants (Pruell et al., 1993, 2000).

Polychaetes are a major component of the coastal and
estuarine systems, where they may represent up to 40% of the
taxa constituting the communities (Amiard-Triquet et al., 2013).
Many species living in soft-bottom habitats are endobenthic and
occupy several ecological niches, serving as relevant vectors for
the recycling of the detritus, as primary consumers of benthic
algae and predators of other invertebrates, and as food for the
organisms at the top of the benthic and aquatic trophic webs
(Scaps, 2002; Dean, 2008; Amiard-Triquet et al., 2013).

Close contact with the sediment as well as detritivorous habits
of most species make polychaetes vulnerable to the uptake of
contaminants through both contact with dissolved chemicals
and ingestion of pollutants bound to sediment particles or
adsorbed onto detritus particles (Dean, 2008). Consequently,
contaminants accumulated into the tissues of the polychaetes
may then be transferred to higher levels of the trophic web,
leading to possible biomagnification phenomena (Ruus et al.,
2012; Sizmur et al., 2013). For these reasons, polychaetes are
often used in ecotoxicological studies to assess both early warning
signals of chemical stress, by using relevant biomarkers, and the
bioavailability of the contaminants (Durou et al., 2007a,b; Nesto
et al., 2010; Ruus et al., 2012; Amiard-Triquet et al., 2013).

A commonly used polychaete species in ecotoxicological
research is the common ragworm Hediste diversicolor (O.F.
Müller, 1776). This burrowing polychaete is omnivorous, but
also behaves as a deposit feeder, by collecting detritus near
the opening of its burrows, and is widespread in the shallow
marine and estuarine waters of the European coasts of the
Atlantic, the Mediterranean Sea, the Black Sea and the Caspian
Sea (Scaps, 2002). Its large dispersion into brackish waters
has favored its frequent use as a biological indicator for
assessing exposure and effects of sediment-bound contaminants
in estuaries and coastal lagoons affected by pollution due
to anthropogenic sources, including metals (Volpi Ghirardini
et al., 1999; Berthet et al., 2003; Frangipane et al., 2005)
and organic contaminants, such as polynuclear aromatic
hydrocarbons (PAHs) – although the ability of polychaetes to
biotransform PAHs was demonstrated (Jørgensen et al., 2008) –
and polychlorinated biphenyls (PCBs) (Gunnarsson et al., 1999;
Cornelissen et al., 2006; Langston et al., 2012). Nevertheless, the
ability of H. diversicolor to also accumulate other persistent and
bioaccumulative toxicants, as PCDD/F, has been rarely explored,
although these polychlorinated compounds may accumulate in
fish – and also humans (Raccanelli et al., 2007) – through
the marine and estuarine trophic web, where H. diversicolor
represents a relevant trophic link (Nunes et al., 2011).

The present study examined the effectiveness and reliability
of H. diversicolor as an indicator of exposure for PCDD/F
in an in-situ passive biomonitoring study, using field-collected

polychaetes. The Venice Lagoon was chosen as a case study
since sources, inputs and sediment concentration of PCDD/F
have been extensively studied in the past decades (Fattore et al.,
1997; Marcomini et al., 1997; Jimenez et al., 1998; Bellucci
et al., 2000; Frignani et al., 2001a). The aims of the study
were the assessment of possible bioaccumulation in tissues
of H. diversicolor, the identification of the congeners with
higher ability to accumulate into polychaete tissues, and the
analysis of the possible relationships between accumulation
and the lipophilicity (expressed as logKOW) of the 2,3,7,8
chlorinated congeners.

The results of this study, performed in 1998, are presented
only now because we found that in the last 20 years no significant
progress has been made in the field of bioaccumulation of
organochlorine compounds in estuarine environments. Although
they play a relevant role in the trophic webs of marine and
estuarine environments, benthic infaunal organisms such as
polychaetes, have been too often disregarded as bioindicators
for bioavailability/bioaccessibility of PCDD/Fs, in favor of other
species of greater commercial interest (fish and molluscs). The
focal purpose of this paper is thus to underline how these
organisms are suitable for studying bioaccumulation of organic
contaminants (other than PAHs), as well as to promote a more
widespread exploitation of polychaetes in monitoring programs.

MATERIALS AND METHODS

Study Area
The Venice Lagoon is one of the largest and relevant Coastal
Transitional Ecosystems of the Mediterranean (Tagliapietra et al.,
2009); it is about 50 km long and 10 km wide, accounting
for a surface of about 550 km2. Out of them, 36 km2 are salt
marshes, 30 km2 islands (excluding the barrier islands) and the
rest is covered by water. The mean depth of the water column
is about 1.2 m, with only 5% of the lagoon deeper than 5 m
(Molinaroli et al., 2009). The volume of water contained in the
lagoon is about 628 million m3, and according to Kjerfve (1994),
the Venice Lagoon can be defined as a “restricted” coastal lagoon.
The basin is connected to the Adriatic Sea through three inlets
(Lido, Malamocco, and Chioggia) which allow tidal flushing
twice a day (microtidal and predominantly semidiurnal tides)
(Tagliapietra and Volpi Ghirardini, 2006). Every day the Venice
Lagoon exchanges with the Adriatic Sea about 400 million m3 of
water while the inflow from the inland through the rivers and
subsoil averages 3.7 million m3 (Bernstein and Montobbio, 2011).
The drainage basin is about 1850 km2, 40% of which is reclaimed
land lying under the sea level.

The primary source of pollution is the Porto Marghera
industrial district (Bellucci et al., 2000; Frignani et al., 2001a,b;
Zonta et al., 2007). Other point and non-point sources of
pollution flowing into the lagoon include also treated and
untreated municipal wastewaters, streams, agricultural runoff,
boat traffic and atmospheric deposition (Guerzoni et al., 2004;
Secco et al., 2005; Volpi Ghirardini et al., 2005; Gambaro
et al., 2009). The recorded pattern of pollution follows
the urban and industrial development: evidence exists that
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contamination of waters and sediments started in 1920 with
the development of the first part of the industrial area,
then accelerated after 1933 and again after World War II
(Frignani et al., 2001a,b). As a consequence, the contamination
gradient was largely superimposed on the inland-sea transect
(Picone et al., 2016, 2018).

The atmospheric and riverine inputs of PCDD/F into the
Venice Lagoon has been estimated in the order of 2.2–195.7 g
y−1 (Guerzoni et al., 2007) and 6.9 g y−1 (Bettiol et al.,
2005), respectively; the contribution of treated and untreated
discharges from the industrial district of Porto Marghera has
been estimated in 0.10–0.26 g y−1 as toxicity equivalents
(MAG. ACQUE-Uta, 2011).

Sediment and Polychaete Sampling
Sediment and polychaete samples were collected during summer
1998 from 5 sub-tidal shallows, selected along a gradient of
chemical contamination and affected by different sources of
pollution (Figure 1). Palude della Centrega (CE) is an inter-tidal
mudflat in the northern basin of the Lagoon, chosen as possible
reference site due to the low concentrations of contaminants
characterizing the area (Volpi Ghirardini et al., 2005; Picone
et al., 2008). Dese river (DE) and Osellino canal (OS) sites
are two estuaries influenced by agricultural runoff; OS is also
characterized by multi-sources pollution being affected by both
urban and industrial discharges, due to the proximity to the
urban area of Mestre and the illegal landfill of Campalto (Critto
et al., 2003). Canale Industriale Sud (SA) and Canale Lusore-
Brentelle (BR) are two industrial canals located within the Porto
Marghera district; in particular, site BR is a polluted site both as
concern metals and organic micropollutants (Volpi Ghirardini
et al., 2005; Bellucci et al., 2009; Picone et al., 2018) catching also
freshwater from the Naviglio di Brenta canal.

Sediment sampling was performed following the integrated
design and Quality Assurance/Quality Control (QA/QC)
procedures reported in Volpi Ghirardini et al. (2005). Briefly,
in each site, the sampling area was defined as a circle with a
diameter of 30 m. Within this area, eight sediment cores (depth
0–20 cm, diameter 5 cm) were collected with a Plexiglas R© corer
and then pooled to obtain an integrated sample. This procedure
was performed in triplicate in each sampling area. Sediment
samples were stored in 2 l glass containers and kept refrigerated
until their arrival in the laboratory. Samples were processed
within 2 weeks, according to ASTM guidelines (ASTM, 2014).

Polychaetes were collected within sediment sampling areas
using a box corer (14×14×16 cm). Sediments collected with
the box corer were washed into polyethylene tanks and then
the sediment slurry was poured into a 1 mm mesh size sieve
and thoroughly washed in situ with seawater to separate the
worms from the substrate. Once collected, the polychaetes were
placed in 1 liter polyethylene containers filled with a layer of
clean quartz sand (grain size approx. 60–100 µm) and natural
seawater, in order to minimize the stress during the transport in
the laboratory. A variable number of polychaetes was retrieved in
each site, from 30 up to 80 depending on the population density
in the area. Only for sites BR and OS it was possible to obtain
three replicates with sufficient biological material for analysis;

as a consequence, it was necessary to pool organisms collected
in each site in order to have enough biological material for
performing chemical analysis with an adequate limit of detection
(0.25 pg g−1 dw).

Sediment Analysis
Total organic carbon (TOC) analyses were performed using a
CHNS-O analyzer on aliquots of 10–20 mg of dry sediment
acidified with 20-µL of 1N HCl solution and dried at 105◦C
for 15 min. Sediment grain-size was determined following a
gravimetric procedure and was subsequently classified according
to Shepard (1954). PCDD/F in the sediments were analyzed
according to the procedure reported in Bellucci et al. (2000),
based on the United States. EPA method 1613/94 for the
determination of 17 congeners 2,3,7,8 substituted of dioxins and
furans using gas chromatography-mass spectrometry (GC-MS).
One composite sample (n = 1) per site was analyzed.

Polychaete Holding and Analysis
Once in the laboratory, the polychaetes were depurated for 4 days
in small glass aquaria (20× 20× 15 cm) containing acid-washed
quartz sand and artificial seawater (1:1 v/v sand/water ratio),
to allow the elimination of the gut’s content. Then, they were
transferred for 1 day in aquaria containing only artificial seawater,
to remove also the quartz sand accumulated during depuration
phase (Lobel et al., 1991; Volpi Ghirardini et al., 1999). Artificial
seawater was prepared by dissolving an artificial sea salt mixture
(Ocean Fish R©, PRODAC International, Cittadella, Italy) in Milli-
Q R© purified water.

Depuration was carried out under constant aeration, at a
temperature of 18◦C and salinity of 20 psu; overlying water
was renewed every 48-h and the fecal pellets were removed
daily, to avoid the ingestion by the worms and the consequent
failure of the gut cleaning. Temperature, salinity and ammonia
were checked daily.

During the last day of depuration in seawater, glass tubes were
introduced into the aquaria to allow polychaetes to individually
settle in there, to avoid aggressive behavior, cannibalism and
also damages due to the lack of substrate (e.g., autotomy). At
the end of the depuration phase, animals were anaesthetized
using a 10% ethanol solution in seawater 20% and individually
checked for species confirmation under a dissecting microscope.
After taxonomic confirmation and determination of biometric
parameters (in order to select polychaetes of comparable
age), pooled samples of 20–30 specimens per sampling site
were frozen until the analysis. Taxonomic identification was
performed in order to avoid mixing with specimens belonging
to other species, such as Alitta succinea (Leuckhart, 1847)
and Perinereis cultrifera (Grube, 1840), that may share the
habitat with H. diversicolor (Volpi Ghirardini et al., 1999).
PCDD/F in the tissues were analyzed using the same method
reported for sediments; prior to analysis, the frozen polychaete
samples were freeze-dried. One composite sample (n = 1) per
site was analyzed.

Lipids were extracted by Accelerated Solvent Extraction (ASE)
with 50 ml of n-hexane/dichloromethane 50/05 at 150◦C, 1500
psi 7-min heat-up and two cycles of 5 min static time. The extracts
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FIGURE 1 | Map of the sampling sites within the Venice Lagoon. CE = Palude della Centrega; DE = Dese river; OS = Osellino canal; SA = Canale Industriale Sud;
BR = Canale Lusore-Brentelle.

were desiccated using an evaporator equipped with a vacuum
controller. The lipid content was then determined gravimetrically
using an analytical balance.

Data Elaboration and Analysis
Concentrations of PCDD/F in sediments and tissues were
reported on dry weight (dw) basis. The dry weight concentrations
were then also converted in 2,3,7,8-TCDD equivalents by
multiplying the sediment concentrations by the toxic equivalency
factors (TEFs) proposed by the World Health Organization
(Van den Berg et al., 2006). Cluster analysis was used to
categorize the homolog profile of PCDD/F in sediments and
tissues; Euclidean distances and complete linkage were used
as distance metric and joining rule, respectively. Before cluster
analysis, sediment and tissue concentrations were transformed
to per mil 2,3,7,8 chlorosubstituted homologs, by normalizing
the sum of the isomers with the same degree of chlorination
(i.e., PeCDD or HxCDD) to the sum of all dioxins and
furans congeners with a concentration above the detection limit
(Marcomini et al., 1997).

Spearman’s non-parametric correlation was applied to
test for significant correlations between sediment and tissue
concentrations of the 17 congeners of PCDD/F, whilst linear
regression was used to verify the linkage between BSAFs
and the octanol-water partition coefficients (KOW), after
logarithmic transformation. LogKOW values were taken from
Chen et al. (2001).

Biota-Sediment Accumulation Factors (BSAFs) were
calculated for each sampling site as the ratio of contaminant
concentration in tissues (pg g−1 dw) on the contaminant

concentration in sediments (pg g−1 dw), normalized to the
lipid content and to the organic carbon content, respectively
(Burkhard, 2009). For the calculation of BSAFs, concentrations
below detection limits were assumed to equal a value half of
the detection limit used. Welch’s ANOVA and Games-Howell
test were applied to the pooled BSAF data in order to check
for the overall significant difference in the accumulation
of the congeners of PCDD/F. Welch’s ANOVA was chosen
as a parametric method for the analysis of variance since
homogeneity of variances condition was not met also after
logarithmic and square root transformations.

All the statistical analysis were performed using the StatSoft
Statistica v8.0 (Spearman’s non-parametric correlation, linear
regression) and IBM SPSS Statistics v.25 software (Welch’s
ANOVA and Games-Howell post hoc test).

RESULTS

Sediment Chemistry
Total organic carbon in the sediments ranged from 1.88% (CE)
up to 4.67% (OS); grain size was characterized by a prevailing
fraction of silt, ranging from 52.9% (BR) up to 69.6% (SA).
According to the ternary classification of Shepard (1954) samples
CE, DE, OS, and SA were classified as clayey silts, whilst sample
BR was classified sandy silt.

Sediment PCDD/F concentrations at the five study sites
ranged between 73 and 6,621 pg g−1 dw. The sediments collected
at site SA (6,621 pg g−1 dw) were the most contaminated being
characterized by total concentrations (6PCDD/F) of 1 or 2 order
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of magnitude higher than the other samples (Table 1). As concern
dioxins, the total sediment concentrations ranged from 24 pg
g−1 dw (CE) to 677 pg g−1 dw (OS), with OCDD accounting
for more than 75% of total dioxins in all samples; 2,3,7,8-TCDD
occurred at concentrations above the detection limit (0.5 pg g−1

dw) only in sample SA (1 pg g−1 dw). With regard to furans,
the highest concentration was measured in sample SA (6061 pg
g−1 dw) whilst the reference sample collected in site CE was,
as expected, the least contaminated one (47 pg g−1 dw); the
congeners detected at highest concentrations were 1,2,3,4,6,7,8-
HpCDF and 1,2,3,4,6,7,8,9-OCDDF.

The equivalent toxicity 6TE (WHO-TEQ) in the sediment
samples ranged from 2 pg g−1 dw (CE) to 60 pg g−1 dw
(SA) and showed the same gradient as the total concentrations:
CE < DE < BR < < OS < SA.

Homolog profiles in sediment showed different patterns
among sites, especially as concern the contribution of OCDD
and OCDF (Figure 2). In sample SA, the profile was dominated
by OCDF and characterized by negligible contributions of the
other homologs except for OCDD and HpCDF; in contrast, in
samples BR and OS the profiles showed a dominance of OCDD
over the more chlorinated furans. In DE and CE the profile
was characterized by a gradient of increasing concentrations
of PCDD/F with increasing degree of chlorination, but with
a dominance of OCDF over OCDD and HpCDF. Cluster
analysis confirmed this categorization of samples into three
groups (Figure 3).

Tissue Analysis
Polychaete tissues were characterized by a variable lipid
concentration, ranging from 0.10 to 0.14 g g−1 of tissue, whilst
organic carbon content averaged 0.53 g g−1 of tissue (range:
0.52–0.54 g g−1).

Real total concentration (6PCDD/F) in polychaete tissues
ranged from 33 pg g−1 dw (DE) up to 300 pg g−1 dw (SA)
(Table 1). The gradient of real total concentration was as follows:
DE < CE < OS < BR < SA. The concentrations of dioxins
were quite homogeneous among the samples, ranging from 13
pg g−1 dw (DE) to 30 pg g−1 dw (BR). In samples CE and DE
only 1,2,3,7,8-PCDD, 1,2,3,4,6,7,8-HpCDD and OCDD occurred
at concentrations above the detection limits (0.25 pg g−1 dw); this
latter was also the congener exhibiting the highest concentration
in all the samples. As observed in the sediments, 2,3,7,8-TCDD
was detectable only in sample SA. Site DE also showed the lowest
concentration of furans (21 pg g−1 dw), whilst the highest were
detected in the tissues of the polychaetes sampled in the industrial
canals BR (111 pg g−1 dw of furans) and SA (281 pg g−1 dw
of furans). The congeners occurring at higher concentrations
were 2,3,7,8-TCDF and 1,2,3,4,6,7,8,9-OCDF. Concentrations
normalized to lipid content ranged from 268 pg g−1 lipids (DE)
to 2111 pg g−1 lipids (SA).

The equivalent toxicity in the tissues ranged from 3
pg g−1 dw (DE) to 26 pg g−1 dw (SA); the gradient
(DE < CE < BR < OS < <SA) was slightly different from the
one for total concentrations, since OS showed higher equivalent
toxicity with respect to BR (10 pg g−1 dw vs. 5 pg g−1 dw), despite
lower total concentration (104 pg g−1 dw vs. 141 pg g−1 dw).

Cluster analysis on homolog profiles evidenced the occurrence
of distinct patterns of accumulation in the tissue (Figure 3).
At site BR the polychaetes accumulated mostly OCDF and
secondarily OCDD and TCDF, whereas the polychaetes collected
at sites SA and OS accumulated primarily furans (contributing up
to 87% and 94% to 6PCDD/F, respectively), with a prevalence of
HxCDF, TCDF and PeCDF, over the other furans and OCDD.
The samples with less accumulation, DE and CE, showed a
more heterogeneous pattern, with an accumulation of OCDD
and less chlorinated PCDF (DE) or OCDD and more chlorinated
PCDF (CE) (Figure 4). In any case, differences in homolog
concentrations in these samples are very low.

Comparison Between Sediments and
Tissues
No correlation was observed between PCDD congeners in the
sediment and in the polychaete tissues (p > 0.05); in the case of
furans, significant correlations (Spearman’s R > 0.9; p < 0.05)
were found for the PeCDFs, HpCDFs and two congeners of
HxCDFs (namely, 1,2,3,4,7,8-HxCDF and 1,2,3,6,7,8-HxCDF).
Spearman’s correlation was not calculated for 2,3,7,8-TCDD
and 1,2,3,7,8,9 HxCDD due to the large number of data below
detection limits.

Sediment Accumulation Factors value ranged between 0.003
(OCDF in site SA) and 11.13 (TCDF in site BR). Hepta- and
octachlorinated congeners showed a BSAF about one order of
magnitude lower than the less chlorinated congeners (Table 1).

Linear regression revealed a significant relationship with a
decreasing trend between logBSAF and logKOw (F1,83 = 43.878;
r2 = 0.289; r = −0.539; p < 0.0001), indicating a tendency
to accumulate preferentially the congeners with lower
logKOW (Figure 5).

Welch’s ANOVA highlighted significant differences among the
BSAFs calculated for the congeners (F16,25 = 6.108, p < 0.001);
Games-Howell test detected significant differences (p < 0.05)
between 2,3,7,8-TCDF and several congeners (Figure 6).

DISCUSSION

The lack of replication did not allow to verify whether among-site
differences are significant (especially for the less contaminated
CE and DE samples) and may raise issues concerning the
analytical variability of the data. However, specific contamination
patterns emerged both in sediments and in polychaete tissues that
are consistent with the underlying contamination gradient and
other studies (Jimenez et al., 1998; MAG. ACQUE-Thetis, 2006,
2007; Picone, 2006), suggesting that analytical variability is of
secondary relevance as compared with environmental variability
of PCDD/F contamination in the Venice Lagoon.

PCDD/F in the Sediments
Sediment total concentrations and toxicity equivalents
corroborated expectations for the underlying contamination
gradient. The lowest concentration of PCDD/F were measured at
the reference site CE and at the estuarine site DE located far from
the industrial district, whilst the highest were observed within
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TABLE 1 | PCDDs and PCDFs concentrations in composite sediment samples, composite polychaetes samples and Biota-to-Sediment Accumulation Factors (BSAFs) calculated for the 17 congeners of 2,3,7,8
chlorosubstituted dioxins and furans.

Congener Sediment real concentration (pg g−1 dw) Tissue real concentration (pg g−1 dw) Sediment concentration normalized to organic
carbon (pg g−1 C)

BR CE DE OS SA BR CE DE OS SA BR CE DE OS SA

2,3,7,8 TCDD <0.5 <0.5 <0.5 <0.5 1 <0.25 <0.25 <0.25 <0.25 1 <19 <27 <16 11 29

1,2,3,7,8 PCDD <0.5 <0.5 <0.5 2 4 1 2 1 2 2 <19 <27 <16 51 95

1,2,3,4,7,8 HxCDD <0.5 <0.5 <0.5 2 13 1 1 1 1 1 <19 <27 <16 51 280

1,2,3,6,7,8 HxCDD <0.5 <0.5 1 4 7 1 2 1 1 2 <19 <27 39 84 150

1,2,3,7,8,9 HxCDD <0.5 <0.5 4 <0.5 <0.5 1 1 1 1 1 <19 <27 136 11 11

1,2,3,4,6,7,8 HpCDD 35 3 21 96 99 5 3 2 2 4 1,364 133 686 2,058 2,194

1,2,3,4,6,7,8,9 OCDD 194 20 87 571 435 22 10 9 8 9 7,519 1,059 2,816 12,227 9,603

2,3,7,8 TCDF <0.5 <0.5 2 9 16 14 2 5 21 69 <19 <27 68 193 362

1,2,3,7,8 PCDF 6 2 3 19 66 3 2 3 13 28 225 96 107 400 1,464

2,3,4,7,8 PCDF 3 1 1 9 15 4 2 2 9 22 101 <27 36 197 336

1,2,3,4,7,8 HxCDF 12 2 5 32 153 4 3 2 12 50 473 96 159 681 3,377

1,2,3,6,7,8 HxCDF 4 1 2 15 65 2 2 1 5 17 151 59 78 323 1,426

1,2,3,7,8,9 HxCDF 30 <0.5 <0.5 115 10 1 2 1 1 3 1,163 <27 <16 2,463 214

2,3,4,6,7,8 HxCDF 1 <0.5 2 16 42 2 2 1 4 10 54 <27 68 334 927

1,2,3,4,6,7,8 HpCDF 61 13 55 295 1,305 10 5 2 12 36 2,345 676 1,780 6,317 28,808

1,2,3,4,7,8,9 HpCDF 9 3 5 17 192 2 2 1 3 11 357 133 175 373 4,238

1,2,3,4,6,7,8,9 OCDF 143 26 141 198 4,197 68 15 3 9 34 5,543 1,399 4,563 4,240 92,649

6PCDD 232 25 115 677 560 31 19 13 14 19 8,981 1,324 3,725 14,493 12,362

6PCDF 269 48 218 725 6,061 111 37 21 90 281 10,430 2,564 7,049 15,520 133,801

6 PCDD/F 501 73 333 1,402 6,621 142 56 33 104 300 19,411 3,888 10,773 30,013 146,163

6 TE (WHO-TEQ) 8 2 4 30 60 5 4 3 10 26 27 28 29 30 31

(Continued)
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TABLE 1 | Continued

Congener Tissue concentration normalized to lipid content (pg g−1 lipid) BSAF Spearman’s correlation

BR CE DE OS SA BR CE DE OS SA R p

2,3,7,8 TCDD 1 1 1 1 8 >0.10 >0.09 >0.12 >0.20 0.27 n.c. n.c.

1,2,3,7,8 PCDD 7 19 7 13 14 >0.73 >1.41 >0.89 0.25 0.15 0.69 0.199

1,2,3,4,7,8 HxCDD 6 14 4 4 8 > 0.65 > 1.04 > 0.50 0.08 0.03 0.00 1.000

1,2,3,6,7,8 HxCDD 4 15 4 4 11 > 0.41 > 1.12 0.10 0.05 0.07 0.15 0.812

1,2,3,7,8,9 HxCDD 6 12 4 4 7 > 0.65 > 0.89 0.03 > 0.41 > 0.64 n.c. n.c.

1,2,3,4,6,7,8 HpCDD 39 29 13 21 25 0.03 0.22 0.02 0.01 0.01 0.30 0.623

1,2,3,4,6,7,8,9 OCDD 176 95 70 72 62 0.02 0.09 0.02 0.01 0.01 −0.50 0.391

2,3,7,8 TCDF 108 22 43 181 487 > 11.13 > 1.64 0.63 0.94 1.35 0.82 0.089

1,2,3,7,8 PCDF 24 23 20 116 197 0.11 0.24 0.19 0.29 0.13 0.99 <0.001

2,3,4,7,8 PCDF 29 18 15 78 155 0.29 > 0.67 0.43 0.40 0.46 0.99 <0.001

1,2,3,4,7,8 HxCDF 34 26 15 108 354 0.07 0.27 0.10 0.16 0.10 0.90 0.037

1,2,3,6,7,8 HxCDF 16 19 8 46 117 0.10 0.32 0.10 0.14 0.08 0.90 0.037

1,2,3,7,8,9 HxCDF 9 19 4 10 19 0.01 > 1.41 > 0.50 0.00 0.09 0.00 1.000

2,3,4,6,7,8 HxCDF 17 24 10 38 72 0.32 > 1.79 0.15 0.11 0.08 0.60 0.285

1,2,3,4,6,7,8 HpCDF 80 45 15 102 256 0.03 0.07 0.01 0.02 0.01 0.90 0.037

1,2,3,4,7,8,9 HpCDF 18 22 8 24 80 0.05 0.16 0.05 0.07 0.02 0.90 0.037

1,2,3,4,6,7,8,9 OCDF 539 150 26 78 239 0.10 0.11 0.01 0.02 0.00 0.30 0.624

6PCDD 241 186 104 122 134

6PCDF 874 366 165 782 1,977

6 PCDD/F 1,115 552 269 904 2,111

6 TE (WHO-TEQ) 32 33 34 35 36

Concentration data are reported as real and normalized to organic carbon and lipid concentrations. For BSAFs calculation, data below detection limits were assigned a value equal to half detection limit. Results of
correlation analysis performed on sediment and tissue dry weight data are also reported. Data highlighted in bold indicate significant correlations. n.c. = not calculated due to occurrence of too data under detection limit.
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FIGURE 2 | Homolog profiles of PCDDs and PCDFs in sediments. Data are reported as per mil 2,3,7,8 chlorosubstituted homologs referred to the sum of all the
isomers with concentration above detection limits.

the industrial area (SA) and at the estuarine site OS located in
the proximity of the illegal landfill and also receiving urban and
industrial discharges.

A review of PCDD/F concentration in the sediments of the
Venice Lagoon reported a mean value of 14,000 pg g−1 dw
of 6PCDD/F for the industrial channels and 1,000 pg g−1

dw of 6PCDD/F for the inner lagoon (Guerzoni et al., 2007).
These data are higher than those observed in the present study,

both for the industrial district and the reference and estuarine
samples; nevertheless, the comparison with literature data is often
complicated by the different depth of the sediment core analyzed
in the various studies. For the industrial district, many data
refer to the first 2 cm of sediments, where concentrations in the
range 67–13,642 pg g−1 for dioxins and 592–126,561 pg g−1

for furans were reported (Bellucci et al., 2000; Frignani et al.,
2001a); other projects investigated the vertical profile of PCDD/F
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FIGURE 3 | Cluster analysis on homolog profile in sediments (left) and tissues (right). Before analysis, data were transformed to per mil 2,3,7,8 chlorosubstituted
homologs referred to the sum of all the isomers with concentration above detection limits.

in industrial channels and reported concentrations up to 36,590
pg g−1 dw for dioxins in the layer 35–38 cm depth and up
to 19,241 pg g−1 dw for furans in the layer 8–10 cm depth
(Frignani et al., 2001a).

Later studies conducted by the Venice Water Authority
investigated the top layer to a depth of 25 cm (MAG. ACQUE-
Thetis, 2007) in the shallows of the inner lagoon facing the
industrial district and reported concentrations in the range 13–
8,312 pg g−1 dw of 6PCDD/F and equivalent toxicity (WHO-
TEQ) up to 112 pg g−1 dw. These data are in agreement with
the concentrations observed in the present study, both for the
industrial district (SA, BR) as well as the estuarine sample OS.
At this latter sample, the measured concentrations (1,402 pg
g−1 dw as 6PCDD/F) were also higher than those reported in
the literature (depth 0–20 cm) for the inner lagoon shallows
opposite to the estuary and in the proximity of the illegal landfill
of Campalto (120 pg g−1 dw as 6PCDD/F) (Picone, 2006). These
data suggest that the pollution of the area could be due mainly
to the urban and industrial discharges upstream, rather than to
leakages from the landfill.

Fewer data are available for the sites DE and CE. In surface
sediment (0–5 cm) collected in the estuarine site DE, Jimenez
et al. (1998) measured a total 6PCDD/F concentration of
79 pg g−1 dw.

The profiles of the homologs and the cluster analysis
evidenced three distinct patterns of PCDD/F at the five study
sites, that may be related to different sources of contamination.
In the sediment of the industrial area Bellucci et al. (2000)
already identified three distinct type of homolog profiles that
fit with the main local sources: (type 1) profile dominated
almost entirely by OCDD, produced by combustion processes,
untreated domestic sewage, urban wastes and boat engine
exhausts; (type 2) profile with the dominance of OCDF
(90%) and OCDD (10%) that could be ascribed both to the
stripping of vinyl chloride monomer (Stringer et al., 1995)
and to the accumulation of atmospheric contaminants caused
by both the runoff from the industrial district and the wastes

of a factory for the production of liquid gases (Frignani
et al., 2001a); and (type 3) profile containing mainly furans,
with a prevailing component of OCDF, probably due to
the production of metals, coke and related chemicals in the
industrial district.

Nevertheless, in the present study only the sample collected
from Canale Industriale Sud (SA), showed a profile that could
be categorized into one of the three types outlined by Bellucci
et al. (2000) since the homologs provided a specific pattern of
furans with a dominance of OCDF, attributable to industrial
production of coke, metals and related manufactories (type 3),
whilst contribution of dioxins in negligible. In the remaining
four samples, the profiles did not allow for the identification of
a prevailing source, but indicate the co-occurrence of multiple
sources of contamination. Samples CE and DE were characterized
by a pattern of PCDD/F, consistent with atmospheric deposition
from industrial sources. However, their profiles showed also a
noteworthy contribution of OCDD, suggesting a not-negligible
contribution of combustion processes unrelated to industrial
pollution and boat traffic. In contrast, in samples OS and BR the
dominance of OCDD over OCDF and HpCDF suggested a major
contribution of deposition due to combustion combined with
untreated domestic sewage over the deposition of furans from
industrial sources.

PCDD/F in Tissues
In general, very few data are available in the literature concerning
the field bioaccumulation of PCDD/F in polychaetes, although
ragworms and lugworms are widely used as a bioindicator for
biomarker and bioaccumulation studies (Ruus et al., 2005; Durou
et al., 2007a,b) and are a key component of the coastal and
estuarine food webs. Studies on H. diversicolor were performed
by Nunes et al. (2011), that reported a concentration in tissues
of 1.38 pg g−1 ww of 6PCDD/F (81.16 pg g−1 lipid) for
the Mondego estuary, Portugal. These data were lower than
the concentration normalized to lipids observed both in the
industrial district and in the estuarine sites of the Venice Lagoon
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FIGURE 4 | Homolog profiles of PCDDs and PCDFs in tissues of H. diversicolor. Data are reported as per mil 2,3,7,8 chlorosubstituted homologs referred to the
sum of all the isomers with concentration above detection limits.

in the present study (269–2,111 pg g−1 lipid), and may be related
to the different levels and kind of pollution sources affecting
the two estuaries.

In the Venice Lagoon the bioaccumulation of PCDD/F from
the sediments has been most often assessed by measuring
tissue concentration in clams and fishes, and never in
polychaetes. Various studies have focused on the concentrations
of PCDD/F in the Manila clam (Ruditapes philippinarum)
collected both in the industrial district and in the inner

lagoon: Sfriso et al. (2014) measured concentrations in the range
of 40–110 pg g−1 dw for the inner lagoon, corresponding to
an equivalent toxicity (WHO-TEQ) of 0.49–1.46 pg g−1 ww;
Raccanelli et al. (2004, 2008) reported for the industrial area an
equivalent toxicity of 2–9 pg g−1 ww; MAG. ACQUE-Thetis
(2006) reported concentrations in the range 40–717 pg g−1 lipid
and 9–58 pg g−1 lipid for industrial area and inner lagoon,
respectively. In this latter study also the levels of PCDD/F in
the muscle of the grass goby Zosterisessor ophiocephalus were
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FIGURE 5 | Relationship between log KOW and log BSAF for the 17 congeners of 2,3,7,8 chlorosubstituted dioxins and furans. The solid line represents the linear
regression log(BSAF) = 4.12–0.69 log(KOW) (r2 = 0.289), whilst broken lines indicate the 95% confidence interval.

measured, ranging between 14 and 435 pg g−1 lipid for the
inner lagoon and 78−640 pg g−1 lipid for the industrial area
(MAG. ACQUE-Thetis, 2006). Tissue concentrations in gobies
are in agreement with the observed concentrations measured
in polychaete tissues in the present study. Other authors also
reported data for the thicklip gray mullet Chelon labrosus
(1.6−2.6 pg g−1 ww of 6 PCDD/F) and the crab Carcinus
aestuarii, both in the industrial district (36 pg g−1 ww of 6
PCDD/F) and in the inner lagoon (1.5–5 pg g−1 ww of 6
PCDD/F) (Jimenez et al., 1998; MAG. ACQUE, 1999).

Homolog profiles indicated that the polychaetes accumulated
OCDD preferentially as concern dioxins, whilst two different
patterns are evident for furans: at sites CE and BR the
dominant congener was the more chlorinated OCDF, whilst
in samples SA, OS and also DE there was a relevant
contribution of the less chlorinated congeners. In particular,
there was a notable contribution provided by 2,3,7,8-TCDF,
a typical marker of pollution due to chloralkali plants
(Jimenez et al., 1998).

Comparison Between Sediments and
Tissues
Sediment concentrations were higher than tissue
concentrations for all the analyzed PCDD/F, apart from
the less chlorinated furan 2,3,7,8-TCDF and 2,3,4,7,8-
PeCDF, whose concentrations were higher in the tissues of

H. diversicolor than in the sediments at the same stations.
The differences were up to one order of magnitude for the
hepta- and octa-chlorinated congeners, especially at sites
DE, OS and SA, whilst the trend was less evident for the
hexa-chlorinated congeners.

Homolog profiles and Spearman’s correlation showed a
generally low association between congener concentrations
in sediment and polychaete tissues, resulting in large
variability among the corresponding BSAF values. On the
other hand, the significant linear relation observed between
logBSAF and logKOW, despite having a low coefficient
of determination (r2 = 0.289), outlined polychaete’s
tendency to take up preferentially the less chlorinated
and less lipophilic congeners, characterized by lower
logKOW, as also observed by Kono et al. (2010) in a
laboratory study aiming to model the dioxin transfer
from sediments to Perinereis nuntia. These authors also
evidenced that bioaccumulation of PCDD/F in polychaetes
follow similar characteristics to those observed in fishes
(Sijm et al., 1993).

The congeners 2,3,7,8-TCDD and 2,3,7,8-TCDF are
characterized by high bioaccumulation and low elimination;
thus their BSAF tends to be higher than those of the more
chlorinated congeners (Sijm et al., 1993; Kono et al., 2010).
In the case of H. diversicolor this is evident for 2,3,7,8-TCDF,
whose accumulation factors were the highest in all the analyzed
sample (except CE) despite the low sediment concentrations;
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FIGURE 6 | Biota-to-Sediment Accumulation Factors (BSAF) calculated for the 17 congeners of 2,3,7,8 chlorinated dioxins and furans. Boxes indicate
mean ± standard error, whiskers mean ± standard deviation. Letter “a” identifies congeners with mean BSAF statistically different from 2,3,7,8-TCDF (after
Kruskal-Wallis ANOVA and multiple comparison test).

for 2,3,7,8-TCDD this trend is not tangible, probably due
to the sediment concentrations below detection limits that
impeded any further analysis. Preferential accumulation
of tetrachlorinated congeners has also been observed by
Pruell et al. (2000) for the Nereididae Alitta virens following
70-d laboratory exposure to contaminated sediments: in
this case, polychaetes accumulated only 2,3,7,8-TCDD and
2,3,7,8-TCDF, although the sediments were characterized by
a range of PCDD/F and also high concentrations of highly
chlorinated congeners.

On the other hand, 1,2,3,4,6,7,8-HpCDD, HpCDFs,
1,2,3,4,6,7,8,9-OCDD and 1,2,3,4,6,7,8,9-OCDF are congeners
characterized by low bioaccumulation, as applies to all the
1,4-substituted and/or 6,9-substituted PCDD/F (Sijm et al.,
1993; Kono et al., 2010). Both low bioavailability and
elimination may contribute to the low accumulation (and
also BSAF) of highly chlorinated PCDD/F. Lipophilicity
is a major contributor for determining the bioavailability
of sediment-bound PCDD/F, as confirmed by the negative
relationship of BSAF versus KOW in H. diversicolor (this
study) and P. nuntia. However, contaminant molecular
size and conformation (specifically planarity/nonplanarity),
sediment characteristics and feeding habits may also play
a significant role, as observed in oligochaetes (Lyytikäinen
et al., 2003). Elimination of highly chlorinated PCDD/F
in caddisfly larvae and oligochaetes fits a biphasic model
(Loonen et al., 1997; Pastershank et al., 1999). A first, rapid

depuration phase was attributed to the elimination of the
gut content, facilitated by a low assimilation efficiency for
highly chlorinated compounds, whilst the slower phase of the
depuration was attributed to elimination from other body
compartments. The elimination process in polychaetes has
not yet been elucidated, but a significant correlation between
the elimination constant (k2) and log KOW has been observed
by Kono et al. (2010), supporting the hypothesis that more
chlorinated and hydrophobic congeners do not bioaccumulate
since they are quickly eliminated. In fish and oligochaetes the
more rapid elimination of super-hydrophobic organics as OCDD
compared to lower chlorinated PCBs, TCDD and TCDF –
also observed in human blood (Flesch-Janys, 1996) – also
suggests that OCDD in invertebrates is mainly associated with
fast-clearing compartments as cell membranes or blood serum
(Kono et al., 2010).

The BSAFs for PCDD/F observed in the present study
with H. diversicolor (0.02–1.41 for dioxins; 0.01 – 11.13 for
furans) are at least one order of magnitude higher than
those measured in P. nuntia (0.00036–0.22 for dioxins and
0.0002–0.36 for furans) (Kono et al., 2010); moreover, the
data are in agreement with the BSAFs reported for other
polychaetes such as Nephtys sp. (McFarland et al., 1994) and
A. virens (Pruell et al., 1993, 2000; Schrock et al., 1997). In
all cases, the BSAF obtained with H. diversicolor for 2,3,7,8-
TCDF is higher than those reported for other polychaete
species, suggesting a specific ability of H. diversicolor to
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accumulate this congener. Since bioavailability is a crucial
factor driving bioaccumulation, and digestive fluids are the
primary factors driving solubilization of organic contaminants
in polychaetes (Voparil and Mayer, 2000; Ahrens et al., 2001),
differences in BSAFs for 2,3,7,8-TCDF among H. diversicolor
and other polychaete species may be due to differences in gut
digestive chemistry. Concentrations and properties of digestive
fluids vary broadly among species and it may affect the
assimilation efficiency for some substances (Ahrens et al., 2001;
Mayer et al., 2001). When compared to other invertebrates,
the BSAFs calculated for H. diversicolor are in agreement
with data reported for the freshwater oligochaete Lumbriculus
variegatus (0.024–2.54), the crustaceans Palaemonetes pugio
and Callinectes sapidus (0.089–0.73 in the hepatopancreas),
the bivalves Macoma nasuta and Corbicula japonica (0.004–
0.22 for PCDD/F) (Pruell et al., 1993; Schell et al., 1993;
Kang et al., 2002; Pickard and Clarke, 2008; Iannuzzi et al.,
2011). Also in this case, similarities in BSAFs may be due to
comparable efficiency of the digestive fluids in the solubilization
of the contaminants, as shown by Mayer et al. (2001)
for benzo[a]pyrene.

Sediment Accumulation Factor data suggest that
H. diversicolor may accumulate PCDD/F significantly from the
sediments and may serve as an indicator for the bioavailability of
dioxins and furans from sediments to the polychaete community,
especially as concerns the less chlorinated 2,3,7,8-TCDF,
2,3,4,7,8-PeCDF and 2,3,4,7,8-PeCDD. Nevertheless, the BSAFs
for PCDD/F in polychaetes are generally low (BSAF < 1
or less) when compared to the BSAFs measured for other
organochlorine contaminants (i.e., PCBs and organochlorine
pesticides) in a number of species including A. virens, N.
incisa, Glycera sp., Perinereis nuntia and also H. diversicolor
(Lake et al., 1990; Brannon et al., 1993; Volpi Ghirardini et al.,
2004; Kono et al., 2010; Nesto et al., 2010); this trend was also
observed in fishes where the apparent lower bioaccumulation of
PCDD/F was attributed to lower solubility in the lipids, reduced
membrane transport and also biotransformation mediated
by cytochrome P450 monooxygenase isozymes (Opperhuizen
and Sijm, 1990; Sijm et al., 1993; van der Oost et al., 2003).
Biotransformation of PCDD/F in polychaetes has been rarely
studied, and no data are available concerning the possible
mechanisms involved. Nevertheless, since cytochrome P450
isozymes are active also in polychaetes (Zheng et al., 2013),
it cannot be excluded that the lower bioaccumulation of
PCDD/F in ragworms could be due to the same causes already
identified for fishes. Further studies are needed, however, to
elucidate these possible mechanisms of biotransformation
and elimination.

CONCLUSION

Total PCDD/F concentrations in sediments in Venice Lagoon
showed a clear pollution gradient along the investigated
sites, with higher levels of contamination in the samples
collected in the industrial district (SA) and in the estuarine
site receiving urban and industrial discharges from the

area of Mestre and the illegal landfill of San Giuliano.
Distinctly different homolog profiles discriminated between
sites influenced by heterogeneous pollution sources (BR,
OS, DE and CE) and the industrial site (SA), where a
specific pattern of furans with a dominance of OCDF
attributable to industrial production of coke, metals and related
manufactories was observed.

In the ragworm tissues, the concentration pattern of
the congeners is different from those observed in the
sediments, especially with regard to furans: in sample CE
and BR the polychaetes accumulated mostly 1,2,3,4,6,7,8,9-
OCDF whilst in samples SA, OS and DE the major
contribution was due to the less substituted congeners
and principally 2,3,7,8-TCDF, recognized as a marker
of possible contamination deriving from chloralkali
industrial plants.

In general, H. diversicolor was a good indicator for assessing
the transfer of PCDD/F from sediment to biota, but accumulated
more efficiently the less chlorinated congeners with lower
logKOW resulting in a negative correlation between BSAF and
KOw, after logarithmic transformation.

Despite H. diversicolor’s ability to accumulate 2,3,7,8-TCDD,
2,3,7,8-TCDF and 2,3,4,7,8-PeCDF, the BSAFs calculated for
the PCDD/F are low as compared with those reported in the
literature for other organochlorine compounds (i.e., PCBs and
organochlorine pesticides) in a number of species including
A. virens, N. incisa, Glycera sp., Perinereis nuntia and also
H. diversicolor. Lower BSAFs for PCDD/F may be due to
different uptake kinetics, or the presence in polychaetes of
a more efficient elimination pathway for PCDD/F than for
PCBs or pesticides, possibly involving also cyt-P450-mediated
biotransformations; further research is needed to identify
both biotransformation and elimination processes driving
accumulation in polychaetes. Due to the paucity of information
on this species, this research not only represents a baseline
but also an invitation for further ecotoxicological studies
on H. diversicolor.
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