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b Institute for Oceanography and Fisheries, 21 000 Split, Croatia
c Croatian Veterinary Institute, Savska C. 141, 10 000 Zagreb, Croatia
d Center of Marine Studies, University of Split, Livanjska 5/II, Split, Croatia
e Croatian National Institute of Public Health, Rockefellerova 7, 10 000 Zagreb, Croatia
a r t i c l e i n f o

Article history:
Received 9 November 2012
Received in revised form 8 August 2013
Accepted 8 September 2013
Available online 18 September 2013

Keywords:
Trace elements
Mussel
Warty venus
Variegated scallop
Oyster
Health risk
a b s t r a c t

Four species of shellfish (Mytilus galloprovincialis, Ostrea edulis, Chlamis varia and Venus verrucosa) were
collected during the autumn 2011 and spring 2012 along the eastern Adriatic coast from six shellfish har-
vesting areas (all species) and 13 breeding sampling areas (mussels) to assess As, Cd, Hg and Pb levels and
the human risks of shellfish consumption. The mean metal concentrations (wet weight) in the examined
species ranged from 1.420 to 9.575 mg/kg for As, 0.034 to 1.270 for Cd, 0.005 to 0.680 for Hg and 0.140 to
2.072 for Pb. Examination of the spatial distribution of As, Cd, Hg and Pb revealed statistically significant
differences among the studied areas. Since the concentrations were below the maximum prescribed by
the laws of the EU and Croatia (the concentrations slightly exceeded the upper limits for three samples;
Pb, Cd and Hg) and the hazard index, (HI) for Cd, Hg and Pb were below 1 and the target cancer risk (TR)
for As was lower than 1 � 10�6, there is no human health risk of consumption of shellfish from Croatian
waters.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

As a consequence of increasing global seafood consumption in
recent years, marine shellfish have become commercially very
important species, with an annual production growth rate of about
8% (Glamuzina, 2009). Shellfish farming is widespread in European
maritime states, with Spain and France as the largest European
shellfish producers that land 270,000 and 200,000 tonnes per year,
respectively (Guéguen et al., 2011).

Despite the high potential for aquaculture and the long tradi-
tion of the Croatian shellfish industry, its production of 1610 ton-
nes of oysters and other shellfish in 2011 was 48% lower than
that of the previous year (Croatian Bureau of Statistics, 2012). Cro-
atian shellfish farming is still small-scale and very traditional. It is
based exclusively on two shellfish species; mussel and European
flat oyster. The largest farm produces 100–200 tonnes annually
and future development of this sector is directly dependent on
an increase in the EU market. The most important area of shellfish
farming in Croatia, with more than one hundred yearś tradition of
shellfish farming is Mali Ston Bay (Pelješac, Peninsula), located on
the far south of the Croatian coast.
The accumulation of chemical contaminants, such as toxic met-
als (mercury, cadmium and lead) and persistent organic pollutants
(POPs) in shellfish for human consumption is a permanent risk to
humans as final consumers at the top of the food chain (Hillwalker,
Jepson, & Anderson, 2006).

In accordance with EU legislation, monitoring of aquacultured
shellfish along the Croatian coast is carried out to ensure that con-
taminant concentrations are within the safe limits for consumers.
The generally acceptable approach for monitoring and detecting
the level of pollution in the environment is a chemical analysis
of the whole shellfish tissue (Joksimović, Tomić, Stanković, Jović,
& Stanković, 2011). Mussels and oysters are widely used in trace-
metal monitoring as they fulfil the requirements of the bioindica-
tor concept (Kljaković-Gašpić, Herceg-Romanić, Kožul, & Veža,
2010). In addition, other marine invertebrates possess specialised
mechanisms of immobilisation and accumulation of excess trace
metals in specific organs, cell types and in the cytosolic fraction
associated with proteins, such as metallothionein (Amiard,
Amiard-Triquet, Barka, Pellerin, & Rainbow, 2006).

Among 16 shellfish species from the eastern Adriatic Sea that
are offered in Croatian markets, four species are included in contin-
uous monitoring of trace metals in biota, i.e. warty venus (Venus
verrucosa), variegated scallop (Chlamys varia), Mediterranean
mussel (Mytilus galloprovincialis) and European flat oyster (Ostrea
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edulis), (Antolović & Antolović, 2012). The variegated scallop and
warty venus have still not been produced by aquaculture in the
Adriatic Sea, but they are collected from their natural habitats,
i.e., rocky shore and sandy bottom, respectively (Antolović &
Antolović, 2012).

Many studies have been conducted on heavy metal contamina-
tion in mussels from the Croatian coastal area on the eastern
Adriatic Sea (Kljaković-Gašpić, Odžak, Ujević, Zvonarić, & Barić,
2006) and according to the data, contamination of mussels is
restricted to land-based sources of contamination. The metal levels
found in Croatian mussels are within the range of metal concentra-
tions determined in low to moderately polluted Adriatic and
Mediterranean areas (Cardellicchio, Buccolieri, Di Leo, Giandome-
nico, & Spada, 2008; Cullaj, Lazo, & Duka, 2006; Joksimović et al.,
2011; Marković, Joksimović, & Stanković, 2012; Ramšak, Ščančar,
& Horvat, 2012; Stanković, Jović, Milanov, & Joksimović, 2011;
Ščančar, Zuliani, Turk, & Milačič, 2007).

The scope of this study was to determine the levels of cadmium
(Cd), lead (Pb), mercury (Hg) and arsenic (As) in either wild or
cultivated populations of variegated scallops, warty venus, mussels
and oysters, sampled in accordance with the monitoring require-
ments (EU directives) at 19 different sites along the Croatian coast
of the Adriatic Sea and to examine the associated human health
risk potential. To clarify the temporal distribution of investigated
trace metals, the focus was on their seasonal variations in four
monitored bivalve species.
2. Materials and methods

2.1. Sampling locations and methodology

The study area is shown in Fig. 1. Four bivalve species: oysters
(O. Edulis), variegated scallops (C. varia), mussels (M. galloprovin-
cialis) and warty venus shells (V. verruscosa) were collected from
19 different sites (Table 1) along the Croatian coastline during
the autumn 2011 (September to October) and the spring 2012
(March to April). The cultivated species of mussels were sampled
from 13 sites, whereas wild shellfish were collected from six loca-
tions: the west coast of the Istrian Peninsula – sites 1, 2 and 3 (var-
iegated scallops and oysters) and central Adriatic Sea – sites 14
(mussels), 16 and 17 (warty venus shells). To obtain a representa-
tive sample, 4 kg of shellfish were collected at each site, placed in
polyethylene bags and transported in dark and cool containers to
the laboratory within 24 h. Shellfish were scrubbed with a brush
to remove adhering detritus, washed with seawater and dissected
in the laboratory, according to Kljaković-Gašpić, Ujević, Zvonarić,
and Barić (2007). Twenty-five individuals of variegated scallops,
mussels and warty venus and 15 individuals of oysters of similar
shell lengths were randomly selected from each sample and com-
bined for the analysis. Shells were discarded and the whole tissue
was homogenised in a blender (Grindomix, GM 200, Retsch).
2.2. Analysis of arsenic, cadmium, mercury and lead in marine biota

Wet digestions were performed in triplicate by weighing
approximately 0.5 g homogenised freeze-dried (the water content
in soft tissue varied between 77.06% and 86.21%) shellfish tissues
with a mixture of 4 mL HNO3 (65% Merck, Suprapur) and 2 mL
H2O2 (30% Merck, Suprapur) in a microwave digestion system
(Anton Paar Multiwave 3000). Prior to microwave decomposition,
samples with added reagents were allowed to digest at room tem-
perature in loosely capped Teflon tubes for at least 1 h. Digested
samples were diluted to 25 mL with deionised water (18.2 MXcm)
and stored in polyethylene bottles until analysed.
Blank samples were also prepared, to detect contamination dur-
ing preparation and/or analysis. Analyses of Cd, Pb and total As
were performed in duplicate using a graphite furnace atomic
absorption spectrophotometer (Perkin Elmer AAnalyst 800, with
Zeeman background correction) under optimum measurement
conditions. The Hg concentration was assessed using hydride gen-
eration atomic absorption spectrometry on a Perkin Elmer Flow
Injection Mercury system (FIAS 100). The detection limits of the
analysed trace elements calculated using sample blank values
were: 0.009 mg/kg for As, 0.001 mg/kg for Cd, 0.002 mg/kg for Hg
and 0.007 mg/kg for Pb. Analytical methodologies used in this
study were confirmed for accuracy using a reference material
(RM, mussel tissue) purchased from the QUASIMEME. The obtained
results indicate a stable measurement process and accurate data
for all the metals analysed in the RM recovery were 95.0% for As,
106.3% for Cd, 106.5% for Hg and 95.7% for Pb. All results were
recalculated in mg/kg of sample wet weight (w wt).

2.3. Estimation method of dietary exposure via shellfish

The estimated daily intake (EDI) of elements (Cd, Pb, Hg and As)
depends on both the concentrations in shellfish and the amounts of
shellfish consumed (US EPA, 2000).

EDI ¼ ðC � IRÞ=BWa

where C represents the element concentration in shellfish (lg/g), IR
the daily ingestion rate (g/day) of shellfish and BWa the body
weight (70 kg).

2.4. Health risk assessment

The methodology used for the estimation of target hazard
quotients (THQ) and target cancer risk (TR) was based on US EPA
Region III risk-based concentration table (US EPA (US Environmen-
tal protection Agency), 2006). For noncarcinogenic effects, risk is
expressed as a target hazard quotient (THQ), the ratio between
the exposure and the reference dose.

THQ ¼ ½ðEfr� EDtot� IR � C=RfDo� BWa� AtnÞ� � 10�3

Efr: exposure frequency (350 d/year); EDtot: exposure duration,
total (30 years); IR: daily ingestion rate (g/d); C: metal concentra-
tion in the edible portion of shellfish (lg/g); RfDo: reference dose,
oral (lg/g/d); BWa: body weight, adult (70 kg); ATn: averaging
time noncarcinogens (EDtot � 365 d/year).

The European Protection Agency (EPA) has declined to set a
RfDo for Pb because it has found no evidence of a threshold below
which a non-harmful intake could be allowed (US EPA, 2004). Con-
sequently, the THQ for Pb was calculated using the following equa-
tion (Liu et al., 2009):

THQ ¼ C=MRL

C: the metal concentration in food (lg/g); MRL (Maximum Regula-
tion Limit): the limit set by the Regulation (EC) No 1881/2006.

For the risk assessment of multiple metals contained in shell-
fish, a total THQ or total hazard index (HI) was employed by sum-
ming all the calculated THQi values of heavy metals (Jian, Zhiyong,
Yue, & Hong, 2013).

HI ¼
Xn

THQ i

THQi was the targeted hazard quotient of an individual element
of heavy metals; HI was the total hazard index for all the metals
(i.e., Hg, Pb, and Cd) studied in the present study and n was 3.

The provisional tolerable daily intake of As (PTDI) is expressed
as follows (Ching-Ping, Chen-Wuing, Cheng-Shin, Sheng-Wei, &
Jin-Jing, 2011).



Fig. 1. Geographic locations of 19 sampling sites on the eastern Adriatic coast (Croatia).
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PTDIAs ¼ EDI� CAs lg=d

For carcinogenic effect (inorganic As), risk is expressed by the
model for estimating target cancer risk TR (lifetime cancer risks),
indicating the ratio between exposure and the reference dose (US
EPA, 2000, 2006).

TR ¼ ½ðEfr� Edtot� IR � C � CPSo=BWa� ATcÞ� � 10�3

Efr: exposure frequency (350 d/year); EDtot: exposure duration,
total (30 years); IR: daily ingestion rate (g/d); C: metal concentra-
tion in edible portion of shellfish (lg/g); CPSo: carcinogenic
potency slope, oral (risk per mg/kg/d); ATc: averaging time,
carcinogens (25,550 d).
2.5. Data analysis

Data analysis was carried out using the Statistica 8 (StatSoft
Inc.) software package. Kruskal–Wallis one-way analysis of
variance was performed on each data set to test for concentration
differences of As, Cd, Hg and Pb in warty venus, variegated scallop,
oyster and mussel tissues between all 19 sites. In all cases, the level
of significance was set at p < 0.05. A principal component analysis
(PCA) was used to examine the spatial patterns of trace elements.
Prior to PCA, the variables were standardised to a mean ‘0’ and var-
iance ‘1’.

3. Results and discussion

3.1. Trace elements in shellfish from breeding and harvesting areas

The mean concentrations of As, Cd, Hg and Pb in whole soft tis-
sues of four examined species (mussels, oysters, variegated scal-
lops and warty venus) are given in Table 2. Element
concentration values ranged from 1.420 to 9.575 mg/kg w wt,
0.034 to 1.270 mg/kg w wt, 0.005 to 0.680 mg/kg w wt, and 0.140
to 2.072 mg/kg w wt, for As, Cd, Hg and Pb, respectively (Table 2),



Table 1
Geographic coordinates, production areas and bivalve species collected at 19 locations along the Croatian coast.

No. Geographic coordinates Production area Species collected

1 U 45�31,5000 Nk 13� 27,3000 E wild Variegated scallop (Chlamis varia)
2 U 45�13,2550 Nk 13�30,0000 E wild Variegated scallop (C. varia)
3 U 45�03,1000 Nk 13�32,400’ E wild Variegated scallop (C. varia) Oysters (Ostrea edulis)
4 U 44� 59,6990Nk 14� 04,6060E farmed Mussels (Mytilus galloprovincialis)
5 U 44�49,4070Nk 13�54,9550E farmed Mussels (M. galloprovincialis)
6 U 44� 53,7970 Nk 13� 59,1980 E farmed Mussels (M. galloprovincialis)
7 U 45�29,0800Nk 13�34,4680E farmed Mussels (M. galloprovincialis)
8 U 45�16,6660Nk 13�35,2050E farmed Mussels (M. galloprovincialis)
9 U 44� 19,4560 Nk 15� 090 5370 E farmed Mussels (M. galloprovincialis)

10 U 44� 1508130 Nk 15�3107860 E farmed Mussels (M. galloprovincialis)
11 U 44�11,6660Nk 15� 35,6080E farmed Mussels (M. galloprovincialis)
12 U 43� 45,0320Nk 15� 52,1880E farmed Mussels (M. galloprovincialis)
13 U 43� 46,5900Nk 15� 50,8870E farmed Mussels (M. galloprovincialis)
14 U 43� 43,6020 Nk 15� 510 7260 E wild Mussels (M. galloprovincialis)
15 U 43� 30,7920 Nk 16� 09,3450 E farmed Mussels (M. galloprovincialis)
16 U 43� 31,0380 Nk 16� 160 2370 E wild Warty venus (Venus verrucosa)
17 U 43� 32,9030 Nk 16� 210 7480 E wild Warty venus (V. verrucosa)
18 U 42�52,1610Nk 17� 40,9840E farmed Mussels (M. galloprovincialis)
19 U 42�54,7090Nk 17�30,9440E farmed Mussels (M. galloprovincialis)
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and are comparable to element contents from other Adriatic and
Mediterranean areas (Cardellicchio et al., 2008; Kljaković-Gašpić
et al., 2006; Kljaković-Gašpić et al., 2007; Marković et al., 2012;
Stanković et al., 2011; Ščančar et al., 2007. Statistically significant
differences were found between all the examined sites regarding
the trace element contents according to the Kruskal–Wallis test.

Edible bivalve molluscs, to be regarded as such, must comply
with maximum levels of trace metal contaminants defined by Reg-
ulation (EC) No 1881/2006 as amended by Regulation (EC) No. 629/
2008. These legal limits for permissible trace metal concentrations
are also accepted by Croatian law. The Cd and Pb concentrations in
variegated scallops collected from two sites on the west coast of
Istria (site 1 and 2 during the autumn 2011) and the Hg concentra-
tion in wild mussels from the central Adriatic (site 14), exceeded
the regulatory limits (Table 2). High Pb concentrations, but still be-
low the regulatory limit, were detected in wild mussels from the
central Adriatic Sea at site 14 (1.063 mg/kg). This area is highly
influenced by fresh water input from the Krka River and anthropo-
genic pollution from the mainland (Cukrov et al., 2009). Accumula-
tion of high Pb concentrations was observed in wild mussels
sampled at sites in the north Adriatic Sea (Ščančar et al., 2007).
Stanković et al. (2011) also reported higher Pb concentrations in
wild mussels from the south-east Adriatic Sea (Montenegro) than
in those from the breeding areas.

Significantly higher concentrations of Cd were measured in var-
iegated scallops and oysters at sites 1, 2 and 3. This might be due to
exposure to higher concentrations of trace metal contaminants
from the west coast of Istria or by different levels of Cd bioaccumu-
lation in the investigated bivalve species. Warty venus and mussel
samples had narrow Cd concentration ranges, with the lowest
mean content found in farmed mussels from site 19 (Mali Ston
Bay, 0.034 mg/kg) in spring 2012. The highest Hg contents were re-
corded in wild mussel (0.680 mg/kg) and variegated scallop
(0.512 mg/kg) samples collected from sites 14 and 1, respectively.
However, investigation of Cd and Hg in mussels collected from the
natural beds and mussel farms in the Slovenian part of the north-
ern Adriatic Sea, revealed a higher Hg concentration in farmed
mussels, whereas Cd concentrations showed no difference be-
tween the two production areas (Ramšak et al., 2012).

Levels of As in four investigated shellfish species ranged from
1.420 mg/kg (determined in oysters from the west coast of Istria
during the autumn), to 9.575 mg/kg w wt (mussels from the
breeding farm in Mali Ston Bay, station 18, in autumn). However,
it is known that the total concentration of arsenic is not a good
indicator of food human toxicity, given that the inorganic form is
fifty times more toxic than organic forms, such as arsenobetadien
(Sakurai, 2002). Overall, As levels were higher in samples collected
during the autumn than those from the spring period and ranged
from 1.420 to 9.575 mg/kg and 1.562 to 4.233 mg/kg respectively.

Principal component analysis (PCA) was performed to examine
the relationship among all trace elements determined in wild bi-
valve species collected along the eastern Adriatic Sea coast. All
the trace elements (As, Cd, Hg and Pb) are represented by mean
values for the different sampling season and shellfish species.
The score plot (Fig. 2) shows the position of shellfish samples in
the multivariate space of the first two PCs. The first two PCs, shown
in Fig. 2, describe 61.72% of the initial data variability, whereas the
remaining PCs account for less than 36% of the total variance.
Scores are arranged in four areas and evident grouping is deter-
mined according to the sampling season and production area
(wild/farmed). Shellfish samples collected during autumn 2011
are clustered in the upper left and right quadrants and are clearly
separated from those sampled in spring 2012. This indicates that
the concentrations of investigated elements in shellfish sampled
during the autumn period were higher than in spring. The wild
shellfish samples (mussels, oysters, variegated scallops and warty
venus) are clustered together along the positive parts of PC 1 and
PC 2, but are separated from the farmed mussels due to higher
As concentrations. The trace element contents in mussels depend
on numerous environmental and biological factors (Cossa, 1989).
Kljaković-Gašpić et al. (2007) explained statistically significant
higher concentrations of Cd and Hg in mussels from Mali Ston
Bay during the autumn by the significant negative correlation
found between Cd and Hg concentrations and the condition index
of the mussels. It is a well-known effect of the biological dilution of
inorganic contaminants that when the mussel body mass increases
at a higher condition index, the metal concentrations decrease
(Guéguen et al., 2011). Although the condition index, as a useful
indicator of nutritional state and sexual maturity of investigated
shellfish species was not calculated, higher element concentrations
determined in samples obtained in autumn, might be attributable
to the lowering of the condition index during this period. In rela-
tion to the dilution of trace metal concentration due to the enlarge-
ment of the body weight, Amiard, Amiard-Triquet, Berthet, and
Metayer (1986) reported the highest concentrations of Cd, Pb and
Zn in mussels during winter and spring, and the lowest during
summer and autumn. A similar pattern was observed in oysters
by Amiard and Berthet (1996). Spring and early autumn might be



Table 2
The mean (n = 6) trace metals concentrations (mg/kg w wt) in mussels, oysters, variegated scallops and warty venus from the Adriatic Sea, during the time period of autumn 2011
through spring 2012.

Sampling site Sampling season Trace elements concentrations (mg/kg w wt)

As Cd Hg Pb

1 Spring, 2012 1.562 ± 0.040 0.689 ± 0.013 0.026 ± 0.009 0.400 ± 0.011
Autumn, 2011 2.677 ± 0.213 0.681 ± 0.021 0.512 ± 0.033 2.072 ± 0.143

2 Spring, 2012 1.775 ± 0.073 0.804 ± 0.018 0.032 ± 0.006 0.348 ± 0.039
Autumn, 2011 3.285 ± 0.197 1.270 ± 0.080 0.438 ± 0.031 0.804 ± 0.016

3 Spring, 2012 2.441 ± 0.037 0.524 ± 0.025 0.059 ± 0.020 0284 ± 0.027
Autumn, 2011 1.420 ± 0.076 0.409 ± 0.020 0.226 ± 0026 0.389 ± 0.012

4 Spring, 2012 2.229 ± 0.107 0.099 ± 0.010 0.036 ± 0.010 0.374 ± 0.019
Autumn, 2011 2.341 ± 0.101 0.131 ± 0.005 0.058 ± 0.012 0.434 ± 0.023

5 Spring, 2012 1.828 ± 0.093 0.076 ± 0.022 0.040 ± 0.012 0.512 ± 0.033
Autumn, 2011 2.313 ± 0.091 0.098 ± 0.012 0.357 ± 0.036 0.521 ± 0.033

6 Spring, 2012 2.244 ± 0.122 0.122 ± 0.023 0.045 ± 0.015 0.458 ± 0.039
Autumn, 2011 3.089 ± 0.163 0.140 ± 0.017 0.061 ± 0.009 0.596 ± 0.019

7 Spring, 2012 3.148 ± 0.082 0.126 ± 0.016 0.044 ± 0.012 0.298 ± 0.011
Autumn, 2011 2.275 ± 0.076 0.122 ± 0.012 0.154 ± 0.010 0.537 ± 0.037

8 Spring, 2012 1.896 ± 0.055 0.130 ± 0.027 0.029 ± 0.007 0.406 ± 0.027
Autumn, 2011 9.202 ± 0.296 0.207 ± 0.022 0.064 ± 0.006 0.511 ± 0.045

9 Spring, 2012 3.618 ± 0.216 0.134 ± 0.023 0.032 ± 0.006 0.230 ± 0.028
Autumn, 2011 6.798 ± 0.330 0.109 ± 0.013 0.512 ± 0.041 0.735 ± 0.037

10 Spring, 2012 4.233 ± 0.145 0.090 ± 0.016 0.034 ± 0.008 0.252 ± 0.004
Autumn, 2011. 5.900 ± 0.186 0.235 ± 0.013 0.111 ± 0.025 0.577 ± 0.012

11 Spring, 2012 3.875 ± 0.176 0.138 ± 0.019 0.042 ± 0.010 0.338 ± 0.007
Autumn, 2011 9.408 ± 0.090 0.199 ± 0.014 0.108 ± 0010 0.635 ± 0.033

12 Spring, 2012 1.734 ± 0.036 0.113 ± 0.013 0.037 ± 0.009 0.389 ± 0.011
Autumn, 2011 2.120 ± 0.020 0.126 ± 0.004 0.235 ± 0.023 0.929 ± 0.088

13 Spring, 2012 2.241 ± 0.125 0.171 ± 0.019 0.041 ± 0.015 0.481 ± 0.004
Autumn, 2011 2.507 ± 0.351 0.816 ± 0.017 0.143 ± 0.014 0.685 ± 0.018

14 Spring, 2012 1.699 ± 0.099 0.131 ± 0.012 0.043 ± 0.011 0.485 ± 0.008
Autumn, 2011 2.294 ± 0.056 0.190 ± 0.025 0.680 ± 0.023 1.063 ± 0.031

15 Spring, 2012 3.541 ± 0.201 0.132 ± 0.010 0.224 ± 0.026 0.311 ± 0.022
Autumn, 2011 5.342 ± 0.216 0.177 ± 0.021 0.057 ± 0.013 0.802 ± 0.020

16 Spring, 2012 3.172 ± 0.058 0.097 ± 0.013 0.160 ± 0.014 0.425 ± 0.022
Autumn, 2011 6.410 ± 0.305 0.164 ± 0.022 0.378 ± 0.021 0.731 ± 0.032

17 Spring, 2012 1.646 ± 0.099 0.046 ± 0.014 0.088 ± 0.014 0.316 ± 0.018
Autumn, 2011 3.845 ± 0.243 0.277 ± 0.020 0.049 ± 0.004 0.543 ± 0.025

18 Spring, 2012 2.251 ± 0.096 0.063 ± 0.020 0.245 ± 0.023 0.308 ± 0.020
Autumn, 2011 9.575 ± 0.114 0.264 ± 0.046 0.043 ± 0.009 0.602 ± 0.013

19 Spring, 2012 3.572 ± 0.216 0.034 ± 0.008 0.227 ± 0.015 0.250 ± 0.028
Autumn, 2011 1.503 ± 0.169 0.072 ± 0.017 0.005 ± 0.003 0.140 ± 0.006
Minimum 1.420 0.034 0.006 0.140
Maximum 9.575 1.270 0.680 2.072
Average 3.449 0.246 0.149 0.531
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the spawning season of warty venus in the area of Mali Ston Bay,
according to the data of Ljubičić, Gavrilović, Jug-Dujaković, and
Bobanović (2011). In the same study, the noticeable increase in
Fig. 2. Score plot for shellfish samples from station 1 to 19, (A) autumn, (S) spring,
from PCA describing As, Cd, Hg and Pb, sampling seasons and production areas.
mean condition index values was recorded for samples from April
and August. Two main spawning periods of variegated scallop from
the eastern Adriatic Sea were determined, but the timing can differ
between the areas and years (Antolović & Antolović, 2012). Viličić,
Legović, and Žutić (1989) suggest that the decrease in the varie-
gated scallop condition index coincides with the maximum growth
rate of phytoplankton biomass during the autumn. Seasonal rates
of bioaccumulation of heavy metals by the bivalves depend on a
complex combination of biotic and abiotic factors and vary among
species. Seasonal variations in metal concentrations in oysters,
mussels, variegated scallops and warty venus might be related to
changes in their tissue weight, although not all the biometric
parameters have been measured.

3.1. Estimation of potential health risks

The THQ value proposed by US EPA (US Environmental protec-
tion Agency) (2006) is an integrated risk index that compares the
ingested amount of a contaminant with a standard reference dose
and has been often used in the risk assessment of metals in con-
taminated seafood. It has been recognised as one of the useful
parameters for the risk assessment of heavy metals associated with
the intake of contaminated shellfish (Storelli, 2008). The mean
shellfish consumption suggested by the Croatian Food Agency



Table 3
Estimated daily intakes (EDI) and Target hazard quotient (THQ) of metals by consuming shellfish collected in Adriatic Sea.

Metal RfDo (lg/kg/day) EPA MRL (lg/g/w.w.) EC Average exposed consumers Maximally exposed consumers

EDI THQ EDI THQ

Cd 0.5 1 0.047 0.094 0.097 0.194
Pb / 1.5 / 0.354 / 0.354
Organic Hg 0.1 0.375* 0.022 0.22 0.044 0.44

HI (average exposed consumers) = R Cd (0.094) Pb (0.354) oHg (0.22) = 0.668.
HI (max. exposed consumers) = R Cd (0.194) Pb (0.354) oHg (0.44) = 0.988.
* MRL of total Hg = 0.5 lg/g w.wt.

Table 4
Estimated daily intakes (EDI) and target cancer risks (TR) of As by consuming shellfish collected in Adriatic Sea.

Metal PTWI(lg/kg/day) PTDI(lg/day) Average exposed consumers Maximallyexposed consumers

EDI TR EDI TR

Inorganic As 15 10 4.7 0.25 � 10�6 9.6 0.51 � 10�6
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(Croatian Food Agency, HAH; ‘‘National Food Consumption Survey’’
2011–2012; 2000 subjects/FFQ food frequency questionnaire,
unpublished data, 2013) is 13.65 g per d, based on a 65-g shellfish
serving per meal, while the maximum consumption is 27.8 g/d.

According to the report of the US EPA (2000), the dose calcula-
tions were made using the standard assumption for an integrated
US EPA risk analysis, including exposure over an entire 70-year
lifetime and a 70-kg body weight for an average Croatian adult.
It was assumed in accordance with the US EPA (2000) guideline,
that the ingested dose is identical to the absorbed contaminant
dose and that cooking has no effect on the heavy metals (Cooper,
Doyle, & Kipp, 1991). A THQ < 1 (Table 3) signifies that the level
of exposure is lower than the reference dose, which assumes that
a daily exposure at this level is not likely to cause any negative
health effects during a lifetime in a human population. The mean
metal concentration was used for calculating THQi and for calcu-
lating the THQ of organic Hg, 75% of the total Hg was used (Nakag-
awa, Yumita, & Hiromoto, 1997).

The As concentration in seafood is 10-fold higher than in other
foods. The toxicity of As depends on its chemical form and its bio-
availability. The inorganic forms (iAs) are more toxic than the or-
ganic forms (Baer, Calle, Verbist, Emteborg, & Robouch, 2010). A
high proportion of As in seafood is present as arsenobetaine, the
weakly toxic form (ATSDR, 2007; Sloth & Julshamn, 2008). No max-
imum levels for arsenic in shellfish have been established by Euro-
pean legislation so far, due to a lack of information concerning
reliable analytical methods for iAS in different food commodities
and to the general belief among scientists that the results of iAS
are method-dependent (Baer et al., 2010). The percentage of inor-
ganic arsenic is variable in fish and shellfish tissue and can reach
25% in shellfish from uncontaminated areas and considerably high-
er percentages from contaminated areas. Sloth and Julshamn
(2008) noted that the inorganic toxic arsenic fraction increases
with increasing contents of total As. The ranges of As concentra-
tions in all the investigated shellfish species were about 2.5-fold
higher than the previously published values for the eastern Adriat-
ic coast, but 9-fold lower than the US FDA allowable concentration
(86 mg/kg; US FDA/CFSAN, 2007).

The FAO/WHO Joint Expert Committee on Food Additives (JEC-
FA) set the provisional tolerable weekly intake (PTWI) for inorganic
As at 15 lg/kg body weight per week (FAO/WHO, 1993). The PTWI
can be used to estimate PTDI (provisional tolerable daily intake),
which is 150 lg/d for an average 70 kg Croatian adult. The PTDI
(10 lg/d) for shellfish in Croatia was obtained by multiplying the
shellfish weight ratio of 1/15 suggested by the Croatian Food
Agency (Croatian Food Agency, HAH; ‘‘National Food Consumption
Survey’’ 2011–2012; 2000 subjects/FFQ food frequency question-
naire, unpublished data, 2013), with the provisional tolerable daily
intake of inorganic As (150 lg/d). To calculate the target cancer
risk (TR, Table 4) of inorganic As, 10% of the total As was used
(Nakagawa et al., 1997). The estimated daily intake in Croatia
associated with inorganic As is lower than PTDI (Table 4). The can-
cer risk (TR) was lower than 1 � 10�6, which is the cancer risk
threshold usually used by by regulatory agencies (US EPA, 2000;
US FDA (US Food & Drug Administration), 1993).
4. Conclusions

Trace element concentration levels in four edible shellfish spe-
cies from cultivation and harvesting areas of the eastern Adriatic
Sea at 19 different locations and two seasons did not exceed the
European Union requirements, except for three samples (Pb, Cd
and total Hg concentrations slightly exceeded the upper limits).
Based on the estimation of potential health risks, the obtained
results suggest that there is no risk to human health for shellfish
consumers, but maximally exposed consumers who eat shellfish
more than a few times a week in large portions might be closer
to the border of acceptable risk. Concentrations of As, Cd, Hg and
Pb were statistically significantly higher during the autumn. Signif-
icantly higher Cd, Hg and Pb concentrations were determined in
wild shellfish samples (mussels, oysters, variegated scallops and
warty venus), whereas the statistically significantly higher As lev-
els were observed in mussels from cultivated areas.

Further investigations should be included in monitoring plans
during the two usual sampling periods to determine the condition
index of shellfish species included in monitoring plans during the
two usual sampling periods and to reveal the main factors that
determine the seasonal variation in trace metal concentrations.
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