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Abstract: The accumulation of organochlorines (OCs) in mussel tissue depends on the physiological and
biochemical status of the organism and its interaction with the environment. Mytilus galloprovincialis, 2-
and 1-year-old mussels, sampled from Mali Ston Bay, a reference area, and transplanted to Kastela Bay in
cages, were used for the assessment of OC levels and influence of biological parameters on accumulation.
Results of bimonthly exposures during one year highlighted that OC accumulation decreases with
increasing mussel age. Polychlorinated biphenyls (PCBs) and p,p’-dichlorodiphenyltrichloroethane
(p,p’-DDTs) increased, while organochlorine pesticide (OCP; i.e., HCB, lindane, heptachlor, and aldrin)
variations were very low. Statistical analysis generally did not confirm the significant effect of lipid
content on the accumulation of OCs in mussel tissue. OC levels in mussels were below the maximum
permitted levels for human consumption (European Commission).
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1. Introduction

The most environmentally widespread organic contaminants, persistent organic pollutants (POPs),
are polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs). They are resistant to
degradation and their toxic properties may result in serious consequences for the environment and
human health. Coastal areas are particularly exposed to these chemicals of anthropogenic origin,
mainly from direct industrial and urban wastewater discharges, runoffs from agricultural, watershed
areas, and rivers, and the atmosphere [1-5].

Kastela Bay has been recognized as a pollution hotspot in the middle eastern Adriatic coast [6-8].
It has been endangered by the fast population growth, industry traffic, and trade development since the
1950s. Results of the analysis of a long-term data series of dissolved oxygen, nutrients, transparency,
and phytoplankton have shown a continuous increase of eutrophication in the Bay [9].

The bivalve genus Mytilus has been extensively used as a suitable indicator of contamination for
marine environments because of their sessile life, filter-feeding activity, and low metabolic capacity
for contaminant degradation,which leads to accumulation of contaminants in the mussel tissue and
contributes to the identification of spatial and temporal trends in coastal pollution [3,10-12].
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OC accumulation in mussel tissue depends on the physiological and biochemical status of the
organism and its interaction with the environment.

Studies on the accumulation of OCs in mussel tissue associated with mussel age have been
conducted in relation to body size and lipid content on the bioaccumulation of PCBs in zebra mussels,
Dreissena polymorpha [13], age- and size-dependent changes in parameters of energy metabolism in
wild mussels Mytilus edulis (L.) from the White Sea [14], and the influence of confounding biological
factors when estimating bioaccumulation of PCBs with passive samplers in aquatic ecosystems [15].
Small mussels (15 mm shell length) had higher bioconcentration factors and faster uptake kinetics
for PCBs and polycyclic aromatic hydrocarbon congeners compared to larger (21 mm shell length)
mussels. Also, high lipid, pre-spawning mussels had greater bioconcentration factors and faster uptake
kinetics for the highly hydrophobic compounds than low lipid, post-spawning mussels [13]. Sukhotin
and Portner [14] showed significantly lower growth rates and feeding rates associated with the aging
process. The effects of age and size on the bioaccumulation of PCBs in mussels were documented by
Figueiredo et al. [15], showing that the concentration of PCBs in mussel tissues decreases with size
and age.

The effect of biological factors on the accumulation of OCs in mussels has also been investigated
in relation to lipid content and condition index observed OCP levels in Ensis siliqua [16]; specimen size
(2.5-3.5 cm in shell length) and contaminant levels and profiles in caged mussels Mytilus trossulus,
translocated in cages in a southern Baltic Sea coastal area of Poland [10]; mussels at different reproductive
stages and nutritive states [17], and physiological conditions [18]. Assessment of the relationship
between the age (size) of mussels and OC accumulation is limited to the area of the Adriatic Sea.

The aim of this study is to investigate the effect of mussel age dependence on biological parameters
(shell length, soft tissue, condition index (CI) and lipid content) on OC accumulation by applying the
mussels’ transplantation technique from a reference station (Mali Ston Bay) to Kastela Bay. The assessment
of contaminant accumulation was based on bimonthly exposure of 1- and 2-year-old mussels for one year.
The 1- and 2-year-old mussels responded quickly to the changes in the environment after transplantation
from the reference station (Mali Ston Bay) to Kastela Bay, with the OC accumulation trend being inversely
proportional to the age of mussels.

2. Materials and Methods

2.1. Biomonitoring and Sample Preparation

Two groups of mussels Mytilus galloprovincialis (1-year-old and 2-years-old) were sampled
bimonthly from Mali Ston Bay (S0), a shellfish breeding farm, and transplanted to Kastela Bay into four
experimental stations, S1-54 (Figure 1). The experiments were designed: 1-year-old mussels measuring
4.9 £ 0.1 cm and 2-year-old mussels measuring 6.3 + 0.3 cm were placed separately in 10 round-type
net-like baskets (diameter = 40 cm, height = 10 cm), with 50 specimens/basket. Baskets with 1-year old
mussels were hung on oneside of the rope, attached to buoys, and baskets with 2-year-old mussels
were hung on the other side of the rope. The baskets were placed 1.5-2 m above the sea bottom, and the
system was anchored to the bottom by means of ballast weight, positioned at 50400 m from the coast,
with the water depth of 10 m at the selected stations.

The sampled mussels were transferred to a laboratory in live conditions and placed in 10 L of
seawater (previously filtered through 0.45 pm and aerated) for 24 h in order to clear the gut contents.
For chemical analysis, 20 specimens were used, previously depurated with removed befouling and
byssus threads, and shell length was measured. The soft tissue was weighed and stored at —20 °C in
hexane-clean Al foil, and lyophilized. A stainless steel blender was used for the lyophilized sample
homogenization and powdering. The CI was calculated from the dry tissue weight and shell length
ratio, using the formula CI = soft tissue dry weight (g)/shell length (cm).
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Figure 1. Kastela Bay and Mali Ston Bay—the studied stations.

2.2. Analysis

2.2.1. Standards and Reagents

Dichloromethane, n-hexane, sulfuric acid (96%), florisil® (0.15-0.25 mm), and anhydrous sodium
sulfate were purchased from Merck (Darmstadt, Germany). Standard solutions of HCB, lindane,
heptachlor, aldrin, p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE), p,p’-dichlorodiphenyldichloroethane
(pp’-DDD), p,p’-dichlorodiphenyltrichloroethane (p,p’-DDT), and PCB congeners (IUPAC nos. 28, 52, 101,
105, 118, 138, 153, 156, 180, and 194), as well as e-HCH and PCB-29, were purchased from DrEhrenstorfer
GmbH (Augsburg, Germany).

2.2.2. OCs—Extraction and Determination

Briefly, 5 g of freeze-dried sample was extracted after 8h with 240 mL of n-hexane (Soxhlet
apparatus) [19]. The extract was evaporated under a gentle stream of nitrogen up to 10 mL. A 10-uL
extract aliquot was used for the gravimetric determination of n-hexane-extractable organic matter
(EOM). Lipids from the residuary extract were removed using concentrated sulfuric acid and centrifuged.
The recovered n-hexane was concentrated up to 1 mL. Using a column chromatography on florisil
(0.5% deactivated with distilled water), the two fractions (CPs and PCBs) were separated. The fraction
with HCB, heptachlor, aldrin, p,p’-DDE, and PCB congeners was eluted with n-hexane, and the second
fraction with lindane, p,p’-DDT, and p,p’-DDD was eluted with n-hexane/dichloromethane (70:30).
By rotary evaporation, both fractions were concentrated, followed by a gentle stream of nitrogen up to
1 mL.

Gas chromatography (Agilent Technologies, model 6890N) with a ®*Ni electron capture detector
(nc-ECD) was used for the final extract analysis. A fused silica HP-5 capillary column (J&W Scientific:
30 m x 0.32 mm x 0.25 um) was used for the separation. A splitless mode was applied: injection 1 uL
and a splitter closing time of 0.8 min. The regime of the oven temperature program was the following;:
70 °C/2 min to 260 °C at 3 °C min~!, and then held for 25 min. The temperature of the injector was
250 °C and the temperature of the detector was 300 °C. The carrier (1 mL min~') and a make-up (60 mL
min~!) gas was nitrogen (purity: 5.0 for ECD). By comparing with external standards, the qualitative
and quantitative analysis of OCs was performed.

2.2.3. Quality Assurance and Quality Control

Quality assurance and quality control were performed through the use of certified reference
materials and the analysis of procedural blanks. Procedural blanks were measured with each batch of
5 samples to ensure that the analytical system was free of contaminants. Before extraction, PCB-29
and e-HCH (internal standards) were added to each sample in order to control the recovery efficiency
of the overall analytical procedure. The recoveries amounted to 83.3% + 8.1% and 80.5% =+ 7.8% for
PCB-29 and e-HCH, respectively. The results (samples analyzed in duplicate) were expressed in ng g~!
on a dry weight basis (dw). A check of analytical method accuracy was performed by a run of the
reference material (IAEA-432) every two-sample set. Analytically determined values of investigated



Appl. Sci. 2020, 10, 3830 40f16

OCs lay within the 95% confidence interval of the assigned reference values. The performance of the
analytical method was assessed through participation in interlaboratory studies organized by the
International Atomic Energy Agency-Marine Environment Laboratory. The method detection limit
(MDL) was 0.05-0.09 and 0.12 ng g~ 'dw for chlorinated pesticides and PCBs, respectively.

2.2.4. Statistical Analysis

Software package Statistica v.7.0 (StatSoft Inc., Tulsa, OK, USA) was used for statistical data
analysis. “Not detected” concentration of contaminant was assigned as half of the detection limit.
The Kolmogorov—-Smirnov test was used for the data check for normal distribution. The data were
log-transformed prior to analysis in the case when the data did not meet the assumptions of the
test. Differences in variables between sites, seasons, and mussel age were evaluated by ANOVA,
one-way analysis of variance. Posthoc comparisons between sites, seasons, and mussel age were
assessed by Tukey’s test when ANOVA F-test was significant (p < 0.05). The possible existence and
strength of relationships between biological and chemical parameters were checked with Pearson’s
product-moment coefficient.

3. Results

3.1. Temperature, Salinity, Oxygen Saturation

Sea surface temperature in Kastela Bay at S1-54 (Figure 1) varied between 7.84 and 25.54 °C,
and the bottom layer temperature varied between 10.33 and 25.26 °C. The highest temperature
variations were at S1, due to a more stratified area compared to central and western areas, with a
lower sea circulation [20]. Salinity values in the surface layer fluctuated from 32.4 to 37.6 psu, with the
maximum value in the summer and minimum in the winter due to Jadro River’s freshwater inflow,
land vicinity, and the specific dynamic properties of the Bay [20]. The salinity in the bottom layer was
34.7-38.33 psu. The lowest variations were recorded at 54, located at the Bay entrance, with the highest
values recorded at S2, followed by S1 and S3. Oversaturation observed in the surface layer indicated
the prevalence of primary production over the decomposition of organic matter that mostly occurred
in the summer, reflecting the anthropogenic influence in Kastela Bay.

3.2. Biological Parameters

Biological parameters (shell length, tissue weight, lipid content—EOM and CI) in 1- and 2-year-old
mussels monitored over one year, from Mali Ston Bay, and the ones transplanted to KastelaBay;,
are presented as temporal and spatial variations in Figure 2.

The shell length in Kastela Bay ranged from 4.9 to 5.9 cm for 1-year-old mussels (coefficient of
variation, CV = 4.58%) and 6.1 to 7.1 cm for 2-year-old mussels (CV = 4.04%), and soft tissue weight
varied from 1.75 to 5.42 g for 1-year-old mussels (CV = 28.64%) and 3.39 to 8.73 g for 2-year-old mussels
(CV = 24.68%). In Mali Ston Bay, the shell length ranged from 4.7 to 5.1 cm for 1-year-old mussels
(CV =2.75%) and 6.0 to 6.8 cm for 2-year-old mussels (CV = 4.06%), and soft tissue weight varied
from 1.71 to 2.93 g for 1-year-old mussels (CV = 18.51%) and 3.42 g to 5.32 g for 2-year-old mussels
(CV =15.4%). The CI gives information on somatic growth and induced reproductive cycle. CI was in
range from 49.46 to 185.54 g cm~!dw (CV = 38.18%; Kastela Bay) and from 41.14 to 96.53 g cm™'dw
(CV = 32.4%; Mali Ston Bay) for 1-year-old mussels and 57.96 to 255.17 g cm™~!dw (CV = 35.26%; Kastela
Bay) and 66.32 to 125.87 g cm~'dw (CV = 22.9%; Mali Ston Bay) for 2-year-old mussels. The lipid
content (EOM) in 1-year-old mussels from Kastela Bay ranged from 3.04% to 10.45% dw (CV = 33.38%),
and from Mali Ston Bay, from 3.02 to 6.73% dw (CV = 32.0%), while in 2-year-old mussels, the lipid
content was from 2.33% to 9.44% dw (CV = 35.42%; Kastela Bay) and 2.65% to 7.46% dw (CV = 36.1%;
Mali Ston Bay) (Figure 2). According to Bruner et al. [13], the decrease of lipid content is related to the
spawning of mussels. In this study, EOM declines observed after maximum values indicate that the
spawning of mussels presumably occurs in Kastela Bay two times a year, in late May with a smaller



Appl. Sci. 2020, 10, 3830 50f 16

intensity and in late September with a higher intensity. A similar EOM pattern was observed for
mussels from Mali Ston Bay. Spatial variations revealed a decreasing trend in the average values of the
biological parameters as S1 > S2 > S3 > 54 for both 1- and 2-year-old mussels, which is in accordance
with prevailing hydrodynamic cycling and environmental conditions (Figure 2).
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Figure 2. Biological parameters (shell length, tissue weight, lipid content— extractable organic matter
(EOM) and condition index (CI)), in 1- and 2-year-old mussels from Mali Ston Bay and the ones transplanted
to Kastela Bay. A—temporal variations; B—spatial variations.

3.3. OC Accumulation

Results in Figure 3 present temporal variations of PCBs, p,p’-DDTs, and OCPs in 1- and 2-year old
mussels in Mali Ston Bay and the ones transplanted to Kastela Bay. PCBs are presented as the sum of
ten PCB congeners (CB 28, 52, 101, 105, 118, 138, 153, 156, 180, 194), p,p’-DDTs are presented as the sum
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of p,p’-DDE, p,p’-DDT, and p,p’-DDD (XDDE, DDD and DDT), and OCPs are presented as the sum of
HCB, lindane, heptachlor, and aldrin.
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Figure 3. Polychlorinated biphenyls (PCBs), p,p’-dichlorodiphenyltrichloroethane (p,p’-DDTs) and
organochlorine pesticides (OCPs) in 1- and 2-year-old mussels in Mali Ston Bay and the ones transplanted

to Kastela Bay, expressed as temporal variations.

In Kastela Bay, the concentrations of p,p’-DDTs in 1- and 2-year-old mussels were higher than
of other chlorinated pesticides analyzed. In overall, p,p’-DDTs varied from 4.37 to 9.06 ng g~'dw
(CV =22.9%) in 1-year-old mussels and from 4.47 to 8.90 ng g~'dw (CV = 19.9%) in 2-year-old mussels.
The same range of HCB content (<MDL-0.38 ng g~'dw) was observed for both 1- and 2-year-old
mussels, revealing higher variations in 1-year-old mussels (CV = 81.9%) than 2-year-old mussels
(64.4%). The concentrations of lindane ranged from <MDL to 0.41 ng g~'dw (CV = 80%) in 1-year-old
mussels and <MDL to 0.22 ng g~'dw (CV = 71.6%) in 2-year-old mussels. Heptachlor content varied
from <MDL to 0.43 ng g"'dw in 1-year-old mussels and <MDL to 0.38 ng g~ 'dw in 2-year-old
mussels, showing variations of 75.5% and 91.0%, respectively. Aldrin concentrations varied from
<MDL to 0.37 ng g~'dw in 1-year-old mussels and <MDL to 0.52 ng g~'dw in 2-year-old mussels,
with CV =72.2% and 99.5%, respectively (Figure 3).

In Mali Ston Bay, the concentration of p,p’-DDTs in 1- and 2-year-old mussels varied from 2.2 to
2.9 ng g~ldw (CV = 9.76%) in 1-year-old mussels and from 1.63 to 2.69 ng g~'dw (CV = 15.8%) in
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2-year-old mussels. Individually, DDE content varied in the narrow range from 1.37 to 1.76 ng g~ 'dw
(CV = 10.5%) in 1-year-old mussels and from 1.01 to 1.91 ng g~'dw (CV = 21.5%) in 2-year-old mussels.
DDD content varied from 0.32 to 0.80 ng g~'dw (CV = 35.0%) in 1-year-old mussels and 0.36 to
0.60 ng g~'dw (CV = 18.9%) in 2-year-old mussels. Regarding DDT content, it ranged similarly from
0.19 to 0.82 ng g_ldw (CV = 41.8%) in 1-year-old mussels and 0.19 to 0.69 ng g_ldw (CV =45.0%)
in 2-year-old mussels. The concentrations of PCBs varied similarly in the narrow range from 6.92 to
8.02 ng g~'dw (CV = 6.15%) in 1-year-old mussels and 5.5 to 8.14 ng g~'dw (CV = 6.65%) in 2-year-old
mussels (Figure 3).

Bimonthly monitoring of OCs among S1-54 at Kastela Bay in transplanted 1- and 2-year-old
mussels is shown in Figure 4.

Spatial distribution pointed to some differences in the accumulation of p,p’-DDTs (Figure 4). DDTs
average content prevailed at S1 in comparison to other stations, both in 1-year-old (8.8 ng g~'dw) and
2-year-old (7.2 ng g~'dw) mussels. It was to be expected because S1 is directly influenced by the Jadro
River and the inflow of contaminants through wastewater discharges and agricultural activities in the
past in the eastern part of the Bay. At other stations, average p,p’-DDTs concentrations in 1-year-old
mussels were almost similar, revealing a decreasing order of 54 (6.8 ng g~!dw), S3 (5.4 ng g "'dw), and S2
(5.4 ng g~'dw). In 2-year-old mussels, a similar decreasing order S4 (5.7 ng g~'dw), S3 (5.2 ng g~ 'dw),
and S2 (5.2 ng g~'dw) was observed. Individually, DDE content varied from 2.33 to 5.77 ng g~ 'dw
(CV =28.2%) in 1-year-old mussels and from 1.32 to 5.05 ng g_ldw (CV =23%) in 2-year-old mussels.
DDD varied from 0.61 to 2.34 ng g~'dw (CV = 29.6%) in 1-year-old mussels and 0.84 to 3.01 ng g~ 'dw
(CV = 36.1%) in 2-year-old mussels. The concentrations of PCBs varied from 51.48 to 136.6 ng g~ 'dw
(CV = 31.9%) in 1-year-old mussels and 39.14 to 118.4 ng g_ldw (CV =37.1%) in 2-year-old mussels.
Average PCB concentration was undoubtedly the highest at S1, both in 1-year-old (114.8 ng g~!dw) and
2-year-old (102.8 ng g~ 'dw) mussels. The level of PCBs at other stations decreased in the order of S4
(69.5ng g~1dw) > S3 (65.9 ng g~!dw) > S2 (64.3 ng g~'dw) in 1-year-old mussels and S3 (60.0 ng g~ 'dw)
>S4 (52.7 ng g~ 'dw) > S2 (49.1 ng g'dw) in 2-year-old mussels, depending on the environmental
conditions in the Bay (Figure 4).

Bimonthly transplanted Mytilus galloprovincialis mussels from Mali Ston Bay to Kastela Bay
responded quickly to changes in environmental conditions, resulting in an average 10.7-fold increase
of PCBs and a 2.57-fold increase of p,p’-DDTs in 1-year-old mussels and an average 10.51-fold increase
of PCBs and a 2.55-fold increase of p,p’-DDTs in 2-year-old mussels in relation to the initial values
of the reference station. The intensity of changes was negligible for OCPs in both 1- and 2-year-old
mussels from Kastela Bay (Figures 3 and 4).

The accumulation pattern of chlorinated biphenyl (CB) congeners, CBs homologs, and chlorinated
pesticides in 1- and 2-year-old mussels from Mali Ston Bay and the ones transplanted to Kastela Bay is
presented in Figure 5.

The individual contribution of chlorinated pesticides relative to the total contamination by
pesticides is almost the same between Kastela Bay and Mali Ston Bay, showing no significant differences
in relation to the age of the mussels. An overview of individual CB congeners in relation to total
PCBs accumulated in 1- and 2-year-old mussels showed an average predominance of CB 153 and CB
138. CB homologs revealed the major average accumulation of hexachlorinated and pentachlorinated
congeners in both 1- and 2-year-old mussels (Figure 5).

The mussels” biometric parameters varied depending on age (size), station, and season (Tables 1 and 2).
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Figure 4. Variation of organochlorine pesticides (OCPs), p,p’-dichlorodiphenyltrichloroethane (p,p’-DDTs (XDDE, DDD, and DDT)), and polychlorinated biphenyls
(PCBs) during bimonthly exposure of transplanted mussels to Kastela Bay as spatial and temporal accumulation. Mussels set at S2 were not found in May:.
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Figure 5. Accumulation pattern of chlorinated biphenyl CB congeners, CB homologs, and chlorinated

pesticides in 1- and 2-year-old mussels from Mali Ston Bay and the mussels transplanted to Kastela Bay.

Table 1. One-way ANOVA analysis of biological parameters and OC content in mussels in relation to

seasonal, spatial, and age accumulation in Kastela Bay and Mali Ston Bay. * Significant at p < 0.05.

Kastela Bay Mali Ston Bay
Parameters Season Station Age (size) Season Age
F p F P F P N P F p
Length 0.663 0.680 0.202 0.894 2263  0.000*  0.043 0.999 200.8  0.000*
Tissue weight ~ 0.202 0.894 3476  0.023* 6190 0.0l6*  0.101 0.994 58.95  0.000*
CI 1.493 0.201 1050  0.000*  4581.9 0.000*  1.290 0.370 8278  0.014*
EOM 6.620  0.000*  1.530 0.218 2.674 0.108 6.155  0.015*  0.002 0.970
HCB 2.19 0.061 6.667 0.001 * 0.187 0.667
Lindane 6.48 0.000*  2.388 0.080 1.655 0.204
Heptachlor 242 0.041* 1002  0.000* 4219 0.045*
Aldrin 0.821 0.560 2.824  0.048*  1.299 0.260
OPCs 2.08 0.073 16.69 0.000 * 3.087 0.085
p,p’-DDE 0.544 0.772 14.03  0.000 * 3.33 0.074 1.060 0.463 1.334 0.271
p,p’-DDD 1.515 0.194 14.39 0.000 * 1.838 0.181 2.207 0.162 0.537 0.478
p.p’-DDT 2763 0.022* 5207  0.000*  1.736 0.193 1.809 0.228 0.446 0.157
p,p’-DDTs 0.973 0.454 27.54 0.000 * 4474 0.039 * 1.645 0.264 2.775 0.122
CB 28 4449  0.001* 5813  0.002* 8628  0.005*  1.738 0.249 3.591 0.082
CB 52 1.154 0.347 29.04  0.000*  2.603 0.113 0.529 0.772 6965  0.022*
CB 101 1.276 0.286 2157  0.000*  3.211 0.079 1.179 0.142 0.320 0.582
CB 105 3.252 0.009 * 6.912 0.001 * 1.567 0.216 2.692 0.111 2.073 0.176
CB118 0.020 0999  11.382 0.000* 1058  0.002*  0.706 0.656 0.025 0.877
CB 138 0.827 0.555 29.16  0.000*  1.557 0.218 0.768 0.618 4784  0.049*
CB 153 0.917 0.491 2390  0.000*  3.514 0.066 3.587 0.060 1.295 0.277
CB 156 1.960 0.91 2.710 0.055 4.706 0.035 * 3.556 0.061 0.902 0.361
CB 180 2999  0.015* 3.696 0.018* 1251  0.001*  0.573 0.743 1.214 0.292
CB 194 1.187 0.330 5306  0.003*  2.322 0.134 0.033 1.000 206.0  0.000 *
CBs 0.742 0.619 3346  0.000* 4575  0.037*  0.987 0.498 4.630 0.052
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Table 2. Pearson’s product-moment correlation coefficients between biological parameters and OC content in 1- and 2-year-old mussels in Mali Ston Bay and the ones

transplanted to Kastela Bay. * Significant at p < 0.05.

Kastela Bay Mali Ston Bay
Parameters 1-Year Old Mussels 2-Year Old Mussels 1-Year Old Mussels 2-Year Old Mussels
Shell Tissue Shell Tissue Shell Tissue Shell Tissue

Length Wet wt c EOM Length Wet wt c EOM Length Wet wt cI EOM Length Wet wt c EOM
Shell length 1.000 0.509* 0.386* —0.026 1.000 0.617 0.235 0.209 1.000 0.368 0.505 0.403 1.000 0.721 —0.246 0.709
Tissue wet wt  0.509 * 1.000 0949* 0489* 0.617* 1.000 0.816* 0.637* 0.368 1.000 0.949* (0.489* 0.721 1.000 0.051 0.298
CI 0.386* 0.949* 1.000 0.465 * 0.235 0.816 * 1.000 0.552 * 0.505 0.949 * 1.000 0465* —0.246 0.051 1.000 —0.746
EOM -0.026 0.489* 0.465* 1.000 0.209 0.637* 0.552* 1.000 0.403 0489*  0.465* 1.000 0.709 0.298 —0.746 1.000
HCB 0.194 0.085 -0.016 -0.003 0.335 0418 * 0.117 0.364
Lindane -0.204 0.325 0.260 0.180 -0.027 0.178 0.074 0.375
Heptachlor -0.134 0.249 0.218 0.218 -0.135 0.082 0.101 0.186
Aldrin 0.177 0.120 0.071 -0.173 0.165 0.066 —-0.003 0.295
OCPs -0.021 0.249 0.159 0.137 0.182 0.287 0.119 0.449 *
p,p’-DDE 0.260 0.233 0.176 0.099 0.144 0.229 0.320 0477 *  —0.542 0.052 0.065 -0.390 0.341 -0.030 -0.543 0.357
pp’-DDD —0.146 0.028 0.017 -0.039 —0.101 —0.007 -0.162 0.232 0.447 —-0.504 -0.161 —0.001 0.175 0.506 -0.151 0.604
pp’-DDT -0.371  -0.002 -0.001 0.174 -0.045 -0.095 -0.145 0.266 -0.131 0.041 -0.479 0.314 0.120 0.083 —0.445 0.486
p,p’-DDTs 0.007 0.166 0.127 0.088 0.029 0.114 0.048 0492* -0.062 -0.276 —0.466 0.108 0.527 0.190 -0.676 0.649
CB28 0.135 0.161 0.216 -0.158  -0.156 0.079 0.181 0.417* -0.406 0.186 0.197 0.533 0.448 0.090 -0.318 0.754
CB 52 0.267 0.352 0.312 0.073 0.107 0.310 0.297 0416* -0.367 -0.021 0.141 0.090 -0.450 -0.348 —-0.436 0.206
CB 101 0.460 * 0.182 0.116 -0.103 0.318 0.216 0.112 0.237 -0.180 0.496 0.504 0.270 0.133 -0.556  -0.198 0.351
CB 105 -0.248 -0.017 0.039 —-0.067 0.092 0.312 0.245 0.426 * 0.030 -0.401 -0.391 -0.407 0.050 0.339 -0.309 0.052
CB 118 0.214 0.098 -0.002 0.166 0.233 0549* 0.703* 0.308 0.609 0.316 0.190 —-0.100 0.663 0.770 * 0.055 0.292
CB 138 0.489 * 0.299 0.205 -0.097 0.247 0.222 0.156 0.267 -0.641 -0306 -0.332 -0.588 0.766* -0.321 -0.143 -0.312
CB 153 0.511* 0.274 0.174 -0.018 0.269 0.185 0.028 0.260 0.499 0.561 0.179 0.636 0.060 -0.069 -0.448 0.522
CB 156 -0.324  -0.012 0.016 0.298 -0.057 0.304 0.482 * 0.296 0.237 -0335 -0.170 -0.231 -0466 -0.104 0.315 -0.334
CB 180 0.540 * 0.369 0.259 -0.245 0570* 0.422* 0.206 0.101 -0.102 0.146 0.001 -0.564 0.219 -0.393  -0.385 0.372
CB 194 0.488 * 0.158 0.055 -0.233 0.085 0.168 —0.068 0.264 -0.121 0.242 -0.006 -0.096 - - - -
PCBs 0.515* 0.298 0.198 —0.065 0.319 0.314 0.214 0.331 0.366 0.484 0.155 0.391 0.020 -0.178  -0.627 0.629
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With regard to mussel age in Mali Ston Bay, one-way ANOVA analysis indicated significant
(p < 0.05) differences in tissue weight (p = 0.000 *), length (p = 0.000 *), and CI (p = 0.014 *) but no
significant difference in EOM content (p = 0.970). Temporally, ANOVA analysis revealed significant
differences only in EOM (p = 0.015 *; Table 1). Statistically, a positive relation was observed in
1-year-old mussels for biological parameters, revealing a significant relationship between tissue weight
and CI (r = 0.949 *). Regarding the 2-year-old mussels, CI showed low negative relationship with
length (r = —0.246) and a high negative relationship with EOM content (r = —0.746; Table 2) that may
be primarily associated with the quality of environmental conditions in Mali Ston Bay and mussel
reproductive status.

In Kastela Bay, with regard to mussel age, one-way ANOVA analysis (Table 1) indicated significant
(p < 0.05) differences in tissue weight (p = 0.016 *), length (p = 0.000 *), and CI (p = 0.000 *), but no
significant difference in EOM content (p = 0.108). Nevertheless, tissue weight (p = 0.894), shell length
(p = 0.680), and CI (p = 0.201) showed no significant temporal variations except EOM content (p = 0.000 *).
Spatial variation of tissue weight showed significant differences in tissue weight (p = 0.023 *) between S1
and S4. Moreover, significant differences were observed as well for CI (p = 0.000 *) between S1_54, S2_54,
and S3_5S4. No significant variations were observed for the shell length (p = 0.894) and EOM content
(p = 0.218) (Table 1). Statistically, shell length was significantly related to tissue weight (r = 0.509 *) and CI
(r = 0.386 *) but not to EOM content (r = —0.026) regarding 1-year-old mussels (Table 2). Moreover, tissue
weight was highly related to CI (r = 0.949 *) and moderately to EOM content (r = 0.489 *). Furthermore,
CI and EOM were positively correlated (r = 0.465 *), which could be primarily attributed to mussel
reproductive stages and quality of food sources and environmental conditions [17,21,22]. Regarding
2-year-old mussels, tissue weight was significantly related to shell length (r = 0.617 *) and CI (r = 0.816 *),
while CI was related to EOM content (r = 0.552 *) (Table 2).

4. Discussion

4.1. Accumulation of OCs

A similar finding to our results was observed by Ueno et al. [23], who reported 9.27- and 6.1-fold
increases of PCBs and 14.6- and 2.08-fold increases of p,p’-DDTs in blue mussels during an 8-week
exposure in two different bays. Translocation of mussels Mytilus trossulus to the Gulf of Gdansk revealed
up to a 2-fold increase of PCB7, DDT, and its derivatives levels during an 8-week period [10]. Bimonthly
accumulation of target contaminants in this study, according to one-way ANOVA analysis (p < 0.05),
indicated mostly no significant temporal differences in tissue levels of 1- and 2-year-old mussels
except for lindane (p = 0.000 *), heptachlor (p = 0.041 *), p,p’-DDT (p = 0.022 *), CB 28 (p = 0.001 *),
CB 105 (p = 0.009 *), and CB 180 (p = 0.015 *) (Table 1). Seasonal variations of contaminants in
mussel tissue most likely originate from variability in environmental parameters such as temperature
and food availability [24,25]. Another source of contaminants for biota could be sediment and its
resuspension [1,10], which is controlled by the prevailing circulation in the Bay, mainly induced by
wind [20]. OC concentration in mussels sampled from Kastela Bay was mostly positively related to
shell length both for 1- and 2-year-old mussels. Regarding shell length, 1-year-old mussels revealed
significant relationships with CB 101, CB 138, CB 153, CB 180, and CB 194, while 2-year-old mussels had
a significant relationship only with CB 180, showing a poor relationship with chlorinated pesticides.
The majority of OCs were positively related to the tissue weight of 1- and 2-year old mussels, pointing
to a significant correlation with HCB, CB 118, and CB 180 in 2-year-old mussels. Moreover, there was
a significant relationship between temporal variations of CI and lipid content, both for 1-year-old
(r = 0.465 *) and 2-year-old (r = 0.552 *) mussels. Concerning seasonal changes of CI and lipid content
in relation to seasonal changes of chlorinated hydrocarbon contents in mussel tissue, no correlation of
their changes was established for the 1-year-old species. Regarding the 2-year-old species, a significant
relationship was observed between CI and congener CB 118 (r = 0.703 *) and CB 156 (r = 0.482 *).
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Moreover, concentrations of p,p’-DDE, CB 28, CB 52, and CB 105 in the tissue of the 2-year-old species
increased significantly with EOM content increase (Table 2).

Alack of apparent statistical correlations among biological parameters and contaminant concentrations
in this research can be attributed to the selection of the initial species, regarding the age and size of
mussels. The significance of the biological parameters’ influence differs depending on the sampling
location and its contamination level [12,21,26-28]. In the case of the shallow Kastela Bay, the effect
of environmental factors may prevail over the effect of biological factors that change over a longer
time scale. This particularly refers to the changes in chlorinated hydrocarbon bioavailability in the
Bay. As mussels are fed by the continual filtering of seawater, the gills have a key role in ensuring a
constant supply of nutrients. The intake of chlorinated hydrocarbons from suspended organic matter
is much more important than direct uptake from water since the amount of lipophilic contaminants in
the soluble phase of seawater is very low [18]. One-way ANOVA analysis and posthoc Tukey’s test
suggest significant spatial differences in OC accumulation in mussels between study areas (Table 1).
The levels of CPs and PCBs were the highest at S1 due to intensive contaminant inputs by industrial
and urban wastewaters, biological activity, and sediment resuspension in that area. The intensity of
environmental parameters at other stations was lower, mostly revealing a decreasing counterclockwise
direction influenced by wind-induced circulation in the Bay [20]. Concentrations of OCPs presented as
the sum of HCB, lindane, heptachlor, and aldrin were in the order of S1 > S4 > S2 > S3, as well as of
p.p’-DDTs. However, PCB concentrations revealed a somewhat different decreasing trend in the order
of 51 > 53 > 54 > 52 (2-year-old mussels) and S1 > 54 > S3 > 52 (1-year-old mussels) as a result of the
prevailing water circulation in the Bay during the experimental period. Overall, the spatial distribution
of PCB content in mussels points to higher levels of PCBs than chlorinated pesticides (Figure 4).

4.2. OC Accumulation in Relation to Biological Parameters

The accumulation of OCs in mussels depends on the complex interaction between the environment
and the organism. Physiological parameters such as size, age, and lipid content and its composition
may influence contaminant accumulation in mussels [10,13-18], while the contaminant content in soft
mussel tissue depends, to a large extent, on their concentration in the water [15,18].

Pearson analysis (Table 2) confirmed that accumulation of OCs in mussels decreases with age by
revealing a relationship between the age of the mussels and OCPs, p,p’-DDTs, and PCBs, as well as
ANOVA analysis (Table 1) showing significant differences in tissue levels of p,p’-DDTs (p = 0.039 *)
and PCBs (p = 0.037 *) between 1- and 2-year-old mussels, except for OCPs levels (p = 0.085). Somatic
growth (CI) increased 1.85- and 1.56-fold, respectively, in 1- and 2-year-old mussels transplanted to
Kastela Bay, and 1.07- and 1.11-fold in Mali Ston Bay, respectively (Figure 2). Pearson analysis also
showed a relationship between CI and OC content in 1-year-old (1-ym) and 2-year-old (2-ym) mussels,
with values of OCPs: rl-ym = 0.159 and r2-ym= 0.119; p,p’-DDTs: r1-ym = 0.127 and r2-ym = 0.048;
PCBs: r1-ym= 0.198 and r2-ym = 0.214 (Table 2).

It is quite certain that the main reason for contaminants decreasing with mussel age is related
to the metabolism and physiology of the mussels [13-15]. Since large and aged mussels tended to
pump less water through their body per body unit, the intake of contaminants is lower than in smaller
species, due to their faster growth rate. Respiration rate and other physiological parameters (ingestion
rate, filtration rate, excretion rate, and others) depend strongly on body size [22,26].

Results in this study are in accordance with the results from other studies investigating the effect
of age (body size) on the accumulation of organic lipophilic compounds in mussels [13-15]. Contrarily,
the increase of PCB content in mussels with increased body size was reported by Grilo et al. [29] in
bivalve Scrobiscularia plana and Schéfer et al. [30] in Dreissena polymorpha and D. bugensis.

Variations of PCB content in mussels are often explained by differences in lipid content [12,30,31].
Lipids in mussels are the primary sites where chlorinated hydrocarbons are stored. Seasonal changes
in OC content in mussel tissues are considered to be attributed to specific metabolic processes of storing
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and mobilizing lipid reserves during the reproductive cycle (gametogenesis, spawning, and dormancy)
and changes in the mass of total tissue and organs during the reproductive cycle [32].

In our experiment, the statistical analysis did not generally confirm the significant influence of
lipid content on the accumulation of OCs in mussel tissue because mussels of the same size and age
were selected. The significant influence of lipids on OCs accumulation was observed for 2-year-old
mussels (p < 0.05; OCPs: r = 0.449 *; p,p’-DDTs: r = 0.492 *) but not for PCBs (r = 0.331). For 1-year-old
mussels, the relation was rather small (r = —0.065). Lipid content in tissues of 1-year-old mussels
during bimonthly exposures increased 1.33-fold, while in 2-year-old mussels, it increased 1.23-fold
(Kastela Bay). In Mali Ston Bay, lipid content increased 1.01-fold and 1.14-fold in 1- and 2-year-old
mussels, respectively (Figure 2).

Many environmental parameters may affect the feeding activity of the mussels and their physiology,
such as climate change factors (salinity, pH, temperature) [24,33], fluctuations in phytoplankton, algal,
and chlorophyll concentration, and phytoplankton species [11,34]. Mussels from the S1 are the best fed
because S1 is located at the shallowest part of Kastela Bay, where the availability of suspended matter
rich in organic content is the highest. Although the levels of analyzed contaminants in mussels were
most elevated at S1, the differences between the stations in the Bay are far less significant than the
differences between Kastela Bay and Mali Ston Bay (Figure 4).

4.3. OCs—Accumulation Pattern

Unlike DDTs (Kastela Bay 93.1% and Mali Ston Bay 95.3%), the contribution of HCB, lindane,
heptachlor and aldrin in Kastela Bay is rather low, showing mean values for 1-year-old mussels of
1.63%—-2.13% and 2-year-old musselsof 1.93%-1.89% (Figure 5). With regard to p,p’-DDTs compound
accumulation patterns in mussels in Kastela Bay, their average contribution decreases equally in the order
of DDE(56.0%) > DDD(24.4%) > DDT(19.6%) for 1- and 2-year-old mussels. No significant difference
was observed in relation to mussel age. For Mali Ston Bay, the average contribution of DDE:DDD:DDT
was 59.7%:24%:20.3% and 61%:20.1%:18.9% for 1- and 2-year-old mussels, respectively (Figure 5).
The prevailed contribution of p,p’-DDE is attributed to its high chemical stability, hydrophobia, long
half-life, and persistence in abiotic and biotic aquatic compartments [35]. Similar findings were reported
by Ramu et al. [36], but a difference was found in mussels from Korea (29.6%:43%:27.5%) [37].

Predominantly accumulated congeners in Kastela Bay and Mali Ston Bay were CB 153 and CB 138,
due to their ability to attach to particulate matter. In Kastela Bay, the contribution of the hexachlorinated
biphenyls CB 153 was 36.69% of the total in 1-year-old mussels and 36.74% of the total in 2-year-old
mussels, and CB 138 was 32.23% of the total in 1-year-old mussels and 34.47% of the total in 2-year-old
mussels. The significant prevalence of CBs 138 and 153 has been reported in several bivalves [12,27,38].

Increased contribution of low chlorinated congeners (CB 28 and CB 52) was observed in mussels
from the reference location compared to Kastela Bay (Figure 5). Similar findings were observed by
Galvao et al. [27] and Deudero et al. [38].

No significant differences were observed in CB accumulation profiles between young and old mussels.
However, CB congeners with more than five chlorine atoms and parachlorine atoms, such as CB 118, CB
138, CB 153, and CB 180, have higher metabolic resistance and their elimination from the organism is much
slower, resulting in stronger bioaccumulation than low chlorinated congeners [39]. The predominant
groups of PCB congeners accumulated in mussels, grouped by the number of chlorine atoms, were hexa-,
followed by penta-, tetra-, tri-, hepta-, and octachlorinated biphenyls for the reference station and penta-,
hepta-, tetra-, tri-, and octachlorinated biphenyls in Kastela Bay, respectively. With regard to mussel age,
no significant differences in homolog CB accumulation patterns were evident between 1- and 2-year-old
mussels (Figure 5). Our findings are in accordance with Sudrez et al. [4].

Regarding human exposure to contaminants, concentrations of chlorinated pesticides and six
indicator PCBs expressed on a wet weight basis are much lower than the maximum concentrations set
by the European legislation [40,41]. The following values of maximum concentrations of chlorinated
pesticides and six indicator PCBs (in ng g~! wet weight) in the samples from Mali Ston Bay and
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Kastela Bay were determined: HCB? 0.06; lindane? 0.07; heptachlor® 0.08; aldrin® 0.06; DDT3 1.71,
and 6PCBs 24.1. The corresponding maximum residue levels (MRL, ng g_l) are HCB? 20; lindane?® 2;
heptachlor® 20; aldrin? 20; DDTj3 100, and 6PCBs 75. A comparison of chlorinated pesticides such as
HCB, lindane, heptachlor, aldrin, DDTs, and PCBs by data obtained in this study for Mali Ston and
Kastela Bay, with levels found in mussels Mytilus galloprovincialis sampled from other regions, showed
values usually found in low (Mali Ston Bay) to moderately contaminated (Kastela Bay) areas of the
Mediterranean Sea [26,38].

5. Conclusions

PCBs and DDTs were detected in all samples, which show their persistence in Kastela Bay. Spatial
and temporal variations of biological parameters, lipid contents, and CI revealed similar behavior for 1-
and 2-year-old mussels. Among the investigated OCs, PCBs were the most abounded. The PCB profile
in mussels from Kastela Bay was dominated by two hexachlorinated congeners, CB 153 followed by
CB 138. The most prevalent p,p’-DDTs was p,p’-DDE. OCPs revealed negligible variations, showing a
decreasing trend over the experimental period. OC concentration decreased with the increasing age
of mussels. Statistical analysis did not generally confirm the significant influence of lipid content on
the accumulation of OCs in mussel tissue. OC levels in mussels were below the maximum permitted
levels for human consumption set by the European Commission.

By determining the contaminant levels in mussels, coastal monitoring, which is affected by physiological
and environmental parameters, is of great importance for getting insight into contaminant levels in
coastal environments, especially in urban and industrial areas such as Kastela Bay.
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