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Abstract 37 

Ecological status of the marine environment in NE Adriatic Sea was estimated with 38 

indicator species Mediterranean mussel Mytilus galloprovincialis Lamarck, 1819. The study 39 

was seasonally performed between years 2010 to 2013 at mariculture  and local port locations. 40 

Condition indices of mussels were in the range from 13.3 to 20.9% at mariculture, and from 41 

14.3 to 23.3% at ports.  d13CDIC in our study seasonally ranged from -10.9 to 0.7‰. Lowest 42 

d13CDIC values in the Lim Bay indicate enrichment with 12C due to fresh water input. Sewage 43 

sludge pollution was not confirmed because mean d13C and d15N in mussel soft tissue did not 44 

significantly differ between the mariculture and polluted locations (p>0.05) and was from -24.5 45 

to –20.2‰ and from +0.4 to +8.3‰, respectively. Concentrations of selected chemical elements 46 

(Mn, Cu, Zn, Se, Cd, Pb) were significantly higher in the tissue of the mussels from the polluted 47 

locations (ports) while As showed little variation.  48 

 49 

 50 

Key words: Mytilus galloprovincialis, Condition indices, Stable isotopes, Selected elements, 51 

As speciation, NE Adriatic Sea. 52 
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Introduction 54 

Marine mussels have been recognized as useful tools for monitoring the environmental 55 

conditions, quality and/or pollution assessment (Viarengo and Canesi, 1991). Mussels are 56 

sedentary organisms filtering large amounts of water, allowing them to accumulate substances 57 

from the environment (Langston and Spence 1995; Andral et al., 2004; Saavedra et al., 2004; 58 

Mertense et al., 2005). With increase of seafood consumption in recent years marine mussels 59 

have become commercially more important aquaculture species worldwide (Perugini et al., 60 

2007; Vizzini et al., 2010). The Mediterranean mussel Mytilus galloprovincialis Lamarck, 1819 61 

is usually aquacultured in the coastal seas (mariculture) and it is also used as sentinel organism 62 

in several biomonitoring programs under the patronage of UNEP in the Mediterranean Sea and 63 

OSPAR at the North and Baltic Sea (http://www.marbef.org). M. galloprovincialis live attached 64 

on hard substrata and as filter feeders exposed to ambient seawater accumulate high levels of 65 

different contaminants (pesticides, toxins, heavy metals and hydrocarbons) which have several 66 

impact on their physiology and immune system (Livingstone and Pipe, 1992). Some studies 67 

revealed that M. galloprovincialis is especially good indicator for heavy metal Pb, Zn and Cd 68 

pollution assessment (Puente et al., 1996; Juresa and Blanusa, 2003; Saavedra et al., 2004; 69 

Orescanin et al., 2006). 70 

Important ecophysiological measure of the health status of mussels is a condition index, 71 

a ratio between soft tissue and whole mass of mussel (Pampanin et al., 2005). It summarizes 72 

the physiological activity of the organisms under given environmental conditions (Lucas and 73 

Beninger, 1985), including pollution (Viarengo and Canesi, 1991; Hamer et al., 2004). It is 74 

known that exogenous factors, pollution and environmental conditions (temperature, salinity 75 

and food availability) and endogenous factors (e.g. reproductive cycle) may influence the 76 

mussel condition index (Okumus and Stirling, 1998; Hamer et al., 2008; Pavicic-Hamer et al., 77 

2016). When studying mussels collected from different habitats or seasons in relating to metal 78 

concentrations, different patterns have been reported (Savedra et al., 2004; Mubiana et al., 2006; 79 

Schiuntu et al., 2008; Ruane-Hacene et al., 2015). In general, metal accumulation is negatively 80 

correlated with condition index, but some studies reported that metal concentrations in molluscs 81 

can be independent of condition index (Saavedra et al., 2004).  82 

Organisms contain substantial amounts of stable isotopes of light elements such as H, 83 

C, N and O. Variation in the isotope ratios of biogenic substances depends on the isotopic 84 

composition of diet, its metabolic pathways, and kinetic modes of reaction dynamics. Isotopic 85 

composition of an organism provides useful knowledge for diet analysis, such as the origin of 86 

nutrient sources and individual feeding behaviour, both of which determine organismꞌs function 87 
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and position in the material flow of an ecosystem (Wada et al., 1993). d15N is closely correlated 88 

with forms of nitrogen as well as organic growth rate (Wada, 1980). d13C and d15N of mussel 89 

soft tissue reveal their diets (Wada et al., 1993) and have been used effectively in ecological 90 

studies tracing the influence of different pollutants to marine ecosystem (Župan et al., 2014; 91 

Ezgeta-Balić et al., 2014; Žvab Rožič, 2014). It was also recognized that stable isotopes of 92 

carbon and nitrogen are useful tracers for determination of anthropogenic pollution 93 

(atmospheric, riverine and upwelling) to marine ecosystem (Killingley and Berger, 1979; 94 

Hellings et al., 2001; Rogers, 2003, Mook and Tan, 1991; Hellings et al., 1999; Bouillon et al., 95 

2003; Gillikin et al., 2007). A lot of work on geochemistry and stable isotope geochemistry of 96 

Mytilus shells has been performed (Epstein et al., 1953; Mook and Vogel, 1968; Tanaka et al., 97 

1986; Dettman and Lohmann,1995; Vander Kanduč et al., 2011) and it was recognized that 98 

bivalve shell geochemistry reflects environmental conditions under which mussels grew. 99 

Mussels are an important nutritive source of Ca and Fe, vitamins such as niacin and 100 

thiamin, and proteins (Yap et al., 2004). Even though mussels are important food source, they 101 

can be potentially harmful since they can accumulate certain metal(loid)s such as Cr, Pb, Cd, 102 

Se, Hg and Cu, especially when growing in contaminated waters (Kljaković-Gašpić et al., 2007;  103 

Stanković et al., 2011). Among toxic elements, As takes a special place due to complexity of 104 

its chemistry in marine environment. Mussels as filter feeders receive most of arsenic from 105 

water and their diet, mainly particulate matter, phyto- and zooplankton. Phytoplankton and 106 

macro algae accumulate As from seawater and mainly convert it to arsenosugars. Zooplankton 107 

and organisms feeding on phytoplankton and algae normally contain some arsenosugars but 108 

mainly  arsenobetaine (AsB) (Caumette et al., 2012), with lower amounts of trimethylarsine 109 

oxide (TMAO), arsenocholine (AsC), mono and dimethyl arsenic acid (MMA and DMA) and 110 

inorganic As. Normal As levels in seawater can be reflected in elevated levels of several As 111 

compounds in algae, phytoplankton and organisms at higher trophic levels, especially if 112 

accompanied by low phosphate levels (Caumette et al., 2012), as described in the Northern 113 

Adriatic Sea (Degobbis et al., 2005). Even at elevated levels, As normally doesn’t present a risk 114 

for humans health due to prevalence of non-toxic AsB in molluscs, fish and crustaceans used 115 

as food. 116 

The main objectives of this study were to seasonally and spatially trace the major 117 

seawater environmental parameters, the tissue contents of stable isotopic carbon and nitrogen 118 

composition, selected metal(loid)s levels (Cr, Mn, Ni, Co, Cu, Zn, As, Se, Cd and Pb) and As 119 

species of Mediterranean mussel together with its condition index from pristine locations 120 

(mariculture) and from polluted areas near the major ports of the Istrian peninsula, Croatia. 121 
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Based on measured parameters ecological status of marine environment at mariculture (5 122 

locations) and ports (3 locations) from the NE Adriatic can be assessed.  123 

 124 

Material and Methods 125 

Study area and sample collection  126 

Mussels were collected together with seawater from 5 mariculture and 3 port locations 127 

in the NE Adriatic Sea. In Istria (Istrian peninsula, Croatia), mussels are traditionally cultured 128 

in rafts supported by floats constructed of wood or steel. Locally sourced mussel seeds in 129 

mariculture areas are attached to the collecting ropes or as juveniles (2–3 cm) placed in net 130 

stockings and then hung at the floats, where they are fattened and grown to marketable size (6–131 

8 cm) in less than 2 years depending on mariculture/location and ecological conditions. Fifteen 132 

individuals of mussel M. galloprovincialis were collected seasonally (February 2010, August 133 

2010, April 2011, November 2011) from 5 mariculture areas (shellfish farms): Vabriga (VA, 134 

45°16′24′′N, 13°34′57′′E), Lim Bay (LB, 45°08'00.9"N, 13°43'27.7”E), Pomer (PO, 135 

44°49′06′′N, 13°54′09′′E), Budava (BU, 44°34′35′′N, 13°59′28′′E), and Raša Bay (RB, 136 

45°01′13′′ N, 14°03′ E) (Figure 1).  137 

Wild mussels were collected seasonally in 2013 (January, April, June, November) at 138 

anthropogenic impacted sites, where the major ports/harbours of the NE Adriatic Sea are 139 

located (Rovinj, Pula, Rijeka) (Figure 1). At each sampling location, 15 individuals of wild 140 

mussels were sampled from the rocky shore (infralitoral) at 0.5 m depth. In Rovinj (RV, 141 

45°05'10.2"N, 13°38'21.1”E), samples have been collected from the ferry pier near the Centre 142 

for Marine Research, Ruđer Bošković Institute. The main potential sources of pollution at this 143 

station are discharge from a nearby fish-processing factory and local city harbour. In Pula (PU, 144 

44°52'22.7"N, 13°50'41.4"E), samples were taken in the area of the marina Pula "Torta" in the 145 

Pula port. The Pula port is extremely closed area due to the protective barriers, which prevent 146 

mixing of water masses, and reduces water exchange with the open sea. Several large industrial 147 

facilities like cement factory, shipyard, and additional 40 sewage discharges without purifier 148 

adding to organic pollution in the harbour. Such huge input of organic matter to the port is 149 

conducive to excessive growth and development of phytoplankton, and contribute to the low 150 

concentrations of dissolved oxygen in the port because of intense bacterial degradation. In 151 

Rijeka (RI, 45°19'35.6"N, 14°26'18.2"E) samples were taken from the first pier parking lot 152 

located on the coast of the Rijeka port. Here contamination is primarily of inorganic nature 153 

(heavy metals), originating from production process in the Rijeka shipyard and harbour-boat 154 

trafficking.  155 
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 156 

Mussel sampling and condition index determination 157 

Immediately after sampling, mussels were transported to laboratory with ice blocks. 158 

Condition indices were measured on fresh mussels (10 mussels/sampling location), while 159 

mussels (5 specimen per sampling location) for elemental and stable isotope analyses were 160 

frozen until analyses. 161 

The total weight of mussel, mussel weight without internal water, shells weight and wet 162 

meat/tissue weight were measured (0.01 g precision). Condition index was calculated as the 163 

ratio between soft tissue wet weight and total weight of whole mussel which include soft tissue, 164 

internal water and shell weight (Hamer et al., 2008; Pavičić-Hamer et al., 2016).  165 

 166 

CI was calculated according to equation of: 167 

 168 

CI = (wet weight of soft tissue) * 100 / (whole mussel) [%; g/g] (1) 169 

 170 

Sample preparation and environmental conditions 171 

For elemental and stable isotope analyses, mussels were unfrozen, soft tissue was 172 

scrapped from the shell, mixed, homogenized and freeze-dried (-54°C for a week in Christ, 173 

Alpha 1-4). After freeze-drying, samples were homogenized in a Pulverisette 7 mill (Fritsch) at 174 

a rotational speed of 18000 rpm. Dry mussel tissue was used for analysis of carbon (d13C) and 175 

nitrogen (d15N) compositions, selected metal(loid)s (Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Pb, As) 176 

and As speciation determination. 177 

Over the investigated period, standard hydrographic parameters (salinity, pH, and 178 

temperature) were measured at sampling locations using a portable WTW Multimeter P4. 179 

Samples for total alkalinity analyses were collected in 30 mL HDPE bottles. Total alkalinity of 180 

the seawater was measured by Gran titration (Gieskes, 1974) with a precision of ± 1% within 181 

24 h of sample collection. During the mussel collecting, seawater samples were taken for 182 

isotopic analyses of carbon (dissolved inorganic carbon - d13CDIC and particulate organic carbon 183 

- d13CPOC). Samples for determination of dissolved inorganic carbon were stored in glass serum 184 

bottles (volume of 12 mL) filled with no headspace and sealed with septa caps. Samples for 185 

stable carbon isotope analysis of particulate organic carbon were collected in LDPE bottles (2-186 

3 L of sea water) (Schuster and Reddy, 2001) 187 

 188 
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Stable isotopic analyses 189 

The stable isotope composition of dissolved inorganic carbon (d13CDIC) was determined 190 

on an IsoPrime GV IRMS (isotope ratio mass spectrometer) coupled with a MultiflowBio 191 

preparation module. Phosphoric acid (100%) was added (100-200 µL) to a septum tube and 192 

then purged with pure He. The water sample (1 mL) was then injected into the septum tube and 193 

CO2 was directly measured from the headspace. A standard solution of Na2CO3 (Carlo Erba 194 

and Scientific Fisher) with a known δ13CDIC value of -10.8 ± 0.2‰ and -4.8 ± 0.2‰ were used 195 

to calibrate d13CDIC measurements (Spötl, 2005; Kanduč et al., 2007). After sampling, 2 - 3 196 

litres of seawater sample was filtered through a Whatman GF/F glass fibre (0.7 µm) for 197 

determination of carbon stable isotope composition of particulate organic carbon (d13CPOC). 198 

Filters were treated with 1M HCl to remove carbonate material and then they were dried at 199 

60°C and stored until analyses. Approximately 1 mg of POC was scraped from the filter into a 200 

tin capsule. The isotopic composition of carbon was determined after combustion of the 201 

capsules in a hot furnace (temperature 1000°C) with a Europa Scientific 20-20 continuous flow 202 

IRMS ANCA - SL preparation module. NBS 22 (oil) reference material was used to relate the 203 

analytical results to the VPDB (Vienna Pee Dee Belemnite) standard.  204 

Approximately 1 mg and 8 mg of soft tissue of mussel was weighed in a tin capsule for 205 

δ13C and δ15N analysis, respectively and measured the same way as described for δ13CPOC 206 

analysis. Reference materials IAEA CH-3 with define value -24.7‰±0.1‰ and IAEA N-1 207 

(ammonium sulphate) with define value 0.4±0.2‰ were used to relate the analytical results to 208 

the VPDB and AIR standards. The precision of both methods for d13C and d15N measurement 209 

was estimated to be ± 0.3‰. 210 

 211 

Selectivity was calculated according to equation of Bouillon et al., 2003: 212 

 213 

Selectivity = (Dd13Ctissue-Dd13CPOC/Dd13CDIC- Dd13CPOC)*100[%]  (2) 214 

 215 

Determination of selected metal(loid)s in mussels 216 

Freeze dried and homogenized mussel tissue (approximately 200 mg) was digested with 217 

a mixture of 3 mL concentrated HNO3 (65%, Merck Suprapur) and 1 mL of H2O2 (30%, Merck 218 

Suprapur) in a microwave digestion system (Milestone, Ethos 1) for analysis of selected 219 

metal(loid)s. The following program was used: 10 min. of 1300 W at 140°C, then 10 min. of 220 

1300 W at 210°C, and finally 20 min. of 1300 W at 140°C. The digested samples were diluted 221 
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with MilliQ water (Milipore) to a final volume of 40 mL with additional dilution of 1 mL up to 222 

10 mL prior measurements, when needed. 223 

 The concentrations of As, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Pb were determined using a 224 

quadrupole ICP-MS - inductively coupled plasma-mass spectrometer (Agilent 7500ce) 225 

equipped with a concentric Micromist nebulizer, a Scott double pass spray chamber and a Fassel 226 

type quartz torch with an injector of inner diameter of 2.5 mm. The conditions used were as 227 

follows: RF power 1500 W, plasma argon gas flow 15 L min-1, nickel sampler and skimmer 228 

cones, integration time 0.2 s and 0.3 s for Se. For all the measurements, helium gas (2 mL min-229 
1) was used as a reaction cell gas in order to avoid polyatomic interferences. The method was 230 

validated using NRC-CNRC (National Research Council Canada) Certified reference materials 231 

TORT-2 (Lobster Hepatopancreas Material for Trace Metals) and DOLT-4 (Dogfish Liver 232 

Certified Reference Material for trace Metals). The values obtained were in good agreement 233 

with the certified ones.  234 

 235 

Determination of As species in mussels 236 

 Arsenic species were extracted into a methanol/water mixture (1:10) and evaporated to 237 

dryness using rotary evaporator. The dry residue was washed with aether and taken up in water 238 

(5 mL), filtered (0.45 µm) and kept frozen (-20oC) until analysis. For each sample, two extracts 239 

were prepared. Ether fraction was evaporated to dryness and total arsenic as a measure for lipid-240 

associated As in it was determined with instrumental neutron activation analysis. 241 

HPLC, interfaced with UV decomposition, hydride generation and atomic fluorescence 242 

spectrometry (HPLC-UV-HG-AFS) was used for arsenic speciation in extracts (Šlejkovec et 243 

al., 2001). For the separation of arsenite (As(III), arsenate (As(V)), MA and DMA an anion 244 

exchange HPLC column (Hamilton PRP-X100, 250´4.1 mm) with KH2PO4 solution (15 mmol 245 

L-1, pH 6.0) as a mobile phase was used and for the separation of DMA, AsB, AsC, TMAO and 246 

tetramethyl arsonium ion (TETRA) a cation exchange column Nucleosil SA with 10 mM 247 

pyridine/HCl in 0.2 M NaCl, pH 3.3 was used. The presence of arsenosugars was confirmed 248 

according to previously published procedure (Šlejkovec et al., 2006). 249 

 250 

Statistical data processing 251 

Principal component analysis (PCA) based on a covariance matrix was used to examine 252 

the variation in the measured parameters from mussel tissues (metalloids, δ13C and δ15N stable 253 

isotopes) across the locations and seasons. The CANOCO software package was applied (Ter 254 

Braak and Šmilauer, 2002).  255 
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One-way ANOVA with location as a factor was carried out on 19 parameters measured 256 

in the seawater and mussel soft tissue to determine whether there are any statistically significant 257 

differences between the means of two groups of locations (mariculture, ports). Prior to the 258 

analysis, the data were tested for normality by applying the Sapiro-Wilk test in order to check 259 

if data are approximately normally distributed for each category of the independent variable. In 260 

a case of non-normality, the date were log (x+1) transformed. In addition, Levene's test for 261 

homogeneity of variances was conducted.  262 

A correlation matrix between measured parameters was constructed with the statistical 263 

program Statistica 12. The correlation coefficients (r) between the two variables were calculated 264 

and the Pearson t-test was carried out to determine significant correlations (at significance level 265 

of 0.05). Cross-correlation matrix for 19 measured parameters in the seawater and mussel tissue 266 

was performed respectively for mariculture locations (ESM Table 4) and ports (ESM Table 5).  267 

 268 

 269 

RESULTS AND DISCUSSION 270 

Environmental conditions at investigated locations 271 

 Seawater parameters at mariculture locations and ports are given in Tables 1 and 2, 272 

respectively. At mariculture locations (in years 2010 to 2011), seawater pH ranged from 7.11 273 

to 8.09, temperature from 11.0 (February) to 27.2°C (August) and salinity from 12.2 to 36.8‰ 274 

(Table 1). In ports, pH was from 7.02 to 8.22, temperature ranged from 10.7 (February) to 275 

24.4°C (August) and salinity of seawater from 14.5 to 38.8‰ (Table 2). Total alkalinity ranged 276 

from 3.1 to 4.2 mM at both, mariculture and polluted locations, Salinity was the lowest in Lim 277 

Bay, seasonally ranging from 12.2‰ to 22‰, due to freshwater input. Also at Rijeka (port 278 

location) salinity was lower and ranged from 14.5 to 21.4‰ during investigated period. Lower 279 

salinity was also observed at Pula location in April 2013 (Table 2). This is due to submarine 280 

freshwater springs. We obtained good and significant positive correlation between salinity and 281 

d13CDIC at mariculture (r=0.82) and port locations (r = 0.80) (ESM, Tables 4 and 5). Further, 282 

we obtained good and significant positive correlations between pH and salinity (r=0.91), pH 283 

and d13CDIC (r = 0.88) and pH and CI (r=0.54), and significant negative correlation between pH 284 

and Cd (r=-0.61) at mariculture locations (Table 4, ESM). 285 

 286 

Condition index (CI) of mussel M. galloprovincialis 287 

There are several different approaches to calculate CI (Hamer et al., 2008). However, in 288 

our study we used percentage of whole soft tissue weight in relation to total mussel weight. The 289 



10 
 

chosen CI [wet soft tissue weight (g) x 100/ total mussel wet weight (g)] is used because of easy 290 

measurement and simple, precise calculation allowing determination of stable discriminating 291 

values for the assessment of mussel growth (mariculture) and environmental conditions 292 

(pollution). Shellfish farmers commonly use CI for determining the quality of mussels and the 293 

best timing of mussel harvesting and placing on the market. Additionally, CI, followed by 294 

chemical contamination allows ranking of areas and sites according to pollution effects. 295 

 In our study, CI ranged from 13.3 to 20.9% at mariculture locations (on average 17.4%, 296 

Table 3) and from 14.3 to 23.3% in ports (on average 17.9%Table 3) (Figure 2). CI did not 297 

significantly differ between the mariculture and polluted locations (one-way ANOVA, 298 

F1,26=0.26; p>0.05) and did not significantly change throughout the seasons(one-way ANOVA, 299 

Fmariculture(3, 12)=1.473, p>0.05; Fports(3, 8)=1.888, p>0.05). Still, the lowest CI was observed during 300 

winter at both investigated years (CIFebruary 2010=16.2% at maricultures and CIJanuary 2013=15.1% 301 

at ports), while during summer and spring CI was close to 20% at both groups of locations. 302 

Thus, the environmental conditions in spring (April 2011) and summer (August 2010) were 303 

more favourable, particular at mariculture locations (e.g. high level of organic matter and food 304 

availability, low metal levels in tissues) for the physiological development and growth of 305 

mussels than in cold seasons (Ruane-Hacene et. al., 2015).  306 

The CI in February was lowest in mussels maricultured in Lim Bay (13.3%) and highest 307 

in mussels maricultured in Pomer (20.9%) (Figure 2). The general increase in condition index 308 

in mussels collected in August was observed at all mariculture areas, with the highest value 309 

measured in mussels collected at Pomer (18.9%). In the mussels from polluted ports, the 310 

condition index was highest in mussels from Rijeka (23.3%) in July, and it was higher of 311 

observed at all mariculture areas.  312 

 At mariculture locations, CI of mussels was significantly positively correlated with salinity 313 

(r= 0.54), and pH (r=0.54) as was observed in many studies (Khan et al., 2006; Celik et al., 314 

2009). In contrast, significant negative correlation was observed between CI and Cd (r=-0.60) 315 

at mariculture locations indicating negative effect of Cd on mussel fitness, which was also 316 

confirmed in Shiuntu et al. (2008) study. At polluted locations, the sensitivity of mussels to 317 

anthropogenic or natural stressors might increase, as organisms devoted more energy to defence 318 

mechanisms than to growth (Ruane-Hacene et al., 2015).  319 

 320 

  In general, mean CI of mussels from polluted locations were moderately higher than 321 

those of maricultured organisms, mostly due to high CI at port Rijeka, that seems that has 322 

favourable conditions for mussels despite the highest measured metalloid concentrations in 323 
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mussel tissue (PCA analysis, Figure 6). Mariculture areas, which are considered as unpolluted 324 

locations, showed annual low selected heavy elements concentrations (Figure 4) and similar CI 325 

levels as at port locations (Figure 2), reflecting that physiological conditions for the mussel 326 

growth are similar at both locations.  327 

 328 

Isotopic composition of seawater dissolved inorganic carbon (d13CDIC) and particulate 329 

organic carbon (d13CPOC), and of carbon (d13C) and nitrogen (d15N) in the soft tissue of M. 330 

galloprovincialis 331 

Isotopic composition of seawater dissolved inorganic carbon (d13CDIC) ranged from 13.4 332 

to 0‰; the lowest values of d13CDIC were observed at Lim Bay during all sampling seasons due 333 

to highest freshwater input. At all other locations d13CDIC values around 0‰ were measured in 334 

all sampling seasons meaning that these are more or less marine locations (Table 1). We also 335 

obtained good significant correlations between salinity and d13CDIC value at mariculture 336 

locations and at ports (r from 0.82 to 0.80, Tables 4 and 5 ESM) demonstrating that both 337 

measured parameters indicate the influence of freshwater input. At port locations, d13CDIC 338 

values ranged from -11.1 to 0.7‰ (Table 2), which is similar as observed at mariculture 339 

locations (Table 2). The low d13CDIC values (-11.1 ‰) were observed in April 2013 at port 340 

location Pula. The reason are most probably the submarine freshwater springs. 341 

d13C values in mussel tissue ranged from -24.5 to -20.8‰ at maricultural locations and 342 

from -22.9 to -20.2‰ at ports and suggest that most of the samples investigated in this study 343 

are not impacted by sewage sludge pollution (Table 3, Figure 3). Still, significantly higher d13C 344 

values were measured in the mussels from the port locations (one-way ANOVA, F(1,26)=7.710; 345 

p<0.05). It is known that mussels are 90% selective, assimilating their carbon primarily from 346 

phytoplankton, which in turn obtains its carbon from DIC pool (Bouillon et al., 2003). This is 347 

also confirmed in our study (equation 2), since we obtained results of d13C in mussel soft tissue 348 

that are characteristic for particulate organic matter, which is in our study on average of -25.0‰ 349 

at mariculture locations and on average of -25.1‰ at port locations. Selectivity of mussels was 350 

on average 86.9% at maricultures and 82.9% at port locations and ranged from 67 to 100%. 351 

Lower selectivity was observed at freshwater locations and is due to terrestrial input with 352 

different isotopic composition of POC (in the range from -25.0 to -32.0‰) (Kanduč et al., 2008) 353 

(Table 3). 354 

The values of sewage effluent were estimated to be ca. -23.5‰ for d13C and between 355 

1.8‰ to 2.5‰ for d15N, and were taken from Rogers, 2003. The isotopic composition 356 
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characteristic of Slovenian industrial sewage sludge is -23.8‰ for d13C and 2.6‰ for d15N 357 

(Kanduč, 2010). The soft tissue of M. galloprovincialis from different seasons from mariculture 358 

and polluted locations thus indicates an absence of influence of industrial sewage sludge on M. 359 

galloprovincialis. 360 

Mussels from our study have d15N from 3.8 to 6.1‰ in samples collected from 361 

mariculture locations and from 0.4 to 8.3‰ in the samples from ports (Table 1). Enrichment of 362 

d15N through the trophic network is widely recognized among most animals, including 363 

invertebrates and vertebrates, leading to value of 3.4±1.1‰ (DeNiro and Epstein 1981). 364 

Mussels in our study have d15N on average value of 5.4‰, which is similar (range 4.4 to 6.5‰, 365 

Table 3) as in the case of the Gulf of Trieste study (Kristan et al., 2014). In our study, only Pula 366 

and Rijeka have lower d15N values. At mariculture locations, significant negative correlation 367 

was obtained between salinity and d15N (r = -0.61) (ESM, Table 4), meaning that lower d15N 368 

values are due to freshwater input.  369 

 370 

 371 

Selected metal(loid)s in soft tissue of M. galloprovincialis 372 

Mussels take up metals through the gills from the water column and through ingestion 373 

of food and particulates. Increased metal(loid)s concentrations (Cr, Mn, Co, Ni, Cu, Se, Cd, Pb, 374 

Zn, As) in mussel tissue can thus be attributed to natural metal levels in sea water (geological 375 

position), local point sources (anthropogenic activities), tide and current transport, and 376 

atmospheric deposition (Guevara et al., 2004). It has been recognized that the soft tissues of 377 

marine mollusks are generally more efficient accumulators of metals than the shells (Brown 378 

and Depledge, 1998) implying that soft tissue concentration of metal(loid)s reflects 379 

environmental conditions better than that of shells. 380 

Our data (Figure 3, Table 3) show that mussels from mariculture locations (indicated in 381 

grey), intended for human consumption, contain on average lower concentrations of most of 382 

elements studied comparing to mussels from ports, a logical outcome to expect. Average levels 383 

of metal(loid)s are slightly higher in polluted sites for Cr (1.8 mg kg-1 compared to 1.3), Cd (0.6 384 

mg kg-1 compared to 0.4) and Co (0.5 mg kg-1 compared to 0.3), about twice higher for Mn (7.5 385 

mg kg-1 compared to 3.5), Ni (1.7 mg kg-1 compared to 0.9) and Se (4.2 mg kg-1 compared to 2.1), 386 

about 4-5 times higher for Cu (11.8 mg kg-1 compared to 2.3) and Zn (193.8 mg kg-1 compared 387 

to 51.7) and 12 times higher for Pb (6.2 mg kg-1 compared to 0.5) (Table 3). One-way ANOVA 388 

confirmed significantly higher concentrations of the following metalloids at port locations: Mn, 389 
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Cu, Zn, Se, Cd, Pb (p<0.001), Co (p<0.01), and Ni (p<0.05) (Table 3). Similarly, results of 390 

PCA analysis clearly distinguish between a group of locations with less polluted mussels (in all 391 

months) and a group of mussel samples from clearly heavily polluted locations (ports) 392 

containing high concentrations of metalloids (Figure 6). The major differences between the two 393 

groups of samples were due to concentrations of Se, Zn, Cd and Co as seen from PCA ordination 394 

diagram.  395 

 396 

The only exception is As, which shows uniform concentrations over all sites (17.2 ± 5.6 397 

mg kg-1) except Rovinj (35.8 ± 9.9 mg kg-1, about twice higher concentration comparing to other 398 

sites). Rovinj is a site with fish-canning industry, which obviously influences local micro-399 

location by returning its naturally arsenic-rich fish-parts containing waste back to the Sea. 400 

Obtained results for metal(loid)s fall in a range reported previously for M. galloprovincialis 401 

from the Mediterranean (Orescanin et al. 2006; Kljaković-Gašpić et al. 2007; Ščančar et al. 402 

2007; Fattorini et al. 2008; Kristan et al. 2014; Maulvault et al. 2015) and Tagus estuary (Santos 403 

et al. 2014, Maulvault et al. 2015). Results for Ni, Co and Mn are considerably lower than in 404 

Boka Kotor Bay reported by Joksimovic et al. (2011). In the study of Kristan et al. (2014), 405 

conducted on M. galloprovincialis nearby in the Slovenian part of the Adriatic Sea (Bay of 406 

Koper, Bay of Strunjan, Bay of Piran in two different seasons: in March 2009, 2010 and in 407 

September 2009), intermediary values for Cu, Cd, Se, Zn, Pb and As were found, placing their 408 

values in between unpolluted and polluted values from present study (Table 3).  409 

 410 

 Literature data also suggest that concentrations of heavy metals in soft tissue vary 411 

mostly between seasons, where the biggest variations in metal levels comes from the 412 

reproductive cycle of mussels increasing it during the period before spawning (Burger and 413 

Gochfeld, 2006; Fattorini et al. 2008). According to the data of Ciocan (2002) spawning of M. 414 

galloprovincialis mostly happens in spring (April) and summer (July/August) thus increased 415 

metal concentrations before spawning would be expected at the end of winter 416 

(January/February). Indeed, in our study Cr, Co, Ni, Se and Cd showed some extent of seasonal 417 

variation with the highest concentrations found in February and the lowest concentrations 418 

detected in summer months (July – August). The same was observed in a study of Kristan et al. 419 

(2014) for nearby locations in the Slovenian part of the Adriatic Sea (Table 3). Seasonal 420 

fluctuations were smaller than fluctuations between unpolluted (mariculture) and polluted sites 421 

(ports).  422 
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At mariculture and port locations (ESM, Tables 4, 5), statistically significant negative 423 

correlations between temperature (T) and several metalloids (e.g., Se, r=-0.77 and -0.64) were 424 

observed indicating the importance of temperature conditions for the intensity of metalloid 425 

uptake by mussels. The temperature dependence of metal uptake by mussels was previously 426 

demonstrated by Mubiana and Blust (2007), who observed that fundamentally (i.e. at epithelial 427 

membranes), temperature-effects on uptake are largely due to changes in solution chemistry 428 

and physical kinetics, which favours higher uptake at high temperature. But, at whole organism 429 

level, complex physiological responses appears to mask this relationship that could result also 430 

in inverse effect of temperature. Significant positive correlation was also obtained between Cr 431 

and Ni (r = 0.96) and negative between Cr and Cd (r = -0.60). Also Co and Ni were significantly 432 

positively correlated (r = 0.73). Ni was positively correlated with Cr (r = 0.96) and Se (r = 0.80). 433 

Se was significantly positive correlated with Cu (r = 0.81) and Cr (r = 0.83). Cr is statistically 434 

positively correlated between Co (r= 0.60), Ni (r= 0.96), Cu (r=0.61) and Se (0.83). Cd is 435 

statistically significant negative correlated between pH (r = -0.61), temperature (r = -0.59), 436 

salinity (r = -0.43) and CI (r = -0.60) (ESM, Table 4). 437 

At port locations (ESM, Table 5), significant correlation was observed between Cr and 438 

and Ni (r = 0.94). Significant negative correlation was observed between Mn and T (r = -0.69), 439 

Mn and salinity (r = -0.79), Mn and Cr (r = 0.79) and Mn and d13CDIC (0.61). Significant positive 440 

correlation was observed between Ni and Co (r = 0.75) and Ni and Cr (r = 0.94). Also Cu and 441 

Pb (r = 0.62), Zn and Cd (r = 0.62) were positively correlated. Significant positive correlation 442 

between Se and Cd (0.73) and Cd and Zn (0.68) and Co and Cd (0.83) was also found. 443 

Significant positive correlation was also observed between Pb and Cu, Zn (0.62). 444 

 445 

 446 

As speciation in soft tissue of M. galloprovincialis 447 

Total As levels in mussel samples from 7 locations ranged from 12.2 – 32.6 (average 448 

17.2 ± 5.6) mg kg-1 and in Rovinj (RV) they reached from 25.3 – 47.1 (average 35.8 ± 9.9) mg 449 

kg-1. Arsenic extractability from mussel samples was moderate and 72.5 ± 22.6 % of total As in 450 

the samples was found in the extracts. Arsenic speciation of mussel extracts showed that AsB 451 

was the main As compound found in all cases, representing 83.3 ± 20.1 % of extractable As 452 

(Figure 5). Of other As compounds found in mussels only arsenosugar phosphate ribose (P. 453 

ribose, 11.2 ± 7.3 % of extractable As) and lipids-associated arsenic (5.6 ± 3.1 % of the total 454 

As) were present in considerable concentrations. Inorganic As(III) and As(V) and 455 

organoarsenic compounds MA, DMA, TMAO and an unknown cationic compounds were 456 
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found at trace levels. Although total As concentrations in Rovinj port were considerably higher 457 

comparing to other (polluted and unpolluted) locations, no further differences in extractability 458 

and/or speciation were observed. Seasonal variations in neither total As nor in As speciation in 459 

any of locations were observed. Significantly higher values of lipids-associated As (p<0.05), 460 

were found in soft tissue of mussels from ports (means 0.87 vs. 1.42 mg kg-1) and significantly 461 

higher values of As (III) (p<0.05), As (V) (p<0.01) and As(III)+As(V) (inorganic arsenic) were 462 

observed in the mussels from mariculture locations. 463 

 464 

Conclusions 465 

We estimated ecological status of marine environment in the NE Adriatic Sea with the use 466 

of indicator species M. galloprovincialis and determination of following parameters: condition 467 

indices (CI), isotopic composition of carbon in seawater (d13CPOC, d13CDIC) and isotopic 468 

composition of carbon and nitrogen (d13C and d15N) in soft tissue, selected elements (Cr, Mn, 469 

Co, Ni, Cu, Zn, As, Se, Cd, Pb) and As species at mariculture and polluted wildlife (ports) 470 

locations. According to all measured parameters in M. galloprovincialis we can conclude that 471 

marine environment in the NE Adriatic Sea is mildly polluted in ports under investigation while 472 

mariculture locations reflect unpolluted environment.  473 

Interestingly, higher condition indices were detected of mussels from polluted locations 474 

then from mariculture. Mussels CI are on average 17.4% at mariculture and on average 17.9% 475 

in polluted locations. No significant difference was found among the CI of mussels collected at 476 

mariculture and polluted locations. 477 

We obtained good regression (r=0.68 to 0.78) between salinity and d13CDIC. Lower d13CDIC 478 

were observed at Lim Bay location due to more freshwater input. d13CDIC has on average value 479 

around -1.2‰ (characteristic value for marine environment is 0‰) in period 2010 to 2011. 480 

d13CDIC values at Lim Bay varies from -11.7 to -7.1‰, while at polluted locations an average 481 

d13CDIC values are -2.7‰. Total alkalinity is on average 3.6 mM in year 2011 and 2013 sampling 482 

campagnas. 483 

d13C in soft tissue of M. galloprovincialis is on average -22.5‰ at mariculture, while 484 

on average -21.4‰ at polluted locations. d15N is on average 5.0‰ at mariculture, while on 485 

average 5.9‰ at polluted locations. d13C and d15N reveal no sewage sludge pollution. 486 

The highest concentrations of selected elements were found in following order: Zn >As> 487 

Cu> Mn>Pb >Se>Cr >Ni >Cd >Co. The highest As concentration was found at Rovinj location. 488 

Arsenobetaine was the most abundant species in soft tissue of M. galloprovincialis.  489 



16 
 

 490 

Acknowledgements 491 

The study was performed in the frame of bilateral Slovenia-Croatian project (Tracing 492 

natural and anthropogenic influences to marine ecosystem along Istrian-Adriatic coast with 493 

Mediterranean mussel Mytilus galloprovincialis (project number BI-HR/12-13-037), and was 494 

financially supported by Slovenian Research Agency (P1-0143, P1-0255). The authors are 495 

grateful to Mr. Stojan Žigon for technical support. The research represent a part of the ERA 496 

Chair ISO-FOOD project for isotope techniques in food quality, safety and traceability (Grant 497 

Agreement No. 621329) and MASSTWIN-H2020 Twinning project; Spreading Excellence and 498 

Widening Participation in Support of Mass Spectrometry and Related Techniques in Health, 499 

Environment, and Food Analysis (Grant Agreement No. 692241). 500 

 501 

 502 
References 503 

Andral B., Stanisiere J.Y., Sauzade D., Damier. E., Thebault. H., Galgani. F., Boissery P., 2004. 504 

Monitoring chemical contamination levels in Mediterranean based on the use of mussel caging. 505 

Mar. Poll. Bull. 49, 704-712. 506 

Bouillon, S., Frankignoulle, M. F., Velimirov, B., Eiler, A., Abril, G., Etcheber, H., Gorges, A.V., 507 

2003. Inorganic and organic carbon biogeochemistry in the Guatami Godavari estuary (Andhra 508 

Pradesh. India) during pre-monsoon: the local impact of extensive mangrove forests. Global 509 

Biogeochem. Cycles. 17, 1114. 510 

Brown, M.T., Depledge, M.H., 1998. Determinants of Trace Metal Concentrations in Marine 511 

Organisms. in Metal Metabolism in Aquatic Environments. Edited by W. Langston and M.J. 512 

Bebianno (Chapman&Hall. London. 1998). pp. 185-217. 513 

Burger, J., Gochfeld, M., 2006. Locational differences in heavy metals and metalloids in Pacific 514 

Blue Mussels Mytilus (edulis) trossulus from Adak Island in the Aleutian Chain. Alaska. Sci. Total 515 

Environ. 368, 937-950. 516 

Caumette, G., Koch, I., Reimer, K.J., 2012. Arsenobetaine formation in plankton: a review of 517 

studies at the base of the aquatic food chain. J. Environ. Mon. 14, 2841 - 2853. 518 

Ciocan, C., 2002. Reproduction of Mytilus galloprovincialis (Lmk) in the Romanian waters of 519 

the Black Sea. Cercetari marine 34, 23-28. 520 

Çelik, M. Y., Karayücel, S., Karayücel, Đ., 2009. Effects of environmental factors on growth 521 

and mortality of raft cultivated mussel (Mytilus galloprovincialis L.) cultivated in lantern nets 522 

in Black Sea. Aquaculture, Aquarium, Conservation and Legislation Bioflux, 2, 97-108. 523 



17 
 

Degobbis, D., Precali, R., Ferrari, C.R., Djakovac, T., Rinaldi, A., Ivancic, I., Gismondi, M., 524 

Smodlaka, N., 2005. Changes in nutrient concentrations and ratios during mucilage events in 525 

the period 1999-2002. Sci. Total Environ. 353, 103-114. 526 

DeNiro, M. J., Epstein, S., 1981. Influence of diet on the distribution of nitrogen isotopes in 527 

animals. Geochim. Cosmochim. Acta 45, 341-351. 528 

Dettman, D.L., Lohmann, K.C., 1995. Microsampling carbonates for stable isotope and minor 529 

element analysis: Physical separation of samples on a 20 micrometer scale. J Sed. Res. A65, 566-530 

569. 531 

Fattorini, D., Notti, A., Di Mento, R., Cicero, A.M., Gabellini, M., Russo, A. Regoli F., 2008. 532 

Seasonal, spatial and inter-annual variations of trace metals in mussels from Adriatic Sea: A 533 

regional gradient for arsenic and implications for monitoring the impact of off-shore activities. 534 

Chemosphere 72, 1524-1533.  535 

Epstein, S., Buchsbaum, R., Lowenstam, H.A., Urey, H.C., 1953. Revised carbonate – water 536 

isotopic temperature scale. Bull. Geol. Soc. Am.. 64, 1315-1326. 537 

Ezgeta –Balić, D., Lojen, S., Dolenec, T., Žvab Rožič, P., Dolenec, M., Najdek, M., Peharda, M., 538 

2014. Seasonal differences of stable isotope composition and lipid content in four bivalve species 539 

from the Adriatic Sea. Mar. Biol. Research. 10: 6, 625-634. doi: 10.1080/17451000.2013.833338 540 

Gieskes, J.M., 1974. The alkalinity-total carbon dioxide system in seawater. In: Goldberg ED (ed). 541 

Marine Chemistry of The Sea. vol 5. John Wiley and Sons. New York. pp 123-151. 542 

Gillikin, D.P., Lorrain, A., Bouillon, S., Willenz, P., Dehairs, F., 2006. Stable carbon isotope 543 

composition of Mytilus edulis shells: relation to metabolism, salinity. d13CDIC and phytoplankton. 544 

Org. Geochem. 37.,1371-1382. 545 

Guevara, S.R., Bubach, D., Vigliano. P., Lippolt, G., Arribėre, M., 2004. Heavy Metal and Other 546 

Trace Elements in Native Mussel Diplodon chilensis from Northern Patagonia Lakes. Argentina. 547 

Biological Trace Element Research. Vol. 102. Biological Trace element Research. 245-263. 548 

Hamer, B., Pavičić-Hamer, D., Müller, W.E.G., Batel, R., 2004. Stress-70 proteins in marine 549 

mussel Mytilus galloprovincialis as biomarkers of environmental pollution: a field study. 550 

Environ. International 30, 873-882. 551 

Hamer, B., Jaksic, Z., Pavicic-Hamer, D., Peric, L., Medakovic, D., Ivankovic, D., Pavicic, J., 552 

Zilberberg, C., Schroder, H. C., Muller, W. E., Smodlaka, N., Batel, R., 2008. Effect of 553 

hypoosmotic stress by low salinity acclimation of Mediterranean mussels Mytilus 554 

galloprovincialis on biological parameters used for pollution assessment. Aquatic Toxicol., 89, 555 

137-151. 556 



18 
 

Hellings, L., Dehairs, F., Tacks, M., Keppens, E., Baeyen,W., 1999. Origin and fate of organic 557 

carbon in the freshwater part of the Scheldt Estuary as traced by stable carbon isotopic 558 

composition. Biogeochem. 47, 167-186. 559 

Hellings, L., Dehairs, F., Van Damme, S., Baeyens, W., 2001. Dissolved inorganic carbon in a 560 

highly polluted estuary (the Scheldt). Limnology and Oceanography 46, 1406-1414. 561 

http://www.marbef.org/wiki/Common_biomarkers_for_the_assessment_of_marine_pollution  562 

Common biomarkers for the assessment of marine pollution  563 

http://www.marbef.org 564 

Joksimovic, D., Tomic, I., Stankovic, A.R., Jovic, M., Stankovic, S., 2011. Trace metal 565 

concentrations in Mediterranean blue mussel and surface sediments and evaluation of the 566 

mussels quality and possible risks of high human consumption. Food Chem. 127,632-637. 567 

Juresa. D., Blanusa, M., 2003. Mercury, arsenic, lead and cadmium in fish and shellfish from the 568 

Adriatic Sea. Food Addit. Contam. 20 (3), 241. 569 

Kanduč, T., 2010. Characterization of suspended matter in river systems: River Sava in Slovenia 570 

case study. Geologija 54 (1), 55-66. 571 

Kanduč, T., Medaković, D., Hamer, B., 2011. Mytilus galloprovincialis as a bioindicator of 572 

environmental conditions: the case of eastern coast of the Adriatic Sea. Isot. Environ. Health Stud. 573 

47/1, 42-61. 574 

Kanduč, T., Szramek, K., Ogrinc, N., Walter, L. M., 2007. Origin and cycling of riverine inorganic 575 

carbon in the Sava River watershed (Slovenia) inferred from major solutes and stable carbon 576 

isotopes. Biogeochem. 86, 137-154. 577 

Khan, M. A., Parrish, C. C., Shahidi, F., 2006. Effects of environmental characteristics of 578 

aquaculture sites on the quality of cultivated Newfoundland blue mussels (Mytilus edulis). J Agric 579 

Food Chem, 54, 2236-2241. 580 

Killingley, J.S., Berger, W.H., 1979. Stable isotopes in a mollusk shell: detection of upwelling 581 

events. Science 205, 186-188. 582 

Kljaković-Gašpić, Z., Ujević, I., Zvonarić, T., Barić, A., 2007. Biomonitoring of trace metals (Cu, 583 

Cd, Cr, Hg, Pb, Zn) in Mali Ston Bay (eastern Adriatic) using the Mediterranean blue mussel 584 

(1998-2005). Acta Adriatica 48(1), 73-88. 585 

Kosta L., Ravnik V., Byrne A.R., Štirn J., Dermelj M., Stegnar P., 1978. Some trace-elements 586 

in waters, marine organisms and sediments of Adriatic by neutron-activation analysis. J 587 

Radioanalitical Chem. 44, 317-332. 588 



19 
 

Kristan, U., Kanduč, T., Osterc, A., Šlejkovec, Z., Ramšak, A., Stibilj, V., 2014. Assessment of 589 

pollution level using Mytilus galloprovincialis as a bioindicator species: The case of the Gulf of 590 

Trieste. Mar. Poll. Bull. 89, 455-463. 591 

Langston, W.J., Spence, S.K., 1995. Biological factors involved in metal concentration observed 592 

in aquatic organisms. In Metal Speciation and Bioavailability in Aquatic Systems. A.T.D. Tessier 593 

(Ed.). Wiley. Chichester. England. pp. 407-478. 594 

Livingstone, D.R., Pipe, R.K., 1992. Mussels and environmental contaminants: molecular and 595 

cellular aspects. In: Gosling. E.M. (Ed.). The Mussel Mytilus: Ecology. Physology. Genetics and 596 

Culture. Elsevier Science Publishers B.V. Amsterdam. pp. 425-464. 597 

Lorrain, A., Paulet, Y.-M., Chauvaud, L., Dunbar, R., Mucciarone, D., Fontugne, M., 2004. 598 

d13C variation in scallop shells: increasing metabolic carbon contribution with body size? 599 

Geochim. et Cosmoschim. Acta 68, 3509-3519. 600 

Lucas, A., Beninger, P.G., 1985. The use of physiological condition indices in marine bivalve 601 

aquaculture. Aquaculture 44, 187-200. 602 

Maulvault, A.L., Anacleto, P., Barbosa, V., Sloth, J.J., Rasmussen, R.R., Tediosi, A., 603 

Fernandez-Tejedor, M., Van den Heuvel, F.H.M., Kotterman, M., Marques, A., 2015. Toxic 604 

elements and speciation in seafood samples from different contaminated sites in Europe. 605 

Environ. Res. 143, 72-81. 606 

McConnaughey, T.A., Burdett, J., Whelan, J.F. Paull, C.K., 1997. Carbon isotopes in biological 607 

carbonates: respiration and photosynthesis. Geochim. et Cosmochim. Acta, 61, 611-622. 608 

Mertens, J., Luyssaert, S., Verheyen, K., 2005. Use and abuse of trace metal concentrations in 609 

plant tissue for biomonitoring and phytoextraction. Environ. Poll. 138. 1-4. 610 

Mook, W.G., Tan, F.C., 1991. Stable carbon isotopes in rivers and estuaries. In Biogeochemistry 611 

of Major World Rivers. E. T. Degens, S. Kempe. (J. E.) Richey (Eds.). John Wiley and Sons Ltd. 612 

pp. 245-264. 613 

Mook, W.G., Vogel, J.C., 1968. Isotopic Equilibrium between Shells and Their Environment. 614 

Science. 159, 874 – 875. 615 

Mubiana, V.K., Blust, R., 2007. Efects of temperature on scope for growth and accumulation of 616 

Cd, Co, Cu and Pb by the marine bivalve. Mar. Environ. Res. 63 (3), 219-235. 617 

Mubiana, V.K., Vercauteren, K., Blust, R., 2006. The influence of body size, condition index and 618 

tidal exposure on the variability in metal bioaccumulation in Mytilus edulis. Environ. poll. 619 

(Barking, Essex : 1987) 144, 272-279. 620 



20 
 

Okumuş, İ., Stirling, H.P., 1998. Seasonal variations in the meat weight, condition index and 621 

biochemical composition of mussels (Mytilus edulis L.) in suspended culture in two Scottish sea 622 

lochs. Aquaculture 159, 249-261. 623 

Orescanin, V., Lovrencic, I., Mikelic, L., Barisic, D., Matasin, Z.,  Lulic, S., Pezelj, D., 2006. 624 

Biomonitoring of heavy metals and arsenic on the coast of the Middle Adriatic Sea using Mytilus 625 

galloprovincialis. Nuclear Instruments and Methods in physics Research B 245.,495-500. 626 

Pavičić-Hamer, D., Kovačić, I., Koščica, L., Hamer, B., 2016. Physiological Indices of 627 

Maricultured Mussel Mytilus galloprovincialis Lamarck, 1819 in Istria, Croatia: Seasonal and 628 

Transplantation Effect.  Journal of the World Aquaculture Society DOI 10.1111/jwas.12316 629 

Pampanin, D.M., Volpato, E., Marangon, I., Nasci, C., 2005. Physiological measurements from 630 

native and transplanted mussel (Mytilus galloprovincialis) in the canals of Venice. Survival in air 631 

and condition index. Comparative Biochemistry and Physiology Part A: Molecular & Integrative 632 

Physiology 140, 41-52, Aquaculture Society 47. 633 

Perugini, M., Visciano, P., Giammarino, A., Manera, M.. Di Nardo, W., Amoreno, M., 2007. 634 

Polycyclic aromatic hydrocarbons in marine organisms from the Adriatic Sea. Italy. Chemosphere 635 

66, 1904-1920. 636 

Puente, X., Villares,  R., Carral, E., Carballeira, A., 1996. Can the shell of the green-lipped mussel 637 

Perna viridis from the west coast of Peninsular Malaysia be a potential biomonitoring material for 638 

Cd. Pb and Zn. Sci Total Environ.183, 205-211. 639 

Rogers, M. K., 2003. Stable carbon and nitrogen isotope signatures indicate recovery of marine 640 

biota from sewage pollution at Moa Point. New Zealand. Mar. Poll. Bull. 46,821-827. 641 

Rouane-Hacene, O., Boutiba, Z., Belhaouari, B., Guibbolini-Sabatier, M.E., Francour, P., Risso-642 

de Faverney, C., 2015. Seasonal assessment of biological indices, bioaccumulation and 643 

bioavailability of heavy metals in mussels Mytilus galloprovincialis from Algerian west coast, 644 

applied to environmental monitoring. Oceanologia 57, 362-374. 645 

Saavedra, Y., Gonzalez, A., Fernandez, P., Blanco, J., 2004. The effect of size on trace metal levels 646 

in raft cultivated mussels (Mytilus galloprovincialis). Sci Total Environ., 318, 115-124.  647 

Santos, I., Diniz, M.S., Carvalho, M.L. Santos, J.P., 2014. Assessment of essential elements 648 

and heavy metals content on Mytilus galloprovincialis from river Tagus estuary. Biol. Trace 649 

Elem. Res. 159, 233-240. 650 

Schintu, M., Durante, L., Maccioni, A., Meloni, P., Degetto, S., Contu, A., 2008. Measurement 651 

of environmental trace-metal levels in Mediterranean coastal areas with transplanted mussels 652 

and DGT techniques. Mar. Poll. Bull. 57, 832-837. 653 



21 
 

Schuster, P.F., Reddy, M.M. Particulate Carbon (PC) and Particulate Nitrogen (PN). In: Water and 654 

Sediment Quality in the Yukon River Basin. Alaska. During Water Year 2001. Open-File Report 655 

03-427. National Research Program. USGS. Available online: 656 

http://pubs.usgs.gov/of/2003/ofr03427/ 657 

Ščančar, J., Zuliani, T., Turk, T., Milačič. R., 2007. Organotin compounds and selected metals in 658 

the marine environment of Northern Adriatic Sea. Environ. Monitor. Assess. 127, 271-282. 659 

Šlejkovec, Z., Kapolna, E., Ipolyi, I., Van Elteren, J.T., 2006. Arsenosugars and other arsenic 660 

compounds in littoral zone algae from the Adriatic Sea. Chemosphere, 63, 1098-1105.  661 

Šlejkovec, Z., Stajnko, A., Falnoga, I., Lipej, L., Mazej, D., Horvat, M., Faganeli J., 2014. 662 

Bioaccumulation of arsenic species in rays from the Northern Adriatic Sea. International 663 

Journal of Molecular Sciences. 15. 2207-91. doi: 10.3390/ijsm 151222073. 664 

Šlejkovec, Z., Van Elteren, J.T., Woroniecka, U.D., 2001. “Underestimation of the total arsenic 665 

concentration by hydride generation techniques as a consequence of the incomplete mineralization 666 

of arsenobetaine in acid digestion procedures”. Anal. Chim. Acta. 443,277-282. 667 

Spötl, C., 2005. A robust and fast method of sampling and analysis of  δ13C of dissolved inorganic 668 

carbon in ground waters. Isot. Environ. Health Stud. 41, 217-221. 669 

Stanković, S., Jović, M., Milanov, R., Joksimović. D., 2011. Trace elements concentrations (Zn, 670 

Cu, Pb, Cd, As and Hg) in the Mediterranean mussel (Mytilus galloprovincialis) and evaluation of 671 

mussel quality and possible human health risk from cultivated and wild sites of the southeastern 672 

Adriatic Sea. Montenegro. Journal of the Serbian Chemical Society. 673 

Takahashi, K., Yoshioka, T., Wada, E., Sakamoto, M., 1990. Temporal variations in carbon 674 

isotope ratio of phytoplankton in an euthrophic lake. J. Plankton Res. 12, 799-808. 675 

Tanaka, N. Monaghan, M.C.. Rye,D.. M., 1986. Contribution of metabolic carbon to mollusk and 676 

barnacle shell carbonate. Nature, 320, 520-523.  677 

Ter Braak, C.J.F., Šmilauer, P., 2002: CANOCO. version 4.5. 678 

Van Dover, C. L., Grassle. J.F., Fry, B., Garritt, R.H., Starczak, V.R., 1992. Stable isotope 679 

evidence for entry of sewage-derived organic material into deep-sea food web. Nature, 360, 153-680 

156. 681 

Viarengo A., Canesi L., 1991. Mussels as biological indicators of pollution. Aquaculture, 94(2-3), 682 

225-243. 683 

Vizzini, S., Tramati, C., Mazzola, A., 2010. Comparison of stable isotope composition and 684 

inorganic and organic contaminant levels in wild and farmed bluefin tuna. Thunnus thynnus in the 685 

Mediterranean Sea. Chemosphere, 78, 1236-1243. 686 



22 
 

Wada, E., 1980. Nitrogen isotope fractionation and its significance in biogeochemical processes 687 

occurring in marine environments; in Isotope marine chemistry (eds) E D Goldberg. Y Horibe and 688 

K Saruhashi (Tokyo: Uchida Rokakuho) pp 375-398. 689 

Wada, E., Kabaya, Y., Kurihara, Y., 1993. Stable isotope structure of aquatic ecosystems. Journal 690 

of  Bioscience, 18, 483-499. 691 

Saavedra, Y., Gonzalez, A., Fernandez, P., Blanco, J., 2004. The effect of size on trace metal levels 692 

in raft cultivated mussels (Mytilus galloprovincialis). Sci. Total Environ., 318, 115-124. 693 

Yap, C. K., Ismail, A. Tan, S.G., 2004. Heavy metal (Cd, Cu, Pb and Zn) concentrations in the 694 

green-lipped mussel Perna viridis (Linnaeus) collected from some wild and aquacultural sites in 695 

the west coast of Peninsular Malaysia. Food Chem., 84, 596-575. 696 

Župan, I., Peharda, M., Dolenec, T., Dolenec, M., Žvab Rožič, P., Lojen, S. Ezgeta-Balić, D., 697 

Arapov, J., 2014. Aquaculture assessment of noah's ark (Arca Noae Linnaeus. 1758) in the central 698 

Adriatic Sea (Croatia). Journal of Shellfish Research, vol. 33. No. 2, 433-441. 699 

Žvab Rožič, P., Dolenec, T., Lojen, S., Kniewal,. G., Dolenec, M., 2014. Using stable nitrogen 700 

isotopes in Patella sp. to trace sewage-derived material in coastal ecosystems. Ecol. indic. 36, 224-701 

230. 702 

 703 

  704 



23 
 

List of tables: 705 

Table 1: Seawater parameters (pH, temperature, salinity, total alkalinity, d13CPOC, d13CDIC) and 706 

stable isotopes in soft tissue of M. galloprovincialis at 5 mariculture locations (VA, LB, PO, 707 

BU, RB) during different sampling seasons (February 2010, August, 2010, April 2011, 708 

November 2011). 709 

 710 

Table 2: Seawater parameters (pH, temperature, salinity, total alkalinity, d13CPOC, d13CDICand 711 

stable isotopes in soft tissue of M. galloprovincialis at 3 polluted locations (ports RO, PU, RI) 712 

during different sampling seasons (January, April, July, November 2013). 713 

 714 

Table 3: Mean values (±SD) of measured seawater and soft tissue parameters for mariculture 715 

and polluted (port) locations with the results of one-way ANOVA (mariculture and polluted 716 

locations as factor). 717 

 718 

ESM Table 4: Cross–correlation matrix for 19 seawater and mussel tissue parameters 719 

measured from January 2010 to November 2011 at mariculture locations (5 locations). 720 

Marked (bold) correlations are significant at p<0.05. 721 

 722 

 723 

ESM Table 5: Cross–correlation matrix for 19 seawater and mussel tissue parameters measured 724 

from January 2013 to November 2013 at polluted locations (3 locations). Marked (bold) 725 

correlations are significant at p<0.05. 726 

 727 

 728 

 729 



24 
 

Table 1: Seawater parameters (pH, temperature, salinity, total alkalinity, d13CPOC, d13CDIC) and stable isotopes in soft tissue of M. galloprovincialis at 

5 mariculture locations (VA, LB, PO, BU, RB) during different sampling seasons (February 2010, August, 2010, April 2011, November 2011). 
 Seawater  Soft tissue of M. galloprovincialis 

Season Location  
pH 

 
T  

(°C) 
Salinity  

(‰) 
Total alkalinity 

(mM) 
δ13CPOC  

(‰) 
δ 13CDIC  

(‰) 
δ 13C  
(‰) 

δ 15N  
(‰) 

February 
2010 

Lim Bay LB 7.11 14.7 12.2 3.1 -24.6 -13.4 -20.9 5.6 
Vabriga VA 7.89 11.0 25.0 3.4 -24.2 0 -20.8 5.5 
Budava BU 7.85 11.0 29.0 3.6 -24.4 -0.6 -22.2 3.9 
Pomer PO 8.01 11.1 34.5 4.1 -23.2 0 -23.2 4.2 
Raša Bay RB 7.78 12.2 30.1 3.2 -25.4 -2.8 -21.8 3.8 

Mean ± SD   7.73±0.36 12.0±1.6 26.2±8.5 3.5±0.4 -24.4±0.8 -3.4±5.7 -21.8±1.0 4.6±0.9 

April 2011 

Lim Bay LB 7.38 16.0 16.0 4.1 -26.3 -12 -22.6 6.1 
Vabriga VA 8.01 15.7 35.0 4.2 -24.1 -1.2 -22.2 5.1 
Pomer PO 8.00 18.0 34.7 3.5 -24.6 -1.3 -24.5 4.9 
Raša bay RB 7.85 16.3 30.6 3.6 -26.5 -1.4 -24.0 4.0 

Mean ± SD   7.81±0.30 16.5±1.0 29.1±8.9 3.8±0.4 -25.4±1.2 -4.0±5.4 -23.3±1.1 5.0±0.9 

August 2010 

Lim Bay LB 7.71 27.2 15.0 4.1 -26.1 -7.1 -22.8 6.1 
Vabriga VA 8.00 26.0 34.2 3.1 -24.3 -1.5 -21.2 5.8 
Budava BU 8.05 25.0 35.7 3.2 -24.6 -1.1 -23.5 4.5 
Pomer PO 8.09 26.2 36.8 3.7 -23.8 -2.3 -21.7 4.9 
Raša Bay RB 8.06 25.1 35.7 4.0 -27.4 -0.2 -24.4 4.4 

Mean ± SD   7.98±0.16 25.9±0.9 31.5±9.3 3.6±0.5 -25.2±1.5 -2.4±2.7 -22.7±1.3 5.1±0.8 
November 
2011 

Lim Bay LB 7.55 15.0 22.0 3.3 -26.2 -11.7 -22.7 6.0 
Raša Bay RB 7.70 13.3 25.6 3.4 -24.3 -1.4 -21.4 5.0 

Mean ± SD   7.62±0.11 14.2±1.2 23.8±2.6 3.4±0.1 -25.3±1.3 -6.6±7.3 -22.0±0.9 5.5±0.7 
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Table 2: Seawater parameters (pH, temperature, salinity, total alkalinity, d13CPOC, d13CDIC) and stable isotopes in soft tissue of M. galloprovincialis at 

3 polluted locations (RO, PU, RI) during different sampling seasons (January, April, July, November 2013). 
  Seawater Soft tissue of M. galloprovincialis 

Season Location  
pH 

 
T  

(°C) 
Salinity  

(‰) 
Total alkalinity 

(mM) 
δ13CPOC  

(‰) 
δ13CDIC (‰) δ13C  

(‰) 
δ15N  
(‰) 

January 2013 
Rovinj RV 7.83 11.5 26.7 3.2 -23.8 -2.4 -21.0 6.4 
Pula PU 7.95 12.3 35.7 3.9 -24.5 -2.3 -22.0 7.4 
Rijeka RI 7.65 10.7 14.5 4.1 -24.6 -5.1 -21.0 8.1 

Mean ± SD   7.81±0.15 11.5±0.8 25.6±10.6 3.7±0.5 -24.3±0.4 -3.3±1.6 -21.3±0.6 7.3±0.9 

April 2013 
Rovinj RV 7.92 13.5 35.2 3.3 -25.4 -2.4 -21.9 8.3 
Pula PU 7.62 15.3 14.5 3.2 -23.4 -11.1 -22.9 7.2 
Rijeka RI 7.73 10.8 18.8 3.1 -27.0 -7.1 -21.2 8.1 

Mean ± SD   7.76±0.15 13.2±2.3 22.8±10.9 3.2±0.1 -25.3±1.8 -6.9±4.4 -22.0±0.9 7.9±0.6 

July 2013 
Rovinj RV 8.22 24.0 33.4 3.4 -25.8 -0.4 -20.2 7.3 
Pula PU 8.00 24.4 38.8 3.5 -25.9 -2.6 -21.2 7.5 
Rijeka RI 7.96 19.1 21.4 3.7 -26.0 -5.3 -21.2 7.1 

Mean ± SD   8.06±0.14 22.5±2.3 31.2±8.9 3.5±0.2 -25.9±0.1 -2.8±2.5 -20.9±0.6 7.3±0.2 

November 2013 
Rovinj RV 7.02 17.1 32.3 3.9 -25.9 -5.8 -21.0 4.0 
Pula PU 7.93 17.8 37.3 4.0 -24.0 0.7 -21.5 1.8 
Rijeka RI 7.65 13.2 - 4.2 -24.5 -7.4 -22.0 0.4 

Mean ± SD   7.53±0.47 16.0±2.5 34.8±3.5 4.0±0.2 -24.8±1.0 -4.2±4.3 -21.5±0.5 2.1±1.8 
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Table 3: Mean values (±SD) of measured seawater and soft tissue parameters for mariculture and 

polluted (port) locations with the results of one-way ANOVA (mariculture and polluted locations as 

factor). 

 Mariculture (n=16) 
mean±SD 

Port (N=12) 
mean±SD 

One way ANOVA 
F(1, 26)         P value 

Study of Kristan 
et al., 2014 

Seawater 

pH 7.8±0.3 7.8±0.3 0.053 0.820 8.1-8.3 

T (ºC) 17.7±6.0 15.8±4.8 0.830 0.371 9.8-22.9 

Salinity (‰) 28.3±8.1 27.0±9.6 0.149 0.702 36.3-37.5 

Alkalinity (mM) 3.6±0.4 3.6±0.4 0.028 0.868  

δ13CPOC (‰) -25.0±1.2 -25.1±1.1 0.024 0.879  

 δ13CDIC (‰) -3.6±4.7 -4.3±3.3 0.164 0.688  

Soft tissue 

Cr (mg/kg) 1.3±1.6 1.8±1.0 1.000 0.326  

Mn (mg/kg) 3.5±1.6 7.5±3.1 19.378 0  

Co (mg/kg) 0.3±0.1 0.5±0.2 12.490 0.002  

Ni (mg/kg) 0.9±0.7 1.7±1.1 5.555 0.026  

Cu (mg/kg) 2.3±0.7 11.8±5.4 49.356 0 3.46-11.3 

Zn (mg/kg) 51.7±15.7 193.8±60.5 81.977 0 73.4-172.3 

As (mg/kg) 18.1±4.6 22.1±12.8 1.378 0.251 14.7-29.9 

Se (mg/kg) 2.1±1.0 4.2±0.8 34.179 0 2.2-6.8 

Cd (mg/kg) 0.4±0.1 0.6±0.2 29.088 0 0.5-1.2 

Pb (mg/kg) 0.5±0.3 6.2±3.5 41.653 0 0.8-2.2 

δ13C (‰) -22.5±1.2 -21.4±0.7 7.710 0.01 -21.4 to -22.0 

δ15N (‰) 5.0±0.8 6.1±2.6 2.747 0.109 4.4-6.5 

Selectivity 86.9±8.9 82.9±7.1 1.677 0.207  

CI index 17.4±2.1 17.9±3.2 0.260 0.615  
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List of figures: 
 
Figure 1: Investigated area of the NE Adriatic Sea (Istrian peninsula, Croatia) with sampling points 

showing mariculture (white spots): Vabriga (VA), Lim Bay (LB), Pomer (PO), Budava (BU), Raša 

Bay (RB) and polluted, anthropogenically impacted locations (local ports, black spots): Rovinj (RV), 

Pula (PU), Rijeka (RI). 

 

Figure 2: Condition indices of M. galloprovincialis at mariculture locations: Vabriga (VA), Lim Bay 

(LB), Pomer (PO), Budava (BU), Raša Bay (RB) and polluted locations: Rovinj (RV), Pula (PU), 

Rijeka (RI) during different sampling seasons. 

 

Figure 3: Isotopic composition of carbon (d13C) versus nitrogen (d15N) of soft tissue of Mytilus 

galloprovincialis from NE Adriatic. VA- Vabriga, Lim Bay – LB, Pomer – PO, Budava – BU, Raša 

Bay – RB. The values for sewage effluent were estimated to be ca. -23.5‰ for d13C and between 1.8‰ 

to 2.5‰ for d15N and were taken from Rogers. 2003. Measured d13C and d15N values in sewage sludge 

in Slovenia are -23.8‰ and 2.6‰, respectively (Kanduč. 2010). 

 

Figure 4: Average concentrations of selected elements (Cr, Mn, Co, Ni, Cu, Zn, As, Se, Cd, Pb all in 

mg kg-1 dry weight) in Mediterranean mussel M, galloprovincialis collected from mariculture:  Vabriga 

(VA), Lim Bay (LB), Pomer (PO), Budava (BU), Raša Bay (RB) and polluted locations: Rovinj (RV), 

Pula (PU), Rijeka (RI) from N Adriatic Sea during different seasons. Error bars indicate seasonal 

variations at each site. 

  

Figure 5: Average concentrations of arsenic compounds (mg kg-1 dry weight) in Mediterranean mussel 

M. galloprovincialis collected from mariculture: Vabriga (VA), Lim Bay (LB), Pomer (PO), Budava 

(BU), Raša Bay (RB) and polluted locations: Rovinj (RV), Pula (PU), Rijeka (RI) (color bars) from N 

Adriatic Sea. Error bars indicate seasonal variations at each site. 

 

Figure 6. PCA ordination diagram indicating ranges of variation of measured parameters in mussel 

tissues (arrows) and differences in the samples from mariculture and polluted (port) locations collected 

during different seasons (points). Mariculture locations are Vabriga (VA), Lim Bay (LB), Pomer (PO), 

Budava (BU), Raša Bay (RB) and ports are: Rovinj (RV), Pula (PU), Rijeka (RI). 
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Figure 1: Investigated area of the NE Adriatic Sea (Istrian peninsula, Croatia) with sampling points 

showing mariculture (white spots): Vabriga (VA), Lim Bay (LB), Pomer (PO), Budava (BU), Raša 
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Figure 2: Condition indices (%) of M. galloprovincialis at mariculture locations: Vabriga (VA), Lim 

Bay (LB), Pomer (PO), Budava (BU), Raša Bay (RB) and polluted locations: Rovinj (RV), Pula (PU), 

Rijeka (RI) during different sampling seasons. 

 

 

0

5

10

15

20

25

30

Winter Spring Summer Autumn

Co
nd

iti
on

 in
de

x

Season

LB VA BU PO RB RV PU RI



30 
 

 
Figure 3: Isotopic composition of carbon (d13C) versus nitrogen (d15N) of soft tissue of Mytilus 

galloprovincialis from NE Adriatic. VA- Vabriga, Lim Bay – LB, Pomer – PO, Budava – BU, Raša 

Bay – RB. The values for sewage effluent were estimated to be ca. -23.5‰ for d13C and between 1.8‰ 

to 2.5‰ for d15N and were taken from Rogers. 2003. Measured d13C and d15N values in sewage sludge 

in Slovenia are -23.8‰ and 2.6‰, respectively (Kanduč. 2010). 
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Figure 4: Average concentrations of selected elements (Cr, Mn, Co, Ni, Cu, Zn, As, Se, Cd, Pb all in 

mg kg-1 dry weight) in Mediterranean mussel M, galloprovincialis collected from mariculture:  Vabriga 

(VA), Lim Bay (LB), Pomer (PO), Budava (BU), Raša Bay (RB) and polluted locations: Rovinj (RV), 

Pula (PU), Rijeka (RI) from N Adriatic Sea during different seasons. Error bars indicate seasonal 

variations at each site. 
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Figure 5: Average concentrations of arsenic compounds (mg kg-1 dry weight) in Mediterranean mussel 

M. galloprovincialis collected from mariculture: Vabriga (VA), Lim Bay (LB), Pomer (PO), Budava 

(BU), Raša Bay (RB) and polluted locations: Rovinj (RV), Pula (PU), Rijeka (RI) (color bars) from N 

Adriatic Sea. Error bars indicate seasonal variations at each site. 
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Figure 6: PCA ordination diagram indicating ranges of variation of measured parameters in mussel 

tissues (arrows) and differences in the samples from mariculture and polluted (port) locations collected 

during different seasons (points). Mariculture locations are Vabriga (VA), Lim Bay (LB), Pomer (PO), 

Budava (BU), Raša Bay (RB) and ports are: Rovinj (RV), Pula (PU), Rijeka (RI). 

 


