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Abstract

Contaminant bioaccumulation was studied in blue seiss Mytilus edulis spp.) using the harbor

waters of Kristiansand (Norway) as a case studyufe of chemical contaminants (trace metals,
PAHs and PCBs) was analyzed in caged and nativeefsuas well as in passive samplers (Diffusive
Gradients in Thin films (DGT)-devices and silicongbbers) placed alongside the mussels for
estimation of contaminant concentrations in wated aptake rates and bioaccumulation factors
(BAFs) in mussels during a six-months deploymenmioge Estimated logBAFs were in the ranges 2.3
-55,3.8-52and 3.2 — 4.4 for metals, PCBs RAHIs, respectively. Contaminant levels in caged
mussels increased rapidly to stable levels foretracetals, whereas for hydrophobic organic
contaminants the increase was steady but slow andnény compounds did not reach the levels
observed in native mussels. Some key issues relateshussel caging design, such as mussel

deployment time and confounding influence from saatfluctuations, are discussed herein.

Keywords: blue mussels; biomonitoring; caging; enmihant bioaccumulation factors

1. Introduction

Blue mussels Miytilus spp.) are widely used as sentinels in coastaupatli monitoring (mussel
watch) programs, mainly because their biologicabrahteristics make them very suitable as
bioindicators for assessing the quality statusoaistal waters (Farrington et al., 2016; Beyer etlab
volume). Most often mussel watch studies involvélection of samples from natural blue mussel
populations, but the adoption of an active biommmyg alternative by using transplanted blue mussel
has gained considerable popularity in ecotoxicologgsearch and monitoring. Indeed, the

straightforwardness of using controlled deployméntene of the key advantages with blue mussels in
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marine monitoring. The comparability of deployed arative mussels in pollution biomonitoring has
therefore been investigated in a number of fialdligts, e.g. (Regoli and Principato, 1995; Peveal. gt
1996; Walsh and O'Halloran, 1998; Nasci et al.,2®icson et al., 2002; Nigro et al., 2006), and
others have suggested that an integrated use oitoriog data from both native and transplanted
mussels may provide a more accurate assessmentllatapt uptake and effect phenomena at
contaminated field locations, e.g. (Bodin et aDP#, Bebianno et al., 2007; Serafim et al., 2011,
Brooks et al., 2012). A key question for all sueyiag studies is how long the blue mussels should
stay deployed to be fully representative as a biold sample for assessment of pollutant

concentrations and other ecotoxicological pararaeter

Mussel caging is particularly useful when indigenowssels are scarce or absent at the planned study
sites. The mussel caging alternative is therefooeeasingly more being used in trend monitoring
(spatial and temporal) and in industrial complianenitoring (e.g. comparing to quality standards or
regulatory benchmarks). However, the actual confyiétsaof caged and native mussels under the
specific study conditions is often insufficientlpalimented. It may for example be relevant to gfarif
how key factors such as deployment time, caginggde&.g. fixed or floating mussel rig setups),
genetic homogeneity/variability of the caged mussetc., could affect the general outcome of the
study. The investigator may often want to manifukey study factors (such as timing and duration
of exposure, positioning of the caged specimens) &t a controlled manner to create more accurate
study designs and to increase the overall qualitthe monitoring data. In Norway, technical
requirements for mussel monitoring are embeddedatonal environmental regulations which
recently were updated to comply with demands esgesn the EU Water Framework Directive
(WFD, 2000/60/EC) and the Marine Strategy Framewirective (MSFD, 2008/56/EC). These are
two wide-ranging trans-national environmental ligien frameworks designed for the protection and
restoration of aquatic environments in Europe,Bega et al. (2010). Relevant requirements relate t
representative positioning of stations, choiceamhgle matrices and the use of quality standards)QS
for evaluation of quality status based on contanmtim@ncentration data. With this in mind, a further
harmonization of the concept of mussel caging cooéd important, as it may facilitate the
standardization of field monitoring designs anddretomparability of coastal monitoring conducted

in different countries.

In this study, we study contaminant bioaccumulatioblue mussels transplanted to the waters of the
city harbor of Kristiansand (Norway), an area knotenbe moderately to severely polluted by a
mixture of inorganic and organic contaminants; ey nickel, copper, cobalt, polycyclic aromatic
hydrocarbons (PAHs) and hexachlorobenzene (HCB® ddged mussels, and also native mussels
from the harbor, were repeatedly sampled duringraog of six months and analyzed for trace metals,

polycyclic aromatic hydrocarbons (PAHSs), polychtated biphenyls (PCBs), and chlorinated
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benzenes. Co-deployed passive sampling devicesugdié Gradients in Thin-films (DGTs) and
silicone rubbers) were used to estimate freelyoliresl contaminant concentrations in the seawater
and this allowed the calculation of uptake and etion rates as well as bioaccumulation factors
(BAFs) of contaminants in mussels based on firdepsingle-compartment toxicokinetics. The results
of the present study are relevant in the contexaroongoing work coordinated by the Norwegian
Environmental Agency (NEA) and Standard Norway (@jing to develop a Norwegian Standard

(NS) for how to use blue mussels and blue musgghgan marine pollution monitoring.

2. Material and methods

2.1 Study design and field work

The field work was conducted in the period late Malate November 2015. A suitable number of
blue mussels (size range 3-5 cm) was obtained &romussel farm located in Kaldvellfjord (Lillesand,
Norway), a locality distant from known point souscef contamination. First, two replicate samples
each including 60 individual mussels were groupadl faozen to serve as before-deployment controls
for the caged mussels. The other mussels wereptreted rapidly (in a cooling box equipped with
cooling elements and some brown algae to keep hwmidiitions) to the caging stations in the
Kristiansand city harbor area. The mussels wereobutvater for only about two hours. Caging
Stations 1 and 2 were located in the inner andrqate of the harbor, respectively (Figure 1). iBtat

1 (GPS position 58.13713, 7.97239) was locatethbyquay of a metal processing plant that produces
high quality Ni as well as Co and Cu, whereas &ta® was located about 2 km in SSE direction from
Station 1 in the outer harbor area by the smadt Sizensholmen (58.12546, 7.9878).

Mussel caging rigs, based on collapsible 5-floatden nets (1 m vertical height), were prepared and
equipped with approx. 1000 mussels per rig. Pasaweplers (DGTs and silicone rubbers) were also
mounted in duplicate at each rig. Field control gi@ms were used to assess contamination in
unexposed samplers and in the case of siliconeerubamplers to measure initial performance
reference compound concentrations. Samplers wefeoal the same batches and were all analyzed
together. The rigs were positioned in the sea bgmmef buoys, ropes and weights at each station.
The upper end of the lantern net was approx. atdepth. Native mussels of suitable size were only
living at caging Station 2 (Svensholmen). The mugspulation at Station 2 had been monitored
annually since 1998 in connection with the Norwag@ntribution to the Oslo-Paris Commission
(OSPAR) Joint Assessment and Monitoring programi#dAP) (Green et al., 2016). After the start of
mussel deployment at May 292015 (day 0) each rig was sampled after appraeiypane month
(July 2nd, 34 days), three months (Sept. 10, 1§4)dand six months (Nov. 26, 181 days). Samples of

native mussels (at Station 2, Svensholmen) werkeate at the start-up day (in late May) and
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subsequently the same days as for the caged muBselgach sampling day, approx. 150 mussels
were retrieved from each rig and from the Svenskalmopulation and transported (cold and humid)
to the NIVA laboratory (Grimstad) to be frozen astdred to sample preparation. The mussels were
not depurated before freezing. Sea temperatureadl@@ging stations were obtained at each sampling
day. Unfortunately, at the last sampling, the musgeat Station 2 had disappeared for an unknown
reason, thus these data (caged mussels and psasipées after six months at Station 2) are lacking
this study. The DGT samplers at both rigs weraenatd after one month of deployment to limit the

impact of fouling developing at the surface of saenpler.

2.2 Sample preparation and chemical analyses

The mussel sample preparation was performed acoptdi the OSPAR guidelines (OSPARCOM,
2012) and with further details described by Greeal.e(2016). The frozen mussels were thawed and
two replicate composite samples (each consistin§Oofnussels) per station and per sampling day
were prepared for the transplanted and native nsjgsspectively. The number of composite samples
was decided based on cost-effectiveness. In gertleeabptimal number of composite samples and the
number of individuals per sample depends on the afoshemical analyses relative to sampling and
sample preparation, as well as the level of inlenaariation among individuals due to e.g.
physiological factors (Bignert et al., 2014). Theks were scraped clean on the outside; the length
was measured by means of slide calipers; all &sti¢ was scraped out by using a scalpel, weighed,
and merged to a composite sample which was weibbfate it was frozen and stored at -20 °C until
further homogenization and analysis. Empty sheklsendried and then weighed sample-wise for
condition index estimation. Each pooled mussel $amas analyzed for As, Cd, Cr, Cu, Hg, Ni, Pb,
Zn, the 16 US EPA PAHs (EPA Methods 550.1/610/88200C/8310), the 7 indicator PCBs (CB 28,
52, 101, 118, 138, 153 and 180), hexachlorobenzm@achlorobenzene, fats/lipids and dry matter
by using the analytical methods described by Getexh. (2008). Quality Assurance (QA) of chemical
analyses at NIVA and Eurofins are carried out bytip@ation in international intercalibration
exercises (QUASIMEME) and other relevant profickeriesting programs with acceptable results
(Green et al., 2016). Certified reference matei@RM), Standard Reference Materials (SRM) (e.g.
DORM-4 fish protein and QUASIMEME reference bioangples) and in-house reference materials
are analyzed routinely. The laboratories are ade@dccording to ISO/IEC 17025:2005. Chemical
analyses were performed on wet tissue sampleshendontent of solids and lipid were measured to
enable statistical examination of chemical conediain data at a wet weight (wet wt.), dry wt., and
lipid wt. basis. The data reporting format is sfiediin table and figure legends. Freely dissolved
contaminants concentrations ({§ were estimated from passive samplers, DGTs foralmeand
silicone rubbers for PCBs and PAHs. The DGT passamaplers were analyzed for Al, Ca, Cd, Co,

Cr, Cu, Fe, Ni, Pb and Zn (but not Hg), while tlileesne rubber samplers were analyzed for the 16
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US EPA PAHSs, the 7 indicator PCBs, HCB and pentadilenzene following procedures described
by Allan et al. (2013). The preparation, extractemd analysis procedures and data of DGT and
silicone rubber passive samplers are shown in tng&ting Information. Field control passive
samplers were used to estimate possible contamieagis present in non-exposed samplers and in
the case of silicone rubber passive samplers, thasatement of initial performance reference
compound concentrations, as recommended by Boalj é€2006) for silicone rubber and by Dabrin et
al. (2016) for DGT passive samplers. The NIVA laiory participated in QUASIMEME
intercomparison exercises on passive sampling AliSil™ silicone rubber in 2014 and 2015 and

obtained excellent results.

2.3 Treatment and statistical examination of data

Contaminant concentrations in caged and native elsissd in passive samplers were compared and
examined for station-wise and temporal trends durihe six months’ study period. Single-
compartment uptake/elimination modelling was emetbyfor evaluating the contaminant
bioaccumulation processes. Statistical analysis peaformed with the use of R software (version
3.3.2) and Statistica software (version 7.1, StatSaulsa, OK, USA). Differences were evaluated
using Analysis of Variance (ANOVA). The small samize is itself not invalidating ANOVA so
long as the assumptions are met. Checking the ityn@ssumption, which is critical with a low
sample size, is not feasible using graphical methed there are only two samples per
site/date/treatment. However, the use of compasiteples of a large number of mussels has the effect
of normalizing the data greatly. Thus, even whea distribution of concentrations in individual
mussels is extremely skewed, the distribution ofcemtrations in a composite sample of 60 mussels is
expected to be close to normal. Levene’s test vgasl tio test for heterogeneity of variance. When
necessary, data were lggransformed to reduce heterogeneity of varianoesdme cases, both
deployed and native mussels showed the same geretapproximately linear trends over time; in
these cases, we used ANCOVA to analyze the difter&etween deployed and native mussels across
sampling occasions. A significance levelbof 0.05 was chosen. Due to the low sample siza&jypeg
should be interpreted with some caution when pasare between 0.01 and 0.05; on the other hand,
it should also be kept in mind that the statistjpaver is low. The regression tool in Sigmaplot was
used to obtain BAFs and contaminant depuratiors r@ for contaminants accumulating in mussels.
Modelling of the uptake of organic contaminants KiBAand PCBs) in native mussels at the
Svensholmen site was done by using Equation (Jessribed by Bjork and Gilek (1999):

Cm, _
Cmt = Cmy + Crree(BAF — TTZ)@ — e~kat) (Eq. 1)

where G, is the concentration in mussels (ng/kg wet wtgs & the freely dissolved concentration

from silicone rubbers (ng/L), BAF is in L/kg, ang ik the ' order mussel depuration rate'{dCn o

5
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and G are known, BAF and.kwere estimated from the modelling of contamingrttilke at Station
1 (industrial harbor site) (when kalues were not obtained, we used the medianloésaeported for
PAHs or PCBs), and t is either 34 or 104 d. Theafsequation 1 in relation to data obtained from

passive samplers was performed as described by &aali (2006).

3. Results

Biological data and the results of chemical contemt measurements in O-group reference, deployed
and native mussels in the present study are showable 1. The survival of deployed mussels during
the six-months caging period was very good, witacpcally no mortality, but during the caging
period a lowering trend of lipid content was re@atdn caged mussels. This trend was also observed
in native mussels, indicating seasonal fluctuatiarthe study area. However, this general decrefise
lipid content would obviously have an influence tre accumulation of contaminants, and in

particular of the hydrophobic substances.

The chemical analysis of the reference mussels fthen donor site (Kaldvellfjord) confirmed
generally low contaminant concentrations in thegeployed mussels (Table 1), except for Cu which
was found to be approximately twice the level expeécfor an unpolluted sample. After being
transplanted, a substantial increase of multipletarinants was observed in caged mussels at both
stations. The increase was most pronounced foehiekStation 1 (Figure 2), which increased up to
35 times when compared with the concentration @daployed mussels (Table 1). The DGT passive
sampler accumulates labile metal species from isolwthile deployedn situ, thereby providing an
estimate of the bioavailable fraction of metalsjahtwill include both free metal ions and kinetigal
labile metal complexes (i.e., those with rapid d@sation kinetics) (Zhang and Davison, 1995). The
relationship between the concentrations of metalslie mussels (both transplanted and native) and
labile metal concentrations measured with the D@inger is shown in Figure 3. Based on the
measurement of DGT-labile concentrations, blue elusater bioaccumulation factors for metals
measured in transplanted and native mussels ceutdilsulated (Table 2). Interestingly, as shown in
Figure 4, the various metals detected in this sgidywved variable uptake patterns in transplanteld an
native mussels, e.g. with concentrations of Hg ématlyzed in DGTSs), Pb, Fe and Cd being relatively
higher in the native mussels than in the transpthntussels whereas aluminum loads were generally

higher in the transplanted samples.

The bioaccumulation curves for the different PCBigeEners detected in caged mussels at Station 1
varied significantly based on the degree of chitron (and thus hydrophobicity) (Figure 5). As
shown in the results overview in Table 1, there wasoticeable difference in PCB concentration
levels between the pre-deployment mussel sampléciiwdhowed the lowest levels) and all other

mussel samples (both deployed and native), andn#ttike mussels at Svensholmen displayed a
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slightly higher PCB level than the deployed mussglall time points (for PCB 7, t = 6.45, p < 0.001
in ANCOVA with time). Lipid-normalized concentratie of CB 138 and 101 showed a highly linear
increase over time for transplanted mussels at ditdls (CB 101: t = 3.11, p = 0.036; CB 138: t =
5.04, p < 0.01) (Figure 6). Some of the less chiigd congeners (i.e. CB 28 and 31), however,
displayed a very different pattern, namely by iasieg sharply during the first month before
decreasing during the following months. CB 101 &riB showed an intermediate pattern by
apparently plateauing after 50 days of deployme&vansholmen and after 100 days at the industrial
harbor (Figure 6). In the native mussels at Svensto, the PCB levels showed a slight but not

significant increase (p > 0.2) during the six mahgtudy period, as shown in Table 1.

For PAHSs, the highest concentrations were foundhi& native mussel samples (at Station 2,
Svensholmen), especially at the last sampling dayatds the end of the study period (Table 1).
Unfortunately, at this last sampling point, the inggrig at the Svensholmen site had disappeared.
However, the key trend in native mussels was thaPAH concentrations decreased from May to
July, and then increased again to September amdreeee to November (Table 1, Figure 7). This was
most likely related to spawning and a resulting loktissue lipids in the early deployment periedt
PAHSs in deployed mussels, there was a clear inergasoncentration between pre-deployed to the
deployed groups (similar as for the PCBs), empinagizhe non-polluted nature of the donor
population at the Kaldvellfjord site. The two cagigroups were slightly different, and interestingly
Station 2 site exhibited higher concentrations taation 1 (t = 4.14, p < 0.01; Table 1), i.e. an
opposite pattern to that seen for metals. The rmaptake patterns of PAHs in caged mussels were
relatively similar at the two sites and concentrasi of several PAHs (as pyrene, fluorene and
chrysene) increased linearly on lipid wt. basibath sites (Figure 7). A comparison of the Stafion
native mussels to the pre-deployed mussels cledrtyw that the waters at Station 2 were quite
markedly contaminated with PAHs, with concentratimi some PAHs up to >50 times higher for

Station 2 native mussels (Table 1).

BAF values (wet wt.) for PAHs and PCBs in blue nelssire shown as a function of lagkn Figure

8, and the estimated BAF values for the differe@BP and PAHs are shown in Table 3 and Table 4,
respectively. In Figure 8, data are plotted agditestature-based logls-logBAF relationships from
Booij et al. (2006) and Smedes (2007). On averalgsolute deviations between observed BAFs and
those from these empirical relationships from B@bipl and Smedes were on average 0.24 and 0.32
log units for PAHs and PCBs in native mussels afieh 2. Average absolute deviations of observed
BAFs for transplanted mussels at station 1 and r2 Wet0 and 0.35 log units and 0.32 and 0.41 log

units, respectively, when comparing with regressicurves from Booij et al. and Smedes.

Elimination rate constants for PAHs and PCBs ingpanted blue mussels at Svensholmen are shown
as a function of K, in Figure 9. The regression tool in Sigmaplot $edito obtain X The k values

need to be treated with care as there is relatilalye uncertainty in these values as shown by the

7
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standard errors and P-values reported in Tabled3Table 4. For PCBs, the kalues range between
0.016 d" for CB 52 to 0.043 dfor CB 101 in exposed blue mussels at Station bl€Ta); whereas for
the PAHSs, the k values range between 0.008" dor benzo[b,jlfluoranthene to 0.041"dor

fluoranthene in exposed blue mussels at Statiote {&able 4).

For Station 2, mussels of the final exposure pewede lost, and therefore uptake curves for PAHs
and PCBs with logKkow > 5 did not present significalateauing, and modelling with Equation 1 was
difficult. Instead, we used an average g¥&lues from Station 1,at t = 0 d and e from passive
samplers to predict fgsser @t 34 and 104 d. The relationship between pretficbserved
concentrations in the deployed mussels at Stat@and?the hydrophobicity of the measured PAHs and
PCBs is shown in Figure 10. In general, deviatibesveen observed and predicted PAH and PCB
concentrations in mussels are < 0.4 log unit, exjaivt to no more than a factor of 2.5. Apart fréma t
least hydrophobic PAH (naphthalene) there appe&etan increasing predicted/observed ratio with
higher hydrophobicity.

4. Discussion

In the present study, non-contaminated blue musseds passive sampler devices were deployed
alongside native mussels within a moderately petiuity harbor area (Kristiansand, Norway) both to
assess the contamination level at this locatiompare the temporal pollutant bioaccumulation in
transplanted vs. native mussels, and also to estibi@accumulation parameters contaminants using a

first-order, single-compartment toxicokinetic apgehb.

At Station 1, the innermost harbor location, thliing of significantly increased nickel concenwati

in caged mussels corroborates recent monitorirthisitsite (Schgyen and Havardstun, 2016) and is
also supported by the fact that the site is invibimity of a nickel processing plant. Accordingdata
from caged mussels, Station 1 was generally montaatinated than Station 2, except for PAHSs.
Interestingly, Station 2 was located relativelyseldo the Fiska bay area (Figure 1) which is hame t
an industrial company that earlier was known tothe main source of PAH pollution to the
Kristiansand harbor waters. The finding was alsengithened by analyses of native mussels at Station
2, which showed elevated PAH levels as comparel typical background levels and with levels
measured in the 0-group mussel. For metals, thiysieaesults in caged mussels indicated that a
putative steady state was reached relatively &mt,generally faster than the non-polar, hydrophobi
organic contaminants. A one-month deployment seamée long enough for stable concentration to
be established. For the hydrophobic organic comtans (PCBs and PAHS), a linear bioaccumulation
occurred during the first months of caging, but tieployed mussels did in general not reach the
concentrations detected in the native musselsewen after six months of deployment. However,

some of the least hydrophobic PCBs and PAHs (eRy2& and naphthalene) showed a different

8
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pattern with a plateauing tendency already after month, when contamination data on wet wt. basis
were used, indicating the reaching of a steady $tatthese congeners. But this plateauing tendency

was not seen for lipid-normalized concentrations.

The native mussel population at the Station 2 w#s analyzed repeatedly during the six months’
study period and these data clearly indicated tindozinding influence from seasonal fluctuations on
biological parameters (lipid %) as well as on cleahcontaminant endpoints (especially PAHs but
also some of the PCBSs). In retrospect, repeateglgagmand analyses of mussels from the donor-
population (the Kaldvellfjord site) at each samglidate during the whole six months’ study period
would have provided a better basis for assessmgahfounding influence from seasonal fluctuations
in the present study. The PAH level in the nativessels decreased in the early phase of the stualy to
minimum during summer and then increased again ridsvéhe last sampling point in November.
Many studies emphasize the relevance of considesegsonal fluctuations when interpreting
contaminant data (and also biomarker signals) we binussels, e.g. (Bjork and Gilek, 1997;
Westerbom et al., 2002; Orban et al., 2002; Pfafal., 2005; Leinio and Lehtonen, 2005; Nesto et
al., 2007; Farcy et al., 2013; Schmidt et al., 20¥iBgica et al., 2015). The annual cycle will in a
complex and dynamic manner influence pollutant deoanulation processes that ocausitu and the
biological condition and pollution responses thapearin vivo in mussels. In this regard, variability
in nutritional/growth and reproductive (e.g. spawgniand gametogenesis) factors are important,
regardless of whether the endpoints of the studychemical exposure markers or ecotoxicological
effect markers. Nevertheless, the mussel sentdegtoyed in the Kristiansand harbor in the present
study, rapidly changed from the pre-deployment llekg accumulating increased levels of
ecotoxicologically relevant metals, PAHs and PCough most of the PAHs showed consistently
lower concentrations than the levels found in théve mussel collected from the Svensholmen site.
However, it may be argued that steady-state camditimay not need to be reached for deployed
mussels if the objectives of the study are to campantamination levels at different field sitesfar
establishing time trends, so long as the kinetieGcoumulation are the same at all sites (i.e. Same

of year, similar water temperature, same deployrdesign, etc.). The generally higher PAH levels in
native mussels than in transplanted mussels irptesent study is most likely because the native
mussels had a much longer time of exposure (seyeaat). The long-term bioaccumulation of PAHs
in native mussels is a complex process and the limagef this process requires the use of multi-
compartment uptake and elimination modelling toelg, (Stegeman and Teal, 1973), or toxicokinetic
models such as those based on dynamic energy b(ldg8) theory, e.g. (Vanharen and Kooijman,
1993; Vanharen et al., 1994), which can estima&e dizgnamic influence on bioaccumulation by
multiple factors related both to the pollutant, #revironment, and the physiological condition af th

sentinel organism.
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However, first-order, single-compartment models atl the most common tools in the
ecotoxicological studies for studies of contaminbiaccumulation and for estimating BAFs. So,
what could be the best endpoint for indicating thgady-state contaminant concentrations are
obtained in deployed mussels: an observed platgafi,/Cy.e Or the determination of identical,C

in native and transplanted mussels? In our stutBretwas apparently a systematic trend towards a
higher predicted/observed ratio with higheg,Kalues within both the PCBs and PAHs chemical
classes (Figure 10). Other studies have foundthigalinear relationship between logBAF and lggK
does not hold for compounds with logKk> 6. Devillers et al. (1996), and Barthe et al. 080
suggested that this phenomenon is caused by dierdrance of permeation through biological
membranes by the larger (and higheg,)Kcontaminant molecules. Here, the accumulation and
depuration rates were different for PAHs and PCB® slope of the regression of logBAF against
logK,w was slightly lower than 1 (0.92 for PCBs and 0at6PAHS) (Table 5), which is similar to that
reported by Booij et al. (2006) in a review studhatt addressed the three mussel spedigtdus
edulis, M. complanata, andPerna viridis. The intercepts in our study are apparently dadier than
those reported by Booij et al. (2006) and it shdudnoted that the reported ratios span 4 orders of
magnitude. The BAF values obtained in this study @nsistent with the values by the Booij et al.
(2006) review. As expected from contaminant madgeesd in native and transplanted mussels,

differences in BAFs can be seen for native andsplamted mussels.

The time required for deployed mussels to reacidgtstate for different contaminants will obviously
depend on the toxicokinetic properties of the dfepoliutant substance, on factors attributedhi® t
mussel (condition, reproductive state, etc.), a ageon recipient factors situ. While the uptake of
hydrophobic (non-polar) organic contaminants, sasfPCBs and PAHSs, occur as a passive diffusive
process/equilibrium partitioning, other and morenptex mechanisms are thought to be involved for
trace metals, as their accumulation by mussel #mer aquatic organisms is influenced by a variéty o
factors, such as multiple routes of exposure (@t solution), metal speciation, ligand association
and complexation, chemical composition of the sumding medium and physiological or biochemical
effects on bioavailability (Luoma, 1983; Simkissdamaylor, 1989; Luoma and Rainbow, 2005).
According to Jenne (1977), the bioavailability &de metals to mussels may be influenced by at leas
four factors: (1) the physiological and ecologichlaracteristics of the mussels, (2) the forms of
dissolved elements, (3) the forms of elements igested solids, and (4) the chemical and
physiological characteristics of the seawater. fstance, Cd entry into cells of gills of marine
mollusks may occur through calcium channels (Radsi@nd Unger, 1993). Some elements are also
essential, meaning that they are necessary famapgrowth, development and homeostasis. As such,
organisms are capable of regulating these metatdbell and Marshall, 1988). Differences in
accumulation between transplanted and native naise®y therefore be a consequence of

physiological differences (e.g. pertaining to thgé&neral condition), resulting in different uptake
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and/or depuration rates for specific elements. Thisld be related e.g. to different ingestion rates
different transport through ion channels at thé cembrane, or different concentrations of metal-
binding proteins, such as metallothionein. Cd may eompete with Ca for transmembrane transport
by calcium pump in the epithelia of mussels. Theidéioaccumulation of trace metals in caged
mussels in the present study, in particular ati@tal, has also been observed by others. Regoli and
Orlando (1994) studied the uptake of Pb, Fe, andrivytilus galloprovincialis deployed at a metal
polluted site and reported that a steady statereached after only 2 weeks, suggesting that mussel
rapidly equilibrate with the elevated environmenéalels of metal pollutants. It can be expected tha
native and transplanted mussels experience expdesutbe same forms/species of the elements
(dissolved or associated with solids) and waterattaristics, however, these may change with time,
and thus explain some of the differences obsenetdbden mussels sampled in July (34 days) and
mussels sampled in September (104 days). With cespePCBs and PAHSs, there was a good
correspondence in the present study between leedésmined in mussels and levels determined in
water through the use of passive samplers. Moredber observed bioaccumulation in mussels
revealed only little systematic difference betw@&Bs and PAHSs (e.g. Figure 8, Figure 9, and Figure
10). The correspondence between mussels and passiwglers for PCBs and PAHs was actually
better than expected, especially for the PAHs whicthese industrially influenced harbor waters can
be expected to be predominantly associated withhasoopic coal tar pitch and soot particles of a
local industrial origin. Such particles may cont®AHs both adsorbed to the particle surface as well
as absorbed in the internal particle matrix, amy #re key factors for the partitioning, bioavailin
uptake, and bioaccumulation of PAHs in aquatic mmments (Gustafsson and Gschwend, 1997,
Gustafsson et al., 1997; Cornelissen et al., 2005he present study, PAHs from a predominately
soot particle origin would be expected to be legailable for uptake by passive samplers in
comparison to by the mussels, as the active fifteding process of mussels will provide more routes
for uptake (both from diet and solution). Importgnas the mussels in this study were not depurated
prior to analysis, PAH associated to particles amed in the mussel gut must have contributedeo th
detected concentration level. However, the obsemigld degree of correspondence between PCB and
PAH accumulation in the mussels supports an assomibtat passive uptake from the solved fraction
was the dominating uptake route for both contantiméasses. And this uptake route is also what is

measured by the passive samplers.

In summary, a general increase of contaminant legs recorded when clean blue mussels were
deployed in the waters of the Kristiansand harbbe increase was most significant for certain nsetal
(Ni and Cu) at Station 1 (the industrial site), @¥his in agreement with our previous monitoringadat
of this site. At Station 2, the measured PAH leygldoth caged and native mussels) were markedly
higher than at the Station 1, which most likely vdage to the closer proximity of Station 2 site to

another industrialized site which historically wéshd probably still is) the main source for PAH
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contamination to the Kristiansand harbor waterse Tative mussels present at Station 2 were
significantly more contaminated by PAHs and PCBmntkthe mussels deployed in the harbor study
area, also after six months’ deployment. The high RAHs displayed a higher native - transplant
ratio than the trace metals, indicating that a érigne than six months is required for steadyestat
establish. In order to establish steady statelfen@nitoring-relevant contaminants, the caged ralsss
will probably need to be deployed for exposure firtiet are in the range of the age of native msssel
Although this is possible to achieve, it will no¢ Ipractically feasible for most mussel monitoring
studies. Rather, from a practical viewpoint, smoussel deployments are by most means desirable as
it reduces both field costs as well as the rislpraictical problems such as biofouling or the loks o
caging rigs. Our results suggest that the optireplayment time in mussel caging is highly substance
dependent, with the most hydrophobic organic coimtants requiring very long deployments. Short
term mussel deployments, such as one-two montipgaao be suitable for trace metals and the less
hydrophobic non-polar organic contaminants. Howgesech quite short deployments may also work
fine for monitoring of other, more hydrophobic, anic contaminants as long as the study aim is to
compare time trends and relative exposure loadsliffdrent field sites, and not to describe
contaminant concentrations under real steady statditions. For the latter issue, the use of vengl
mussel deployments would be recommended, if theat@n and analysis of native mussel sentinels
is not possible at the study site. Otherwise, &ctiinetic modelling approach must be used to tedi
theoretical steady state levels from contaminamicentration data in blue mussels that have been

deployed only for short periods of time or from gigs samplers, or both.
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Legends of figures:

Figure 1. Localization of the two mussel stations &nd 2 (industrial site and Svensholmen) in the hadr area of the

Kristiansand city, southern Norway.

Figure 2. Temporal changes in trace element concertiions in transplanted blue mussels (mg k§wet wt.) exposed at
Station 1 (industrial site) (O) and at Station 2 (Svensholmen)d) for deployment times of 34, 104 and 181 days. Not

the different scales on the y-axes.

Figure 3. Concentrations of trace elements (mg Kgwet wt.) in transplanted blue mussels at Station (industrial site)
and Station 2 (Svensholmen) (after 34, 104 and 18ays of exposure) and in native blue mussels (Stati 2 only;

sampled on 4 occasions) as a function of DGT-labit®ncentrations (ug LY).

Figure 4. Ratio of trace element concentrations itransplanted blue mussels over those in native bluaussels at
Station 2 sampled on July % (®) and Sept. 1& 2015 ©). Error bars are calculated from relative percent deviations
of duplicate analyses for transplanted and native mmssels.

Figure 5. PCB accumulation curves in transplanted lue mussels exposed at Station 1 (industrial sit€jhe y-axis
Cr/Cree (L kg™) represents the concentration in mussels (Cin ng g* wet wt.) over the freely dissolved concentration
in water (ng L) determined by passive sampling for each samplirtime (0, 34, 104 and 181 days). Duplicate pooled
mussel samples were analyzed. See material and medls section (section 2.3) and Equation 1 for modéhés.

Figure 6. Accumulation curves over time for PCBs onvet (w.) and lipid (I.) wt. basis in transplantedmussels at
Station 1 (industrial site), and both transplantedand native mussels at Station 2 (Svensholmen). Cwr¥itting was for
visual impression and has no mathematical meaning.

Figure 7. Accumulation curves over time for PAHs orwet (w.) and lipid (I.) wt. basis in transplantedmussels at
Station 1 (industrial site), and both transplantedand native mussels at Station 2 (Svensholmer@urve fitting was for
visual impression and has no mathematical meaning.

Figure 8. Logarithm of bioaccumulation factor (log BAF, calculated as the contaminant concentration wewt. in blue
mussels over the freely dissolved concentration)f®AHs (empty symbols) and PCBs (filled symbols) fonative
mussels at Station 2 (Svensholmen), transplanted sgels at Station 2 and transplanted mussels at Stat 1
(industrial site) as a function of logk,,,. See the text for derivation of log BAF values. Eor bars for log BAF for
native mussels from Station 2 represent standard d&tion calculated from log BAF estimated at time 034, 104, and
181 days of the experiment (n = 4). The solid and dled lines represent logBAF-logKow regressions frofooij et al.
(2006) (log BAF = 0.84 logls, -0.49) and Smedes (2007) (log BAF = 1.1 logi-2.14), respectively.

Figure 9. First-order depuration rate constants, k for PAHs and PCBs in transplanted blue mussels exged at

Station 2 (Svensholmen). The regression shown is fmoBooij et al. (2006).

Figure 10. Logarithm of the ratio of predicted PCB ad PAH concentrations as a function of k,y in blue mussels over

observed concentrations for transplanted blue mussexposures of 34 and 104 days at Station 2 (Svenghen).
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Figure 7
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Figure 8
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Figure 9
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607  Figure 10
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610

611

612 Table 1: Contaminant concentrations (wet wt.) in dployed and native blue mussels in the Kristiansantarbor area at Station 1 (industrial site) and Staibn 2 (Svensholmen). All
613 concentrations are shown by the mean concentratioof two replicate composite samples. For comparisothe rightmost columns show the 10 and 90 percergilconcentration levels in
614 M. edulis from background and slightly impacted stations inthe Norwegian coastal monitoring program, see Beyaest al. (this volume) for more details. Data showimn shaded boxes

615 are above the 90 percentile level.

616
617  (Table 1 is uploaded separately as an excel file)
618
619

620
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621

622 Table 2. Blue mussel-water bioaccumulation factorog BAF, wet wt.; L kg™) for trace elements measured in transplanted andative mussels (mg kg wet wt.) at two exposure sites

623 based on DGT-lahile concentrations in water (§sr; ug L™).

Mussel-water bioaccumulation factor (log BAF; Lg
Station 1 (industrial site) Station 2 (Svensholmen)
Transplanted Transplanted Native
34d 104d 181d 34d 104 d July 2nd Sept. 10th . [R6th
Al 5.53 5.10 4.96 4.65 4.34 4.39 3.97 4.65
Pb 4.14 3.34 4.45 4.58 3.98 4.84 4.31 4.76
Fe 4.99 4.74 4.77 4.94 3.47 5.04 3.60 4.79
Cd 4.05 3.99 4.17 3.91 3.83 4.15 4.05 4.19
Ca 3.29 3.91 3.28 3.35 3.63 3.57 3.62 3.23
Cu 3.13 2.61 3.76 3.80 3.46 3.92 351 3.80
Co 2.77 2.75 2.97 3.43 3.24 3.61 3.06 3.65
Cr 4.15 4.19 4.06 4.00 3.85 4.28 4.13 4.00
Ni 2.30 2.50 2.33 2.77 2.68 2.89 2.74 2.93
Zn 4.27 3.95 4.16 4.25 4.08 4.14 4.06 4.33

624

625
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627

628

629

Table 3. Results from two parameter modelling of tb uptake of PCBs into blue mussels exposed at Statil (industrial site).

Parameters BAF (L kY’ Depuration rate, }(d ) R? log BAF o (d)
BAF SE P-value K SE p-value

PCB31+28 6420 <0.0001 3.81

CB52 19139 4568 0.0086 0.016 0.01 0.153 0.80 4.28 44 1

CB101 53431 4004 < 0.0001 0.043 0.021 0.093(Q 0.88 73 4 54

CB118 64318 2888 < 0.0001 0.036 0.01 0.0141 0.96 81 4. 64

CB153 113580 5708 < 0.0001 0.023 0.006 0.0120 0.96 5.06 105

CB138 147551 8398 <0.0001 0.022 0.005 0.0066 0.97 A7 5 105
Cm

CF‘I‘EL’

with Yo = Cm(t = olcfree (34 d)

"wet wt.-based bioaccumulation factors

" 900 Calculation based on the estimated depurationtanhk and that the mussel concentration for the contantiof interest is negligible

SE: standard error

=Yy + (BAF = Y,)(1 — e~kat)
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631

632

633

Table 4. Results from two-parameter modelling of te uptake of PAHs into blue mussels exposed at Stati 1 (industrial site).

Parameters BAF (L kg')” Depuration rate, k(d™) R log BAF tooo (d)
BAF SE p-value k SE p-value

Phenanthrene 1702 418 0.0097 0.012 0.00¢ 0.2016 810.8 3.23 177
Fluoranthene 1854 158 < 0.0001 0.041 0.021 0.1144 .8720 3.27 54
Pyrene 3196 408 0.0005 0.027 0.015 0.1253 0.85 3.50 85
Benz[a]anthracene 7182 1663 0.0125 0.013 0.007 28.15 0.803 3.86 177
Chrysene 8187 1708 0.0049 0.012 0.007 0.1601 0.909 3.91 192
Benzo[b/j]fluoranthene 9686 2868 0.0278 0.008 0.005 0.1445 0.899 3.99 288
Benzo[K]fluoranthene 22081 5772 0.0123 0.011 0.006 0.1323 0.871 4.34 209
Benzo[a]pyrene 11682 3468 0.078 0.011 0.009 0.3122 0.492 4.07 209
Indeno[1,2,3-cd]pyrene 11355 2897 0.0594 0.014 .01 0.3298 0.35 4.06 164
Benzo[ghi]perylene 23660 2927 0.0013 0.013 0.004 03@m 0.92 4.37 177
Cf:ze =Y, + (BAF — Y,)(1 — e~¥2t)

with Yo = Gyt = 0fCrree (34 q)
“wet wt.-based bioaccumulation factors

“tgo9 calculation based on the estimated depurationtaohk and that the mussel concentration for the contamtiof interest is negligible

SE: standard error
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636

637

Table 5. Results of the linear regression of log BAwith logK ,, for PAHs and PCBs for native (Station 2, Svensholen) and transplanted (Station 2, Svensholmen and&ion 1,

industrial site) mussels.

n Slope Intercept 5]
a SE p-value Yo SE p-value

PAHSs N Station 2 14 0.692 0.066 < 0.0001 0.23 0.37 0.54 0.90

T Station 2 14 0.554 0.057 < 0.0001 0.88 0.31 ®.01 0.90

T Station 1 13 0.738 0.069 < 0.0001 -0.43 0.37 70.2 0.92
PCBs N Station 2 8 1.02 0.24 0.0051 -1.8 15 0.28 710

T Station 2 7 0.86 0.25 0.018 -0.9 1.6 0.60 0.71

T Station 1 6 0.924 0.134 0.0023 -1.3 0.9 0.22 20.9

log BAF = a logK,,, +Y,

N: native mussels; T: transplanted mussels; SBdsta error
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Highlights

» Bioaccumulation of anthropogenic contaminants in deployed and native blue mussels
during a six-month period was studied.

» Bioaccumulation factors for metals and organic contaminants were estimated.

» Differencesin contaminant levelsin transplanted and native mussels were observed.

» Significant confounding influence from seasona factors on contaminant concentrations
was observed.

» Standardization and harmonization of monitoring techniques that involve deployed and
native blue mussels are needed.



