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Abstract

The potential for metals to bioaccumulate in agquagiecies, such as fish, via trophic level
transfer was investigated. An vivo experiment was set up in a flow-through system in
which juvenile rainbow trout were fed blue musszlBected from a Class A pristine site and
an effluent-impacted river estuary, over a perib@® days. Selected elements (As, Cd, Cr,
Co, Cu, Fe, Pb, Mn, Mo, Ni, Se, Sn, V, Zn) wereedmined in the mussels and fish tissues
(muscle and skin) collected at 0, 14 and 28 daks 3tudy reveals the occurrence of metals
in mussels sampled in the Irish marine environmemd highlights the bioaccumulation
potential of metals in fish tissues via trophicnster. All 14 monitored metals were
determined in the mussels collected from both sites mussels collected from the effluent-
impacted site contained three times more Co, Moai8hV than the mussels collected from
the Class A site. Following a 28-day dietary expesconcentrations of As and Se (fish
muscle), and Pb, Se and Zn (fish skin), were dwpmtly greater in fish feeding on
contaminated mussels compared to those with aaed@sh feed diet. The significance of
metal detection and bioaccumulation in the musadl fesh tissues, highlights the potential
for metal exposure to humans through the food chsnfish are recommended as a healthy
and nutritious food source, it is important to yulinderstand metal bioaccumulation in

commercially important aquatic species and endweafety of human consumers.

Keywords. Aquatic pollutants Metals - Trophic transfer Bivalves - Fish - Inductively

coupled plasma — mass spectrometry

1.0 Introduction
Metals are naturally occurring constituents of tegth’s crust that can be divided into

biologically essential and non-essential groupseBsal groups of metals are vital for certain
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biochemical and physiological functions and aress#a according to their concentration in
the body i.e. macro and micro-essential metals @dmdod, 1971; Reinhold, 1975). Other
natural metal components of the environment inclugie-essential metals such as cadmium,
lead, mercury and arsenic which have no known Qio& function but exposure to
excessive guantities could lead to poisoning (Nagd Volesky, 2009). These non-essential
metals in particular have increased in concentnaitiothe aquatic environment over recent
years due to the rise in anthropogenic activitieshsas agriculture, mining and industrial
processes (Cobelo-Garcia et al., 2004; Yilmaz, 20De to their stable nature, these
elements can accumulate and persist in water, ssiliment and biotic matrices following
entry into the aquatic environment (Tudor et aDP&). Increasing efforts in wastewater
treatment have resulted following the establishnanstrict environmental standards and
laws for the regulation of industrial emissionswewer, a recent study by Jones et al. showed
significant metal concentrations entering the Irsfuatic environment from municipal
wastewater treatment plants (Healy et al., 2016eSet al., 2016).

In aquatic systems, the availability of a metalato organism depends on many
physico-chemical factors such as metal concentratsmlubility, pH, dissolved oxygen,
temperature, water hardness, salinity, as wellialodical factors such as species specific
uptake mechanism, age and feeding habits (JezieaskaWiteska, 2006). Furthermore,
metals may bind to organic compounds, suspendditlparand sediments present in the
aguatic environment therefore affecting availapitv aquatic life (Dallinger et al., 1987).
For fish species, there are two main mechanismshgh metals may enter the body: direct
entry via the gills or the body surface and trophamsfer via the alimentary tract (Ciardullo
et al., 2008; Sauligtand Svecevius, 2015). For the normal metabolism of fish, esakn
metals must be taken up from water, food or sedinfe@wever, similar to essential metals,

uptake and bioaccumulation of non-essential metafs also occur (Subotic et al., 2013).
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Direct uptake of non-essential metals and elevieels of essential metals in aquatic biota
has been shown to be toxic at trace concentrat@@ausing severe alterations to physiological
functions, growth rates and reproduction and inescases have led to mortality (Fisher and
Hook, 2002; Tchobanoglous et al., 2003). The OslosPConvention for the Protection of
the Marine Environment of the North-East Atlanti©SPAR) monitors and regulates
environmental conditions to inform policymakers lsws the European Community (EC)
about current hazardous water pollutants. Underniost recent EU Water Framework
Directive (WFD), cadmium, lead, nickel, mercury,daorganotin compounds are listed as
priority substances due to the level of concermagurding their persistence, bioaccumulation
and/or toxicity in the aquatic environment and ¥anich environmental quality standards
(EQSs) are specified in water, sediment and bidta. presence of these compounds needs to
be substantially reduced in the aquatic environraedt in the case of cadmium, mercury and
organotin; these compounds have been identifiegriasity hazardous substances which
need to be phased out of use (EU WFD, 2013).

Many fish species are among the top consumersophic pyramids in aquatic
ecosystems, feeding on algae, benthic animals &rdsp and as a consequence, they are
potentially endangered by both water-borne andlubete pollutants transferred along the
food chain (Saulidt and Svecevius, 2015). Dietary exposure may be a major uptakée
of many potentially toxic metals in aquatic bidtawever, bioavailability of dietary metals is
still not considered in regulatory guidelines ammtadregarding metal bioaccumulation in
aguatic organisms via trophic transfer is lackimgaddition, fish is highly recommended as a
food source as part of a healthy and nutritioug fiie humans but the presence of these
chemical pollutants is concerning, particularly fegular consumers of fish and a more
comprehensive understanding of metal bioaccumulatia dietary intake is required. For the

first time, this study will investigate the poteaitfor bioaccumulation of a range of metals in
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juvenile rainbow trout via dietary exposure to wiltvalves sourced from two locations off
the Irish coast. An attempt was also made to etaltie contributions of fish feed to metal

uptake by fish and assess its potential impactuonam health.

2.0 Materialsand Methods

2.1 Experimental setup

The facilities at Shannon Aquatic Toxicology Laliorg, Ireland were used for this exposure
experiment. Juvenile rainbow trouQricorhynchus mykis¥valbaum, 1752, Salmoniformes,
Actinopterygii, approximate weight 50+15 g), werusced from a pond system fish farm
facility (Roscrea, Ireland) and acclimatised for d&/s in one large tank of carbon filtered
municipal supply water. A flow-through system wasablished for nine 70 L aerated, glass
covered tanks, using the same water supply seflawaate of 0.2 L miff. Organisation for
Economic Co-operation and Development (OECD) GundeNo. 305 was followed for the
set-up and duration of this exposure with any ettcep noted (OECD, 2012). Tanks were
organised randomly, as shown in Figure S1 of th#pleunentary material. Six fish were
weighed (see Table S1 of the supplemental datamftividual weights) and transferred into

each tank to acclimatise for a further 24 h to oedstress levels before exposure initiation.

2.2 Feeding

During acclimatisation, fish were fed Nutra Par8 fish feed pellets (Skretting UK,
Northwich) daily at 1-2% of total fish weight. Thexperimental design included nine
exposure tanks i.e. three control tanks (EXP1) imctv fish continued to feed on the
commercial Nutra Parr 1.8 pellets, three mussetrobtanks (EXP2) in which fish were fed
wild blue musselsNlytilus edulig sourced from a Class A shellfish production aneder EC

Regulation 854/2004 (<23H. coli per 100 g of bivalve mollusc flesh and intra-véddru
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fluid), off the west coast of Ireland, and thrego@sed mussel tanks (EXP3) in which fish
were fed wild blue mussel$/ftilus edulig collected from an effluent wastewater exposure
site on the east coast of Ireland. The musselsechios this study were of the same size class
(4-6 cm) and were collected at the end of Auguétlpd, before the spawning period in
September. After collection, mussels (n=100 forheaite) were transported back to the
laboratory in a cooler box, rinsed free of debrishwltra-pure water, de-shelled, pooled,
chopped into small fragments, weighed into feedsldageach day of exposure and stored at
-80 °C until laboratory analysis. Bagged mussetl f@as removed from the freezer, cut into
small frozen pellets and fed to the correspondamiss. All tanks were fed daily at 2% of the
total fish weight present in the tank. For the colnanks, fish were fed commercial fish feed
pellets at the same quantities fed to the fishhia mussel control and exposure tanks.
Commercial fish feed can contain both macro- (sodichloride, potassium and phosphorus)
and micro- (copper, chromium, iodine, zinc and rsel®) minerals so it was important to
sample fish post-acclimatisation to assess ini@aels of metals in the fish pre-exposure.
Fish faeces were removed approximately 6 h afelifig by siphoning from the base of the

tank system.

2.3 Sampling

Fish (n=3) were sampled from the acclimation taefote the first day of exposure (0 d) as a
control and from each of the nine exposure tantex 44 days (14 d) and 28 days (28 d) of
feeding (n=9 per exposure). Fish were individuabyight with a net, sacrificed and length
and weight measurements were recorded. Fish fill@®rage weight of 12 gx2) were

collected at each sampling time point, dissected placed in labelled plastic bags. All

samples were transported back to the laboratorydmgnice and frozen at -80 °C for

subsequent analysis.
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2.4 Sample preparation and analysis of fish ane Iphussel tissue
Mussel and fish samples were washed with Milli-QGex§18.3 M2-cm, Millipore, Bedford,
USA] to remove debris and any adhering particuratderial and all samples were freeze-
dried at -52'C [FreeZone 12, Labconco, Missouri, USA]. Fish sempvere separated into
muscle and skin tissues and pulverised in an agatle mill (Fritsch™ Pulverisette 6
Planetary Mono Mill). Aliquots of tissue (approxitely 0.25 g) were decomposed and
mineralised using closed vessel microwave digestMultiwave 3000, Anton Paar, Graz,
Austria (Ratcliff et al., 2016)) in a class 10,0080 class 7) clean room using 3 mL of 67-
69% HNQ [SpA grade, Romil™, Cambridge, UK] and 3 mL of 3040, [TraceSeleét
Ultra, Sigma-Aldrich, St. Louis, USA].

Metal concentrations in the samples (As, Cd, Cr,@Qq Fe, Pb, Mn, Mo, Ni, Se, Sn,
V, Zn) were determined using a Perkin Elmer ELANR®e (Waltham, USA) inductively
coupled plasma mass spectrometer (ICP-MS) in stdna@de and equipped with a flow
injection autosampler (FIAS 93 plus) in a classOQ,&lean room (ISO class 6). The
determination of Cr, Fe, Zn, Ni and Se was caraedin dynamic reaction cell (DRC) mode
with methane as the reaction gas and for As wiyger as the reaction gas (Staunton et al.,
2014; Healy et al., 2016). Calibration standardisohs were prepared from a customized
multi-element standard (Inorganic Ventures, 100amid") prepared in Milli-Q™ water and
rhodium (®Rh) and indium *In) were used as internal standards to account for

instrumental drift and matrix effects.

2.5 Quality control
Certified reference materials (CRMs) of NIES No(Mytilus edulis National Institute for

Environmental Studies, Japan), ERM BB422 (Fish Muscle Pollachius virensEuropean
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Reference Materials, Joint Research Centre, Inbstittor Reference Materials and
Measurements, Belgium) and DOLT-4 (Dodfish livertibed reference material for trace
metals, National Research Council of Canada [NRGQRCN were used for standardisation
and method validation. Procedural blanks and CRMeewvincluded in each analytical batch
and the precision of the technique was evaluatedhbyincorporation and assessment of
duplicate samples and calibration check standardsughout the multi-element

determination.

2.6 Data processing and statistical analysis

Statistical analyses were performed using IBM SPER&istics software (Version 22.0,
Released 2013, IBM Corp., Armonk, NY, USA.). Totteshether the dataset was of
Gaussian distribution, a Shapiro-Wilk normalityttess used. Since most of the data set was
not normally distributed, with non-homogeneous aaces, nonparametric tests were applied.
For the comparison of metal concentrations betwegosures at defined time points and
metal concentrations over time for each exposupe®xent, a Kruskal-Wallis test with

Dunns post-test were used. The statistical sigafte level was set <0.05.

3.0 Results and Discussion

3.1 Quiality control

Both fish and mussel CRMs were utilised for methadidation and quality control. All
experimental values are shown in Table S2 in tipplementary data and agree well with the

certified reference values given.

3.2 Metal concentrations in fish feed and blue ralsssollected from the Irish coastline
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Nutra Parr 1.8 fish feed is a typical fingerlingfdior trout weighing between 5-15 g and was
administered during the depuration phase and thd EXP1 experiment. As this batch of
feed was not directly analysed for minerals, thecaklevels of metal content (Cu, Fe, Mn,
Se, Zn) have been provided by the manufacturemamadhown in Table 1. None of the other
metals studied were added to the feed during thdyation process, however, the presence
of these metals cannot be ruled out as raw mateused in the production of this feed e.g.
fishmeal and fish oil, can be potential sourcesgrficultural chemical residues and metals
(FAO, 2002). Metal concentrations (As, Cd, Cr, Cao, Fe, Pb, Mn, Mo, Ni, Se, Sn, V, Zn)
were determined in marine mussel tissue colleatexh fa Class A shellfish production site
off the west coast of Ireland (used in EXP2) arftleft exposed marine mussels from the
highly contaminated site off the east coast ofaindl (used in EXP3). Mussels from both sites
were found to contain all of the selected metakh wih measuring lowest at <0.1 ug dry
weight and iron and zinc measuring highest at 394jf1dry weight (EXP3) and 121 pg'g
dry weight (EXP2), respectively (Table 1). As mussz&n be consumed directly by humans
it is important to note that all of the metal remd measured in the mussel tissues collected
from both sites were below specified MRL values rpean Commission Regulation

1881/2006) and deemed fit for human consumption.
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Aveiage concentration

Metal _ (ug g~ dry weight) = S.D.

Fish feed Mussels Mussels

(EXP1) (EXP2) (EXP3)
As - 26.749+14.303 16.314+0.019
Cd - 0.558+0.141 0.646+0.004
Cr - 1.045+0.051 2.124+0.060
Co - 1.498+0.643 5.096+0.657
Cu 11.9 5.893+0.582 7.902+0.682
Fe 105.7 129.282+4.936 303.627+23.0R7
Pb - 2.755+2.441 3.094+0.043
Mn 15.7 2.906+0.288 6.931+0.108
Mo - 0.647+0.127 3.97240.275
Ni - 1.789+0.537 4.052+0.050
Se 0.65 3.246+0.935 5.124+0.146
Sn - 0.005%0.002 0.085+0.007
\% - 0.44040.032 1.389+0.033
Zn 140.5 121.110+51.838 102.360+8.634

Table 1. Metal concentrations in fish feed (theoretical ugl administered during the

depuration phase and to fish in EXP1 experimend, muussel tissues (measured average

value and standard deviation) fed to fish in EXEfags A site) and EXP3 (contaminated

site) experiments. Mussel tissues analysed weomkg and homogenised sample (n=2).

The monitoring of metals in Irish marine watessdiments, fish and shellfish tissues

is carried out to meet the requirements of the EataFramework Directive (WFD) and the

EC Quality of Shellfish Waters Regulation and, tontribute to the Co-ordinated

Environmental Monitoring Programme (CEMP) and Jokdsessment and Monitoring

Programme (JAMP) of the OSPAR Convention. Thesmmailt water monitoring studies aim

to provide tested methodologies to enable companaalritime data for assessment. As well
as priority metals, such as Cd, Hg and Pb, sew¢har essential micro-elements, such as Zn,
Cu, Cr, As, Ni and Ag are also regularly monitorkast and assessed in the aquatic

environment. As highlighted by previous studiesjaiy species at lower trophic levels may

10
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not possess a metabolic system as efficient or s their predators, increasing their
susceptibility to contaminant bioaccumulation anatenmarkedly reflecting contamination in
the marine environment (Kainz and Fisk, 2009). aémtipular, bivalve molluscs are widely
used in marine monitoring programmes as they callegen areas where metals and other
contaminants may be abundant and feed on the swlirmywater and sediment (Fung et al.,
2004; Hunt and Slone, 2010). Metal concentratiosteated in mussel and fish tissues are
measured against several assessment criteria, showiable 2, namely environmental
guality standards (EQSs) set by the EU WFD, backgicassessment concentrations (BACSs)
set by the OSPAR CEMP and guide values set by drEgulation for shellfish tissues.
Using these values to assess the metal concensatietected in the mussels collected for
this study (shown in Table 1), copper, lead and zoncentrations determined in both mussel
samples exceed the BACs outlined by the OSPAR CEBAZ values are used by OSPAR
to highlight metal concentrations higher than backgd levels but particularly for metals in
biological systems where a more in depth assessonggtia is required, the current risk of
effects associated with specified BAC values arknawn. The data yielded correlates to
information provided by the annual CEMP reports ttaow upwards trends in copper and
lead concentrations in mussels residing in thén I[8sa and more recently, concentrations of
Cu and Zn exceeding the stated BAC values in blusseis collected around the Irish coast
(OSPAR, 2013, 2014). Other metals measured in #mpkd mussels close to CEMP
background assessment concentrations included €dwest coast only) and Ni (east coast
only).

As stated above, annual reports by the OSPAR CEM clear upwards trends in
copper concentrations in mussels in the Irish Sealwwas also the case for Cd, Hg and Pb.
Concentrations of Hg in sediment are at levelsngjviise to risk of pollution effects in the

Irish Sea, but, levels in fish and shellfish remg@merally below EU maximum food residue

11
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limits (<0.5 pg @ wet weight) (EU WFD, 2013). As temporal trendscomcentrations can
only be determined using data collected systenibticaer relatively long periods, relatively
few significant trends could be discerned for tragstals in Irish waters due to limited data
series, although, a significant upward trend wdedaled particularly for Cd, Cu and Zn at the
North Bull Island site (Co. Dublin) in recent yedatglcGarrigle, 2010). This finding is
supported by a recent monitoring study which shoefedated levels of Pb, Cu and Zn in
surface waters sourced from inner city and indalsttocations such as Dublin City
Docklands and in some cases, EQS values for thes&amn surface waters were exceeded
(Jones et al., 2016). Shellfish sampled by the Malnstitute from the Irish coastline has
been previously shown to exceed the guide valuesngin the EC Quality of Shellfish

Waters Regulation for Cd, As, Ni and Pb in shdllfissue (McGarrigle, 2010).

12



270

EQS, BACs and guide values for metal residuesotabi MRLs for metals in foodstuffs
(g g* dry weight) (g g" dry weight)
EU WFD (2000) OSPAR (2014) EC Regulation in ISIGEPD
Metall . EU Commission
Env_lronmental Background Guid lues for metal (2006)
guality standard assessment uide values i
(EQS} concentrations (BACs concentrations
Mussels Fish Mussels Fish Shellfish Mussels Fish
Cd - - 0.96 0.13 5 5.0 0.25-0.5
Cu - - 6 - 400 - -
Pb - - 1.3 0.13 7.5 7.5 15
Zn - - 63 - 4000 - -
As - - - - 30 - -
Cr - - - - 6 - -
Ni - - - - 5 - -
Ag s - - i 15 - -
Sn - - - - - 1000* 1000*

271 *For tinned food
272 2 Converted value from wet weight to dry weight gsinfactor of 5 (Law et al., 2010).
273

274  Table 2. List of metals and their environmental qualitgretard in biota as set out in the EU Water Framkwuarective (WFD), the OSPAR
275  Coordinated Environmental Monitoring Programme (GBMnd the EC Regulations on the Quality of Sts#llfivaters as well as the maximum

276  residue limits (MRLS) for metals in mussels anth s foodstuffs, as set by the EU Commission.

277
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3.3 The effect of diet on the accumulation of nsatafish

The experimental design of this study was basedroarganism’s ability to graze on lower
trophic species more susceptible to metal bioactaton and aimed to assess the potential
for metal exposure and bioaccumulation within festd up a tropic level potentially leading
to human exposure. Rainbow trout are carnivore$ tbed on small insects, fish and
invertebrates. Blue mussels have been used inquevainbow trout diet studies (Berge and
Austreng, 1989). More recently, Arneson et al. @0fecommended blue mussels as a
‘sustainable and environmentally friendly’ fish deadditive due to their high production
rates and high protein and amino acid content. Hewealue to the effective accumulation of
metals in mussels, metal monitoring is requiredlifics fishmeal alternative.

Previously established methods were applied forideatification of metals in fish
tissues following a 28-day vivo bioaccumulation experiment. Fish were sampled ftioen
acclimation tank pre-exposure and from each ofnihe tanks at 14 d and 28 d to evaluate
bioaccumulation of selected metals in rainbow trieeiding on contaminated mussel tissue.
As fish skin often remains attached to the musdierwconsumed by humans, metals were
also determined in the skin to highlight all potehtoutes of human dietary exposure to
metals. Fish muscle and skin were collected froom dish sample and analysed via triplicate
injection on the ICP-MS. Water pH, temperature ahgsolved oxygen content were
measured throughout the 28-dayivo experiment on the days marked in Table S3 (a(c)
the supplemental data.

The data presented within this paper is a reflactid the exact experimental
conditions described and attempts to depict a wease (using wastewater effluent exposed
mussels in EXP3) and best-case (mussels deemadblsuibr human consumption in EXP2)
scenario, thus representing two different extreofedietary exposure. Using mussels from a

site where these fish thrive naturally may yieldules similar to those achieved in EXP2 and

14
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EXP3, however, as previous national monitoring istsidJones et al., 2016) have shown, the
spatial occurrence of metals and their concentratican vary from site to site. From the
results shown in Table 1, it can be accepted thanile rainbow trout in EXP2 and EXP3
were exposed to varied concentrations of metatsutiir a diet of wild marine mussels. The
average metal concentrations measured in the fisdtle and skin sampled over the 28-day
exposure are shown in Tables 3 and 4, respectiBelyplots were used to clearly depict the
spread of data points (interquartile range or IGRg median value, errors in the form of
whiskers (Tukey style i.e. no more than 1.5xIQRJ antliers for each dataset shown as an
asterisk. Statistical results for all metals carfdaand in Tables S4 (a) and (b) and S5 (a) and
(b) in the supplemental data. Those metals showitagistically significant differences
(p<0.05) in fish muscle and skin tissue concentratiaoross timepoints and exposures are

shown in Figure 1 for priority metals and in Figu& for all other unregulated
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315

Average concentration in fish muscle (igdry weight) + S.D.
Metal od 14 d 28d
EXP1 EXP2 EXP3 EXP1 EXP2 EXP3
(n=8) (n=9) (n=9) (n=9) (n=9) (n=9) (n=9)
As 3.773+£1.013 3.900 £ 0.595 4.869 £ 0.717 4.454689 4242 +1.343 5.241 £ 0.674 5.360 £ 0.543
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cr 0.046 + 0.023 0.031 £ 0.017 0.027 £ 0.008 0.029009 0.025 +£0.010 0.022 + 0.008 0.027 £ 0.019
Co n.d. n.d. 0.010 £ 0.008 0.027 £0.03 0.010 £ 0.0030.011 + 0.002 0.020 £ 0.004
Cu 1471 +£0.181 1.599 £ 0.207 1.763 £0.127 1.8091%0 1.528 £0.201 1.691 £ 0.15Y 1.666 £ 0.223
Fe 16.311 + 3.374| 13.261+3.75 14.686 £+ 2.559 1140372 | 14.586 +£5.272 14.469 + 3.083 11.801 H4.4
Pb 0.018 £ 0.004 0.007 = 0.005 0.015 = 0.007 0.0130849 0.007 £ 0.003 0.009 + 0.0038 0.008 + 0.003
Mn 1.491 +0.339 1.002 £ 0.464 1.091£0.314 0.789180 1.192 £ 0.620 1.005 £ 0.465 0.816 £ 0.138
Mo 0.022 £ 0.017 0.011 + 0.007 0.017 £0.011 0.02108® 0.017 £ 0.003 0.013 £ 0.002 0.025 + 0.007
Ni 0.059 £ 0.016 0.079 £ 0.025 0.080 £ 0.021 0.06346 0.045 = 0.008 0.044 £ 0.010 0.050 £ 0.012
Se 0.833 £0.077 0.866 £ 0.105 0.822 £ 0.139 0.92114D 0.817 £ 0.050 0.960 £ 0.082 0.931 + 0.057
Sn n.d. n.d. n.d. n.d. n.d. n.d. n.d.
V 0.024 £ 0.007 0.022 £ 0.006 0.024 = 0.006 0.019062 0.023 £ 0.011 0.022 £ 0.00Y 0.020 £ 0.004
Zn 24523 £3.167| 25.177 £3.34 23.290 £2.987 2328924 | 25.835+5.081 22506+2.097 22.188 224
316 n.d. = Not detected
317 Table 3. Metal concentrations measured in fish muscle sathfspbm each exposure (EXP1, EXP2 and EXP3) aaatipling time points (0, 14
318 and 28 days).
319
320
321
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322

323

324

325

326

327

Average concentration in fish skin (ug dry weight) + S.D.

o

oT O W S = S B

Metal od 14 d 28d
EXP1 EXP2 EXP3 EXP1 EXP2 EXP3

(n=8) (n=9) (n=9) (n=9) (n=9) (n=9) (n=9)
As 2.088 + 0.798 1.986 + 0.322 2.179 + 0.38¢ 1.83738D 1.867 + 0.543 1.817 £ 0.254 1.717 £ 0.39
Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cr 0.059 +0.020 0.063 + 0.052 0.050 + 0.01% 0.0480240 0.042 +0.014 0.115 £ 0.207 0.053 +£0.01
Co n.d. 0.030 + 0.009 0.031 +£0.013 0.039 +0.012 968.008 0.041 £+ 0.005 0.043 £ 0.010
Cu 1.751 +0.340 2.032 + 0.255 1.785+0.472 1.4132P0 1.683+0.512 1.415 + 0.407 1.410+0.19
Fe 49.490 + 18.658 46.530 + 12.85Y 52.203 £ 15.568 9®H#+ 14.180 57.761 £ 14.112 60.339 + 10.080 64946.908
Pb 0.043 +£0.029 0.045 +0.019 0.074 +0.022 0.07202D 0.043 + 0.009 0.074 £ 0.020 0.106 + 0.02
Mn 6.620 £ 3.171 5.752 + 1.956 5.460 + 1.77¢ 6.371202 7.039 +1.795 5.816 + 1.803 7.731 +2.29
Mo 0.034 £0.013 0.046 + 0.007 0.026 + 0.00¢ 0.042009 0.038 + 0.008 0.025 + 0.005 0.067 £0.02
Ni 0.103 £ 0.026 0.212 +0.082 0.234 + 0.103 0.152060 0.105 + 0.034 0.168 £ 0.137 0.126 + 0.02
Se 0.756 + 0.063 0.651 + 0.093 0.625 + 0.05¢ 0.762186 0.714 + 0.065 0.873+0.144 0.970+0.16
Sn 0.018 £0.014 0.011 £ 0.004 0.030 + 0.02" 0.012068 0.013 + 0.006 0.012 £ 0.006 0.012 + 0.00
\/ 0.095 £ 0.054 0.062 +0.017 0.094 + 0.041 0.107028 0.097 £ 0.043 0.086 + 0.027 0.157 £ 0.05
Zn 167.422 + 70.713 161.034 +28.970 167.303 + 47.80396.963 + 51.603 149.767 £52.333 202.861 + 56.18528.043 + 47.865

n.d. = Not detected

Table 4. Metal concentrations measured in fish skin sampiaeh each exposure (EXP1, EXP2 and EXP3) at allpsiaugn time points (0, 14

and 28 days).
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342

343

344

345

346

347

348

349

350

351

352

metals. Significant differences in metal conceirat across timepoints for each exposure
are highlighted with lower-case letters and sigaifit differences between exposures at
specific timepoints are shown with solid and dadihesk. Although every attempt was made
to select fish of similar size, there was still swoerable variability in the metal
concentrations determined in these fish populatipnsr to in vivo exposure, mainly
attributable to intra-species and size variatiohgctv may explain why there were large non-
parametric variances observed across the data. giisWwth was measured across all
exposures over the 28-day exposure time. For theated fish feed study (EXP1), growth
measured highest at 37-50%. In comparison, the ehussitrol study (EXP2) measured
growth between 0-16% and the mussel exposure ¢iEXRP3) measured growth between 0O-
4%. Similar to results shown by Berge and Austrérfi89), where rainbow trout were fed
diets of blue mussel tissue, poorer fish growth whserved with increased levels of blue
mussel in the diet. Growth performance was alseipusly monitored in a Nordic study in
2015 in which rainbow trout fed fishmeal and musselal based diets were compared.
Poorer growth was observed in the mussel meal bdiseut only when the fish were fed in
a restrictive manner with controlled portions. Whed ‘ad libidum, the lower methionine
level in the restricted mussel meal diet was noiitéd and resulted in the same growth

performance as the fishmeal due to the greaterdaddgrotein intake (Arneson et al., 2015).

3.3.1 Temporal accumulation of priority and regedtametals (Pb, Cd, Ni, As, Sn)

Lead was the only priority metal measured in alssal samples at concentrations exceeding
the BAC values for mussels and in addition to thesd was also found in fish skin pre-
exposure at almost double that of the BAC value fisin. Significant increases in lead
concentrations were observed in fish skin acrase for EXP2 (represented byandb) and

EXP3 (represented oy following the consumption of lead-contaminatedssel tissues over
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363

364

365

366

367

368

369

370

371

372

373

374

375

28 days, as shown in Figure 1 (i). Significant eliénces were shown between these mussel-
fed exposures and EXP1 at 28 d (solid and dasined)lias EXP1 showed no significant
change in lead concentrations in the fish skin aher same period (see Table S4 (b)).
Interestingly, lead concentrations showed a skeai$y significant decrease in fish muscle
collected from all three exposures over the 28-gagiod (Figure 1 (ii)) resulting in no
significant difference observed between exposur@8 a. In contrast, arsenic concentrations
significantly increased in fish muscle collecteanfr both EXP2 (represented ayand EXP3
(represented blg) with no significant change observed in EXP1 ahersame 28-day period.
This resulted in significant differences betweea thussel-fed exposures and EXP1 at 28 d
as shown in Figure 1 (iii) (solid and dashed linddp significant changes in arsenic
concentrations in fish skin were recorded (see @ &3l (b)). Nickel and tin concentrations
did not change significantly at 28 d but insteadptiiyed significant differences for
concentrations measured in muscle (nickel onlyirasvas not detected in fish muscle) and
skin tissues, at 14 d across exposure types andtiedirst and latter half of the 28-day
period within each exposure (see Tables S4 (afl@nahd S5 (a) and (b) in the supplemental
information). For metals where significant diffeces were observed at or between 14 d, it
has been suggested that the accumulation of mietdlsh at sub-lethal exposure is time
dependent and during the initial period of expostire metal is absorbed and accumulated at
a high rate, but then the level stabilises wheregunlibrium of metal uptake and excretion
rates is attained. This may be true to a greatEméxor low level non-essential potentially
toxic metals than more essential metals (Dalliregeal., 1987; Jezierska and Witeska, 2006).
Cadmium was not present in the fish tissues attfiedole levels and thus any changes in

concentration over time could not be determined.
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Figure 1. Boxplots depicting the change in priority metahcentrations (ug Y determined

in fish muscle and skin tissues across time po{fts14 and 28 d) and show lead
concentrations measured in (i) fish skin and (8hfmuscle; and (iii) arsenic concentrations
measured in fish muscle. Boxplots display the ouartile range, median value, error bars
(£1.5%IQR) and outliers (*) for each dataset. Letidgsote significant differences measured
within exposures over time, solid and dashed liuhesote significant differences measured

between exposures at certain time points.
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3.3.2 Temporal accumulation of essential (Cu, Fe, Mo, Se, V, Zn) and non-essential (Cr,
Co) unregulated metals

Zinc concentrations in fish skin sampled from EX&id EXP3 at 28 d were shown to be
significantly different, with measured concentraschigher in the EXP3 exposure (Figure 2
(1)), surprising considering the mussel feed adstered for this exposure contained the
lowest concentration of zinc (Table 1). No sigrafit changes in zinc concentrations were
measured in skin sampled from EXP3, however, tightstiecrease in zinc concentrations in
fish skin from EXP1 over the 28-day period (Tab)ealthough not a statistically significant
decrease, resulted in the significance measuredebet these two exposures at 28 d. No
significant changes in zinc concentrations in tisé imuscle were measured. As shown in
Figure 2 (ii) and (iii), selenium concentrationsfish muscle and skin, respectively, were
significantly different for EXP2 and EXP3 when caanpd to EXP1 at 28 d. Selenium
concentrations measured significantly higher ih fisuscle from EXP2 (represented d&yn
Figure 2 (ii)) and EXP3 (represented lbyn Figure 2 (ii)) after the 28 day exposure period
however, selenium concentrations measured in kshat 28 days for EXP2 (represented by
a in Figure 2 (iii)) and EXP3 (represented byn Figure 2 (iii)) were only significantly
different to those collected at 14 d but not tosth@oncentrations measured at 0 d. The
sizable bioaccumulation capacity and bioavailapilitf selenium in rainbow trout has
previously highlighted its potential as a good sewsf selenium in the human diet (Ciardullo
et al., 2008). However, dietary selenium level&bfug g in foodstuffs may be considered
toxic which is concerning considering the selenienels detected in the mussel feed (Table
1) measured up to 5 pg-giry weight (Sciortino and Ravikumar, 1999). Molgndm and
vanadium showed significant increases in conceatrah fish skin sampled from the EXP3
exposure across the 28-day period, shown in Figuyre) and (v), respectively. This resulted

in significant differences measured for these tampounds in fish skin samples collected at
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28 d between EXP2 and EXP3, but interestingly retiveen EXP1 and EXP3 (only for
vanadium at 14 d) most likely due to the wider agref data points for EXP1. Chromium
was measured in fish skin and muscle tissues aidwel concentrations (<0.05 pg gry
weight) and thus any significant differences obedrmay be a result of the high variation
between sample replicates (Tables 3 and 4). Cobaltl not be detected in fish muscle and
skin tissues at O d due to the method sensitivitywas quantified in both tissues at 14 d and
28 d which suggests an increase in cobalt cond@nrtsa however, as the 0 d timepoint was
not measured it is unknown if these results arenifsogntly different to any original
concentrations present. Copper, magnesium and masgalid not show significant changes
at 28 d but, similarly to nickel and tin, displaysignificant differences for concentrations

measured in tissues at 14 d across exposure types.
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Figure 2. Boxplots depicting the change in essential andexsential metal concentrations

(kg g%) determined across time points (0, 14 and 28 dYijozinc measured in fish skin;
selenium measured in (ii) fish muscle and (iiinfiskin; (iv) molybdenum measured in fish
skin; and (v) vanadium in fish skin. Boxplots deplthe interquartile range, median value,
error bars €1.5%IQR) and outliers (*) for each dataset. Lettdbegote significant differences
measured within exposures over time, solid and ethdines denote significant differences

measured between exposures at certain time points.
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3.3.3 The propensity of select metals to accumiuratish muscle and skin tissues

Five of the fourteen monitored metals (Cu, Mn, Ea,and Se) were present in all three fish
feeds administered. Copper, manganese and zinc werasured at lower average
concentrations in mussel feed, iron measured ataslynhigh concentrations in all samples
and selenium measured highest in mussel feed.nn with what was measured in the
different feed types, a significant increase iresglm concentrations was observed in the fish
tissues collected from both mussel fed exposurighlighting the responsiveness of fish
muscle and skin to the dietary uptake of seleni@artain metals such as tin, vanadium,
molybdenum and cobalt were measured in the efflagpbsed mussels (EXP3) at
concentrations at least three times those detectdte mussels collected from the Class A
site (EXP2) but this difference was not observethafish muscle or skin following dietary
exposure. For all other metals present in the nhdieed only, fish muscle was shown to be
responsive to the dietary uptake of arsenic whefisasskin was found to be responsive to
the dietary uptake of lead.

Relatively few studies have addressed the issumetél bioaccumulation in aquatic
biota via dietary intake. Nair et al. (2006) notedt metal bioaccumulation varies between
fish species and between metals, where the acctionulaf metals was also found to be
greatly associated to feeding habits. Both laboyatnd field experiments have shown
dietary intake as a major pathway of bioaccumulatethls in fish species (Spry et al., 1988;
Qiu et al., 2011). The majority of studies carrmat to date on metal ecotoxicology also
focus on single element exposure to fish or inveeee species (Pohl et al., 1997; Andrade et
al., 2015), however, as metals do not occur inatsmh in the natural environment, further
study is required to assess the ecological relevasod ecotoxicological potential of
prevalent metal mixtures in the aquatic environmdite limited knowledge surrounding

metal contamination via dietary intake is of para@ concern in terms of commercially
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important species such as those examined in thdy gmussels and trout), as well as other
threatened food webs. Closing this knowledge gagddcallow for the early detection of
metal contamination in higher trophic levels througe examination of bioavailable metal
concentrations at lower trophic levels (Bonanno Bnd/lartino, 2016), potentially allowing

for the effective implementation of pre-emptiveigation measures.

3.4 Potential for human exposure via seafood copsiom

The determination of potentially harmful substansegh as metals, in aquatic organisms is
extremely important for human health due to theptél exposure via seafood consumption
(Shepherd and Bromage, 1988; Cid et al., 2001; Datal., 2016). An ever increasing
number of studies report elevated metal concentratin both invertebrate and fish species
which exceed the nationally or internationally aglejuality standards for fish meat (Elnabris
et al., 2013; Alkan et al., 2016). One of the miaiman exposure routes to toxic metals is
through the consumption of fish (Shepherd and Bgenad988; Dadar et al., 2016) but, the
extent to which these pollutants can travel throtinghfood chain and ultimately pose a threat
to human health remains relatively unknown.

With regards to the metals selected as part ofstioidy, a Spanish nature reserve was
severely polluted after toxic chemicals such aplaud, lead, copper, zinc and cadmium, were
transported into the reserve from a burst mining d&rimalt et al., 1999; Lenntech, 2017).
The bioavailable contaminants in the environmetibwang the Spanish ‘Dofana disaster’
quickly entered food chains in the affected aresel{dg et al., 1999). Elevated metal
concentrations were reported in many migratory i@sitdent bird populations following the
incident (Taggart et al., 2006) and eight yearsr)atlevated metal contamination were still
present in terrestrial food chains (Marquez-Feroaetlal., 2009). These cases highlight the

importance of understanding the transport, bioactanon and biomagnification of metals
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along food chains. Fish species generally resiogedo the top of marine food chains (Dadar
et al., 2016), and where metals bioaccumulate albege food webs, this could potentially
pose a risk to human consumers of seafood (Mathedd$-isher, 2009; Qiu et al., 2011).

O. mykissand M. edulis are both commercially and socio-economically inbgair
species, with an estimated global production fanan consumption of 812,939 and 185,433
tonnes, respectfully, in 2014 (FAO, 2017). Bothcsge represent a substantial portion of
global seafood production and consumption. It isré¢fore important to understand the
influence of dietary intake on the bioaccumulataord biomagnification of metals in these
species, and many more commercially important sgei ensure the safety of consumers
and the prosperity of commercial seafood productiamachieve this, more comprehensive
assessments are needed, in terms of dietary intadta) ecotoxicology of metal mixtures and
bioaccumulation along food chains to allow for arendolistic and robust assessment of

bioavailable metals in commercially exploited fogebs.

4.0 Conclusions

This study has highlighted the significance of aigtintake for the bioaccumulation of
metals in fish tissues and the further potential rfeetal exposure to human consumers of
commercial seafood. Mussels sourced from the cantted exposure site contained Co,
Mo, Sn and V at concentrations at least three timese than those detected in the mussels
collected from the Class A site. Cu, Pb and Znegmwes both mussel samples were found to
exceed the background assessment concentratioes diy the OSPAR Co-Ordinated
Environmental Monitoring Programme (CEMP). Thig#ticularly worrying with regards to
the mussels collected from the Class A shellfise as there are no requirements for these
mussels to undergo depuration prior to human coptom Pb concentrations measured in

fish skin were found to be high prior to the digtaxperiment at almost double that of the
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BAC value stated for fish. A significant increase $e, Pb and As concentrations was
observed in the fish tissues collected from the seluded exposures after 28 days,
highlighting the responsiveness of fish muscle andkin to the dietary uptake of these
particular metals. Future research should regamtadi intake as a major source of
bioaccumulated metals and, where possible, metacbumulation should be examined

across a mixture of metals for greater ecotoxidckdgelevance.
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Highlights:

« 28-day in vivo study demonstrates metal bioaccumulation in fish via dietary intake.
» Uptake of 14 metalsin rainbow trout on diets of fish feed and mussels compared.

»  Effluent-impacted mussels from Irish waters contained x3 more Co, Mo, Snand V.
« Pb, Asand Se concentrations significantly greater in fish feeding on mussels.

« Highlights further potential for metal exposure to human consumers of seafood.



