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ARTICLE INFO ABSTRACT

Keywords: The fraudulent mislabelling of seafood geographic origin has been growing due to complex supply
Seafood chains and growing consumer demand. To address this issue, seafood traceability tools, such as
ICP-MS

those based on elemental fingerprints (EF) of bivalve shells, have been successfully used to
confirm their harvesting location. However, despite the usefulness of these methodologies, there
is still room for optimization. Therefore, this study evaluated the effects of a routine procedure
during bivalve shells preparation for ICP-MS analysis — their pretreatment with H2O5 to remove
organic components. More specifically, the present study evaluated the effects of H,O, on i) the
elemental fingerprints of shells of two bivalve species (Ruditapes philippinarum and Cerastoderma
edule) from four different locations over the north-western and the western Iberian coast, and ii)
their influence on the accuracy of models (based on the EF of shells) used to confirm the
geographic origin of these species. Significant differences were observed between untreated and
pretreated shells of R. philippinarum (p within location ranging from 0.0001 to 0.0011) and
C. edule (p ranging from 0.0001 to 0.0007 for C. edule) for both their elemental fingerprints as a
whole and several individual elements. The accuracy of the models employed to determine the
origin of the two bivalve species, using i) untreated shells, ii) pretreated shells, and iii) both
pretreated and untreated shells grouped per location, was high, with the models accurately
predicting the geographic origin of 100, 90 and 95% of R. philippinarum and 95, 100 and 95% of
C. edule, respectively. These results show that the shifts in the EF of bivalve shells promoted by
treating them with HyO» prior to ICP-MS analysis did not affect the accuracy of the models used to
confirm the geographic origin of both bivalve species. Therefore, the need to pre-treat bivalve
shells with HoO» can be dismissed in future studies addressing the traceability of bivalves when
using ICP-MS, thus contributing to reducing environmental impacts and economic costs associ-
ated with this procedure, as well as the time required to obtain results.
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1. Introduction

Global seafood production has been increasing consistently for the last decades, as a way to ensure food security and nutritional
quality for a growing world population [1,2]. Seafood is generally considered to be highly nutritional in terms of minerals, vitamins,
omega-3 fatty acids, and high-value proteins [2,3], and due to its economic value, highly complex food chains, and increasing con-
sumer demand, the fraudulent mislabelling of its origin has been growing [4,5]. The mislabelling of seafood origin is generally
associated with illegal, unreported, and unregulated fishing (IUU), which causes food safety issues if seafood originated from polluted
locations; moreover, it also impairs the fair valuation of seafood from law-abiding producers, as they must compete with fraudulent
producers, and makes the management of natural stocks by authorities a more challenging task due to uncontrolled harvesting in
restricted areas [5-9]. At the environmental level, IUU fishing can have significant ecological impacts, posing a serious threat to the
conservation of biodiversity and the proper functioning of natural ecosystems [10].

The public awareness of such problems elicited a call to action by authorities, which fostered the development of seafood trace-
ability and authentication laws, guidelines, and practices [11-13]. The traceability of the geographic origin of seafood is based on the
recognized influence that local environmental chemistry (i.e., resulting from the influence of seawater and sediments) and local
physical conditions (e.g., temperature and pH) have on the biochemical composition of seafood tissues [14,15]. Therefore, diverse
biogeochemical signatures of seafood (e.g., elemental, fatty acids, and stable isotopes) have been successfully applied to confirm its
geographic origin [7,16-20]. Regarding elemental fingerprint analysis, several analytical techniques, including Inductively Coupled
Plasma (ICP) methods (e.g., ICP-MS, ICP-OES, or ICP-AES) and X-ray fluorescence-based methods (e.g., TXRF, WDXRF, or EDXRF),
have been employed to analyze these biogeochemical signatures in both soft and hard tissues of seafood [6,20,21]. Tools based on
elemental fingerprints (EF) of bivalve shells have already been developed and validated for diverse species, such as common cockles
(Cerastoderma edule, [18,22,23]), Manila clams (Ruditapes philippinarum, [24,25]), grooved carpet shell clams (Ruditapes decussatus,
[25]), king scallops (Pecten maximus, [26]), blue mussels (Mytilus edulis, [27,28]), and Mediterranean mussels (Mytilus gallopro-
vincialis, [29]).

The use of shells in the confirmation of the geographic origin of mollusks is particularly relevant because mollusk shells are
metabolically inert, preserving a record of the chemical elements incorporated during growth and presenting no degradation after
harvesting [30]. This contrasts with the less stable soft tissues which feature elemental turnover throughout development and require

10°W 8°w 6°W
N @ Ria de Ferrol
Galicia
- ® Ria de Vigo
C
©
(O}
S
'..% ® Ria de Aveiro
&
4N 29 ©
< > =
> ®
T Q
QC_> n
@ Tagus estuary
38°N
T Km
0 25 50 75 100

Fig. 1. Sampling locations of Ruditapes philippinarum and Cerastoderma edule along the NW and W Iberian coasts: Ria de Ferrrol (RFe: 43°27'48'N
8°11'23'0), Ria de Vigo (RV:42°12/00.20"N, 8°4803.20'W), Ria de Aveiro (RAv:40°39'57.17'N, 8°43'24.70'W), and the Tagus Estuary
(TE:38°44'5.18'N, 9°3'37.83"W). The map was created using ArcGIS v10.2.2.
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more effort to avoid degradation after sampling [30,31]. Bivalve shells are mainly (95-99.9%) composed of calcium carbonate
(CaCO03), with the remaining portion consisting of an organic matrix [32,33]. When performing elemental analysis, it is customary to
pretreat shells using one of several chemical reagents (acetone, HyO» (hydrogen peroxide), NaOH (sodium hydroxide), or NaOCl
(sodium hypochlorite)) or a combination thereof, despite the inherent risk to this procedure to partially remove CaCO3 and the organic
matrix of the shell, along with the elements therein [34,35]. This pretreatment is employed to prevent potential interference of ele-
ments present in the periostracum and any other foreign organic matter [22,34,36]. Traceability studies using the EF of bivalve shells,
commonly use HyO5 for the pretreatment of shells and, despite the associated risks of leaching some elements [34,35], highly accurate
predictive models have still been achieved [18,22,23,25,26,37].

Therefore, building upon previous studies that contributed to the optimization of seafood traceability tools as a way to provide
faster results, reduce methodological costs, and decrease environmental impacts due to chemical residues [37,38], the present study
aimed to evaluate the influence of using H,O5 on i) the EF of shells of two aragonitic bivalve species (R. philippinarum and C. edule), and
ii) the accuracy of models used to determine the geographic origin of these species when using EF derived from either pretreated or
untreated shells, as well as both pretreated and untreated shells together.

2. Material and methods
2.1. Study areas and sample collection

Five specimens of two bivalve species, R. philippinarum and C. edule (>40 mm for R. philippinarum and >25 mm for C. edule), were
collected in the summer of 2018 (July and August) from four locations over the north-western and the western Iberian coast: Ria de
Ferrol (RFe), Ria de Vigo (RV), Ria de Aveiro (RAv), and the Tagus estuary (TE) (4 locations x 2 species x 5 specimens = 40 samples,
Fig. 1). These species were selected because they rank among the most economically relevant bivalves currently captured in the study
area [39,40]. All samples were collected by hand-raking, stored in aseptic plastic bags, and refrigerated until arrival to the laboratory,
where the specimens were cleaned of mud and debris with distilled water and taxonomically confirmed through recommended
bibliography [41,42]. The valves were separated, and soft tissues were removed using ceramic-coated blades, plastic tip tweezers and
stored for further analysis.

2.2. Sample preparation

Prior to elemental analysis, both the right and left valves of each specimen were prepared following the method described by
Ricardo et al. [38], which reported that for traceability purposes, the EF of the right and left valves of bivalves can be used inter-
changeably. However, the right valves (from now termed as “pretreated shells”) were fully soaked in high-purity H,O5 (30% w/v)
(AnalaR NORMAPUR, VWR Scientific Products), overnight (14-16 h) to remove the periostracum and other organic matter [22], while
the left valves (from now termed as “untreated shells”) were not exposed to the treatment with HoO5. Each valve (pretreated and
untreated) was then powdered in a mortar grinder (RM 200, Retsch, Hann, Germany), which was cleaned with silicate and alcohol
between samples to avoid any cross-contamination. Approximately 0.2 g of powdered sample was digested in 1 mL of high-purity
concentrated HNOs (70% w/v), with this solution being diluted with Milli — Q (Millipore) water to a final concentration of 1-2%
HNO; [38].

2.3. ICP-MS analysis

Total concentrations of silver (Ag), aluminum (Al), arsenic (As), barium (Ba), beryllium (Be), calcium (Ca), cadmium (Cd), cerium
(Ce), cobalt (Co), chromium (Cr), lead (Cu), dysprosium (Dy), erbium (Er), europium (Eu), iron (Fe), gadolinium (Gd), holmium (Ho),
potassium (K), lanthanum (La), lutetium (Lu), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), neodymium (Nd),
nickel (Ni), phosphorus (P), lead (Pb), praseodymium (Pr), rubidium (Rb), antimony (Sb), samarium (Sm), tin (Sn), strontium (Sr),
thallium (T1), thulium (Tm), uranium (U), vanadium (V), tungsten (W), ytterbium (Yb), yttrium (Y), and zinc (Zn) were analyzed using
an Agilent 7700 ICP-MS equipped with an octopole reaction system (ORS) collision/reaction cell technology to minimize spectral
interferences. The operating conditions are those summarized in supplementary material (Table S1). Germanium (Ge), Rhodium (Rh),
and Terbium (Tb) were used as internal standards. For quality assurance and control (QA/QC) reagent blanks, analytical duplicates
and BCS-CRM-513 (SGT Limestone 1) reference materials were also digested to determine the accuracy of the analytical and digestion
procedures applied. Results of method blanks were always below the detection limit, while the mean recoveries for the selected el-
ements ranged from 90 to 122%, and the relative standard deviations (RSDs) for all replicates being <10%.

2.4. Data and statistical analysis

For both bivalve species, the concentration of elements in their shells was expressed as a ratio to calcium (mg/mg) to minimize total
mass effects [18,22,23,25]. A permutational analysis of variance (PERMANOVA) was performed to evaluate the existence of significant
differences (p < 0.05) among locations and treatments. For both species, the standardized (i.e., subtraction of the mean (across all
samples) and divide by the standard deviation of that variable) EF of the shells were compared in a two-way crossed model with two
fixed factors: location, with four levels (RFe, RV, RAv and TE); and treatment, with two levels (pretreated and untreated). Moreover, to
further investigate whether significant differences (p < 0.05) existed between the EF of pretreated and untreated shells, pair-wise
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comparisons for factor treatment within the same location were performed. For each element, under original scaled values,
nonparametric Kruskal-Wallis post hoc tests with Bonferroni correction were performed to investigate whether significant differences
(p < 0.05) existed between pretreated and untreated shells from bivalves originating from the same location.

To investigate the influence of HyO5 on the accuracy of models used to trace the geographic origin of R. philippinarum and C. edule,
three Random Forest [43,44] models were built for each species using: i) only untreated shells (4 locations x 5 specimens = 20 samples;
Groups: untreated Ria de Ferrol (unRFe), untreated Ria de Vigo (unRV), untreated Ria de Aveiro (unRAv), and untreated Tagus estuary
(unTE)); ii) only pretreated shells (4 locations x 5 specimens = 20 samples; Groups: pretreated Ria de Ferrol (prRFe), pretreated Ria de
Vigo (prRV), pretreated Ria de Aveiro (prRAv), and pretreated Tagus estuary (prTE); iii) using all samples, with pretreated and
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Fig. 2. Element-to-Ca ratios (mg/mg Ca) of Ruditapes philippinarum shells (pretreated and untreated) from four locations along the NW and W
Iberian coast: untreated Ria de Ferrol (unRFe), pretreated Ria de Ferrol (prRFe), untreated Ria de Vigo (unRV), pretreated Ria de Vigo (prRV),
untreated Ria de Aveiro (unRAvV), pretreated Ria de Aveiro (prRAv), untreated Tagus estuary (unTE), and pretreated Tagus estuary (prTE). Different
statistical letters (a, b, ¢, and d) denote significant differences between the sampling sites at p < 0.05. Significant differences (p < 0.05) between
treatments (pretreated and untreated) within the same location are highlighted with grey boxplots.
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untreated shells being grouped per location (4 locations x 10 specimens = 40 samples; Groups: Ria de Ferrol (RFe), Ria de Vigo (RV),
Ria de Aveiro (RAvV), and the Tagus estuary (TE)). The evaluation of model accuracy, which refers to the correct allocation of samples
to their origin, was conducted using confusion matrices obtained through the application of leave-one-out cross-validation.

The PERMANOVA was performed using PRIMER v7 with the add-on PERMANOVA -+ [45,46], whereas the Kruskal-Wallis tests,

boxplots, and random forest classifiers were performed in the R statistical environment (v. 4.1.3) [47] using the “agricolae”, “ggplot2”,
and “randomForest” packages, respectively [44,48,49].
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Fig. 3. Element-to-Ca ratios (mg/mg Ca) of Cerastoderma edule shells (pretreated and untreated) from four locations along the NW and W Iberian
coast: untreated Ria de Ferrol (unRFe), pretreated Ria de Ferrol (prRFe), untreated Ria de Vigo (unRV), pretreated Ria de Vigo (prRV), untreated Ria
de Aveiro (unRAv), pretreated Ria de Aveiro (prRAv), untreated Tagus estuary (unTE), and pretreated Tagus estuary (prTE). Different statistical
letters (a, b, ¢, d, e, and f) denote significant differences between sampling sites at p < 0.05. Significant differences (p < 0.05) between treatments
(pretreated and untreated) within the same location are highlighted with grey boxplots.
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Fig. 4. Multidimensional scaling (MDS) ordinations of proximity scores and classification tables from Random Forest classifiers based on elemental
fingerprints of Ruditapes philippinarum shells collected from four locations along the NW and W Iberian coasts. Untreated shells model: untreated Ria
de Ferrol (unRFe), untreated Ria de Vigo (unRV), untreated Ria de Aveiro (unRAv), and untreated Tagus estuary (unTE); Pretreated shells model:
pretreated Ria de Ferrol (prRFe), pretreated Ria de Vigo (prRV), pretreated Ria de Aveiro (prRAv), and pretreated Tagus estuary (prTE); All samples
Todel: Ria de Ferrol (RFe), Ria de Vigo (RV), Ria de Aveiro (RAv), and the Tagus estuary (TE).

3. Results and discussion
3.1. Elemental fingerprints

Seventeen elements in R. philippinarum and thirteen in C. edule shells presented concentrations consistently above the ICP-MS
detection limits (Figs. 2 and 3). PERMANOVA revealed a significant interaction for both species (location x treatment; p = 0.0047
for R. philippinarum and p < 0.0001 for C. edule) (Tables S2 and S3). The pair-wise comparisons (within location) revealed the existence
of significant differences between the elemental fingerprints of pretreated and untreated shells for all locations, with p ranging from
0.0001 to 0.0011 for R. philippinarum and 0.0001 and 0.0007 for C. edule (Tables S2 and S3). Regarding individual elemental ratios,
eight of them (Ag/Ca, Br/Ca, Cl/Ca, La/Ca, Mn/Ca, Nd/Ca, P/Ca, and Sr/Ca) in R. philippinarum and two of them (Ba/Ca and Sr/Ca) in
C. edule shells presented no significant differences in all comparisons between pretreated and untreated shells within the same location
(Figs. 2 and 3). However, several ratios from pretreated and untreated shells were significantly different within the same locations for
both bivalve species surveyed (Figs. 2 and 3); Mg/Ca, Co/Ca, and Ni/Ca differed significantly in R. philippinarum, while Al/Ca, Co/Ca,
Fe/Ca, K/Ca, Mg/Ca, and Na/Ca differed significantly in C. edule in four comparisons performed between pretreated and untreated
shells within the same location; Cu/Ca, Na/Ca, and Y/Ca differed significantly in R. philippinarum in three comparisons; Al/Ca and K/
Ca in R. philippinarum and Ni/Ca, P/Ca, and Y/Ca in C. edule differed significantly in two comparisons; and Fe/Ca in R. philippinarum
and Cl/Ca and Na/Ca in C. edule presented significant differences in one comparison between pretreated and untreated shells within
the same location (Figs. 2 and 3). The differences observed between pretreated and untreated shells for both the elemental fingerprints
and individual elemental ratios-to-Ca are likely to result from the partial dissolution of calcium carbonate by laboratory-grade HyO5
[50,51], as previously reported for other aragonitic bivalve shells [Arctica islandica, 34] and (abiogenic) aragonites [35].

In general, the ratios presenting significant differences between pretreated and untreated shells within the same location decreased
after HyO5 treatment, with Co/Ca, Ni/Ca, and Y/Ca being the exceptions, as these ratios displayed higher levels in the pretreated shells
(Figs. 2 and 3). This reveals distinct degrees of elements leaching compared to Ca. However, the patterns found in this study should not
be generalized for other aragonites because previous studies have reported contradictory effects resulting from the pretreatment
process using Hy02 (30% w/v). For instance, Love & Woronow [35] reported general decreases in Fe/Ca, Sr/Ca, Mg/Ca, Mn/Ca, K/Ca,
and Na/Ca in abiogenic aragonites, whereas Krause-Nehring et al. [34] described increases to Mg/Ca, Ba/Ca, and Mn/Ca in aragonitic
bivalve shells (Arctica islandica).

Overall, the pattern of each ratio driven by the HyO, treatment was generally similar among locations for both species (Figs. 2 and
3). This indicates that, in this case, the differences in shells microstructures driven by local environmental conditions [52], or because
they are different species [53], were not relevant in the leaching of elements.

3.2. Determination of geographic origin

The overall classification of the Random Forest models based on the EF of R. philippinarum and C. edule shells revealed high success
rates for the models of shells untreated, treated and with both treatments (90%, 100% and 95; and 95%, 100 and 95%, respectively),
which was supported by the good separation among sample groups in the MDS diagrams (Figs. 4A, B, and C and 5A, B, and C). For
R. philippinarum, the highest classification success was obtained using untreated shells (100%, Fig. 4A), whereas for C. edule, it was
obtained in the model using pretreated shells (100%, Fig. 5B). However, for both species, a narrow range of variation was observed
among the three models, namely 90-100% for R. philippinarum and 95-100% for C. edule (Figs. 4 and 5). These results are in line with
other geographic traceability studies that reported close accuracies of models based on the EF of pretreated and untreated shells with
Hy0; (Table 1). Moreover, the high accuracies of the models of both species (95%) with pretreated and untreated shells grouped by
location (Figs. 4C and 5C) revealed that the changes in the EF of shells promoted by the treatment with HoO, do not impair the
determination of the place of origin when using samples treated differently (i.e., pretreated and untreated shells) pooled in the same
model. Although it should be noted that great caution must be taken when using samples processed with different pre-treatments prior
ICP-MS analysis, this finding is particularly relevant under the present framework of data-sharing [11,54,55], as it shows the potential
to combine data from studies that treated shells with or without H0,.

The high accuracy of all models (Figs. 4 and 5) indicates that the shell treatment with HoO5 prior to ICP-MS analysis can be
suppressed, which agrees with Smith et al. [51] that recommended against any treatment to remove the organic matter from samples,
thus avoiding preventing the occurrence of any changes in their mineralogy. This finding will improve the cost-efficiency of bivalve
traceability tools, building upon previous methodological optimizations (e.g., [38]). The optimization here proposed is potentially
relevant to traceability studies focusing on other bivalve species than R. philippinarum and C. edule, including species from other
faunistic groups with calcareous structures (e.g., the capitula of goose barnacles, [56]). Moreover, these results may open the door to
an analogous optimization in traceability studies using other biochemical signatures (e.g., stable isotopes) of bivalve shells, on which
the treatment with HyO is also applied to avoid external interferences [57,58].
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Fig. 5. Multidimensional scaling (MDS) ordinations of proximity scores and classification tables from Random Forest classifiers based on elemental
fingerprints of Cerastoderma edule shells collected from four locations along the NW and W Iberian coasts. Untreated shells model: untreated Ria de
Ferrol (unRFe), untreated Ria de Vigo (unRV), untreated Ria de Aveiro (unRAv), and untreated Tagus estuary (unTE); Pretreated shells model:
pretreated Ria de Ferrol (prRFe), pretreated Ria de Vigo (prRV), pretreated Ria de Aveiro (prRAv), and pretreated Tagus estuary (prTE); All samples
Todel: Ria de Ferrol (RFe), Ria de Vigo (RV), Ria de Aveiro (RAv), and the Tagus estuary (TE).

Table 1
Allocation accuracy of geographic traceability studies based on the elemental fingerprints of bivalve shells that
assessed the accuracy of models using both pretreated and untreated (H2O5) samples.

Species Allocation Accuracy (%) Reference
Cerastoderma edule 90-100 This study
Ruditapes philippinarum 90-100

Pecten maximus 94.9-97.5 [26]
Mytilus edulis 90% [27]

The pretreatment with HyO requires at least three full days, and its elimination will streamline the methodology using EF of
bivalve shells to confirm their geographic origin, with the most relevant consequence being a shorter timeframe spanning from analysis
to the delivery of results. Moreover, as bivalves’ traceability studies can at times encompass more than 700 samples (e.g., [23]) and the
pretreatment of each R. philippinarum and C. edule valve requires approximately 20 ml of HyO, the elimination of the HyO, treatment
can save more than 14 L of HyO3 per study. Therefore, the environmental impacts associated with the chemical residues produced from
this procedure can be eliminated. Additionally, the economic benefits derived from not having to perform this treatment are also
relevant, making the use of this tool more cost-efficient (potentially, the combined costs per study, including the purchase of
laboratory-grade H202, would be approximately 200 euros), without counting the costs reduction associated with technician hand
labor. It is also important to highlight that for larger bivalve species (e.g., oysters or scallops), the economic and environmental gains
resulting from this methodological optimization will be even more relevant. On the other hand, the elimination of this procedure can
also pose some risks. The pretreatment of bivalve shells with HyO, aims to prevent interferences in the elemental fingerprints caused by
the periostracum or other foreign organic matter (e.g., [22]). Therefore, skipping this pretreatment should only be considered after
thoroughly cleaning mud, other organisms, and debris from the shells, as performed in the present study; otherwise, external in-
terferences on the EF of shells can occur and bias the results from predictive models derived from their EF.

4. Conclusions

The present study revealed that the treatment of shells of R. philippinarum and C. edule with H,O4 promotes shifts in their EF, which,
however, does not affect the accuracy of the models used to confirm the geographic origin of both species. While the method presented
in this study demonstrates strengths, including the use of a highly sensitive analytical method (i.e., ICP-MS, [59]) with remarkable
precision in allocating samples to their original locations (e.g., [20] and references therein), it is essential to acknowledge a limitation
arising from the relatively low number of samples per location (n = 5) analyzed in this study. This introduces some level of uncertainty,
which should be addressed in future studies by testing a larger set of samples. This study contributes to the optimization of seafood
traceability tools based on the EF of calcareous structures by showing that a common methodological step (i.e., shell pretreatment with
H203) can be dismissed. This will allow reducing the environmental impacts and economic costs associated with this procedure in
future works, by decreasing the volume of residues produced during analysis and eliminating the need to purchase H,O,. More
importantly, this new approach will speed up the delivery of results to authorities, seafood producers, or any other stakeholders, that
want to scientifically support, or refute, claims on the geographic origin of seafood products to cope with existing legal procedures.
Nevertheless, one must highlight that there is still room for optimizations of traceability tools used to confirm the geographic origin of
seafood, such as the refinement of the minimum number of samples that have to be screened and the chemical elements that need to be
fingerprinted.
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