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Spatio-temporal variability of trace 
elements fingerprints in cockle 
(Cerastoderma edule) shells and its 
relevance for tracing geographic 
origin
Fernando Ricardo, Tânia Pimentel, Luciana Génio & Ricardo Calado

Understanding spatio-temporal variability of trace elements fingerprints (TEF) in bivalve shells is 
paramount to determine the discrimination power of this analytical approach and secure traceability 
along supply chains. Spatio-temporal variability of TEF was assessed in cockle (Cerastoderma edule) 
shells using inductively coupled plasma-mass spectrometry (ICP-MS). Four elemental ratios (Mg/Ca, 
Mn/Ca, Sr/Ca and Ba/Ca) were measured from the shells of specimens originating from eight different 
ecosystems along the Portuguese coast, as well as from four different areas, within one of them, over 
two consecutive years (2013 and 2014). TEF varied significantly in the shells of bivalves originating from 
the eight ecosystems surveyed in the present study. Linear discriminant function analyses assigned 
sampled cockles to each of the eight ecosystems with an average accuracy of 90%. Elemental ratios 
also displayed significant differences between the two consecutive years in the four areas monitored 
in the same ecosystem. Overall, while TEF displayed by cockle shells can be successfully used to trace 
their geographic origin, a periodical verification of TEF (>6 months and <1 year) is required to control 
for temporal variability whenever comparing specimens originating from the same area collected more 
than six months apart.

The common cockle (Cerastoderma edule) is one of the most abundant bivalves in the estuaries and bays of the 
European Atlantic coastline1–3 and supports several commercially important fisheries2, 4. Considering their dis-
tribution, sedentary lifestyle and feeding behavior (filtration), cockles can be considered as highly prone to bio-
accumulation of pollutants and a wide range of pathogenic microorganisms (e.g. Escherichia coli, Salmonella spp., 
Vibrio spp., norovirus)5–9. The traditional way of consuming bivalves, either raw or undercooked, increases the 
risks of transmitting infection to humans10 and thus makes these organisms a high-risk group to seafood industry 
players and health agencies11. To protect consumers from potential risks, the European Union (EU) classifies the 
capture/production areas of bivalves according to the loads of E. coli present in the flesh and intra-valvular liquid 
of live specimens12, 13. In this way, it is paramount in terms of seafood safety to know as accurately as possible the 
geographic origin of bivalves being traded for human consumption (e.g. adjacent areas, even in the same ecosys-
tem, may display contrasting classifications for their capture/production).

Nowadays, in an era of seafood trade globalization, the technological developments in food production, han-
dling, processing and distribution allow to increase the distance travelled by seafood from producers to consum-
ers14–17. To cope with this new paradigm, the European regulation (EC) No 1379/201318 requires labels to display 
the scientific name of the species being traded, the production method (captured or produced) and geographical 
area of capture/production. Currently, for bivalves, detailed information on harvesting areas is not provided. In 
this context, this omission paves the way for potential commercial fraud and jeopardizes efforts to enhance sea-
food safety (e.g. the illegal commercialization of bivalves originating from areas where their capture/production 
is forbidden).
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The implementation of biotechnological tools for the authentication of geographic origin of seafood products 
can therefore play a pivotal role towards a safer globalized trade14, 19. However, most efforts so far have tried to 
address issues related with species mislabelling rather than with the traceability of geographical origin. Trace 
element fingerprints (TEF) of bivalve mineral structures (e.g. shells) have been successfully used as natural tags 
to discriminate specimens from different geographical origin20, 21. TEF variability in the hard mineral structures 
(e.g. shells) of marine bivalves is influenced by the availability of trace elements in seawater, which reflect shifts 
in the environmental features of the ecosystem(s) occupied by these organisms22, 23. Being inert structures, TEF 
displayed by bivalve shells are chronological deposited fingerprints that reflect the geographical surroundings of 
a given specimen from birth to its harvest24–27. These unique “natural tags” can be analysed through inductively 
coupled plasma-mass spectrometry (ICP-MS)20. A wide range of element/calcium ratios can be measured in 
these calcified structures, the most common ones being Ba/Ca, Cd/Ca, Cu/Ca, Cr/Ca, Mg/Ca, Mn/Ca, Pb/Ca, 
Sr/Ca, U/Ca and Zn/Ca20, 26, 28. The discrimination of specimens from geographically close populations or stocks 
(20–50 km)29, 30, as well as from adjacent bivalve capture/production areas (<1 km apart)20, has been successfully 
achieved using TEF of bivalve shells. However, in order to be able to use this approach to confirm the geographic 
origin claimed by producers and/or traders, thus securing traceability along seafood supply chains, it is impor-
tant to put it to the test in realistic case study scenarios. Moreover, it is also necessary to determine the temporal 
stability of TEF in adult bivalves and consider how any potential variability may bias the discrimination of the 
geographic origin of target specimens. The potential existence of temporal variability in TEF may be highly rele-
vant for agencies willing to use this approach to expose fraudulent practices and take legal action.

The present study aimed to evaluate if TEF of cockle shells from specimens captured in eight different ecosys-
tems along the Portuguese Atlantic coastline (Fig. 1), where commercial fisheries targeting the live trade of this 
species occurs, can be used to successfully discriminate their geographic origin. The present study also aimed to 
determine the temporal stability of TEF in cockle shells between two consecutive years (2013 and 2014) in areas 
within the same ecosystem (Fig. 1a) but displaying different classifications (according to European regulation 
(EC) No 1379/201318 for the capture/production of bivalves.

Results
Trace element fingerprints (TEF) of Cerastoderma edule shells differed among ecosystems, with the exception 
of Mira estuary (ME) and Ria de Alvor (RAl), with MANOVA analyses revealing strong significant differences 
when considered all trace elements together (Table 1). Considering each element separately, cockles from Ria de 
Aveiro (RAv) and Óbidos lagoon (OL) registered the highest Mg/Ca and were not significantly different from 
each other (p ≥ 0.05), but differed significantly from specimens originating from other ecosystems (p < 0.05) 
(Fig. 2). Cockles from the Tagus estuary (TE) showed the highest Mn/Ca with significant differences being 
recorded between specimens from this ecosystem and conspecifics collected in all others ecosystems that were 
surveyed (p < 0.05) (Fig. 2). Ba/Ca was higher in cockle shells from RAv, OL and Ria Formosa (RF), with signifi-
cant differences being recorded when compared with that of cockles from all other ecosystems (p < 0.05) (Fig. 2). 
Concerning Sr/Ca, all specimens collected in the ecosystems surveyed in this study displayed a similar ratio for 
this element, although significant differences (p < 0.05) were still recorded between C. edule shells from different 
ecosystems (Fig. 2).

The first two discriminant functions of the linear discriminant analysis (LDA) explained 77.6% of the TEF 
variation in the data set (LDA 1: 47.6% and LDA 2: 30%) (Fig. 3). Specimens collected in RAv, RF, OL and Sado 
estuary (SE) displayed the highest percentages of correct classification (100%), whereas for cockles originating 
from TE and ME a single specimen was misclassified (thus resulting, in 90% of correct classifications). Most mis-
classifications were associated with C. edule collected in Albufeira lagoon (AL) and RAl, with respectively 20 and 
40% of the specimens collected being erroneously assigned to other ecosystems (Table 2).

In RAv, TEF of C. edule shells showed that, with the exception of Mg/Ca, all ratios (Mn/Ca, Ba/Ca and Sr/
Ca) increased from 2013 to 2014 (Fig. 4). As a significant interaction between time x areas was recorded for all 
ratios (MANOVA, F = 8.24, p < 0.0001) and significant differences between areas were also recorded for each year 
(MANOVA, F = 9.44, p < 0.0001), the analysis of TEF of C. edule shells was made separately for each area to avoid 
the masking of any potential inter-annual differences. This analysis revealed that Mg/Ca, Mn/Ca, Ba/Ca and Sr/
Ca, varied significantly between 2013 and 2014 in all areas, with exception of areas E and M2 for Mn/Ca and Ba/
Ca, respectively (Fig. 4). TEF of C. edule shells was analysed between areas for each year. In 2013, Ba/Ca, Mn/Ca 
and Mg/Ca showed significant differences between area M2 and all other areas, except M2 and M1 for Mg/Ca 
(Fig. 5). In 2014, Mg/Ca was the sole element that revealed significant differences between area M1 and all other 
areas. The ratio of Ba/Ca was significantly different between area I and areas M1 and M2, whereas the Sr/Ca was 
significantly different between area E and areas M1 and I (Fig. 5).

Discussion
Trace element fingerprints (TEF) displayed by cockle shells exhibited significant differences among ecosystems, 
most likely due to the prevalence of highly dynamic biogeochemical processes such as (e.g. in estuaries and 
coastal lagoons). The recurrent shifting of environmental conditions (e.g. salinity, temperature, rainfall) in these 
ecosystems promotes more or less dramatic changes in water chemistry, which are ultimately reflected in the 
TEF31, 32 of specimens colonizing these habitats. Indeed, the ratios of the trace elements monitored in the present 
study (Mg/Ca, Mn/Ca, Sr/Ca and Ba/Ca) have already been reported to display significant spatio-temporal varia-
tions in the shells of bivalves as a consequence of shifting environmental conditions20, 33. Hence, as also confirmed 
by the present study, TEF of bivalve shells are not likely to remain stable over two consecutive years27, 28, 33.

In the present study, cockle shells from each ecosystem displayed contrasting TEF, the sole exception being 
those originating from Mira estuary (ME) and Ria de Alvor (RAl) (Table 1). Nevertheless, linear discriminant 
analysis (LDA) results showed that, over three-quarters (90%) of cockles were correctly classified to their areas 
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(Table 2). This result highlights the need to combine different statistical tools (other than analysis of variance) 
when aiming to use biogeochemical signatures to assign a given specimen to a certain geographic origin. The 
results reported in the present study to successfully allocate a sampled specimen to its geographic origin are 
higher than those reported in previous studies addressing other bivalves (mussel species) along the coast of 

Figure 1. Sampling locations of Cerastoderma edule in mainland Portugal: (a) Ria de Aveiro (RAv; 
M1:40°38′26.30″N, 8°43′58.90″W; M2: 40°35′58.30″N, 8°44′47.80″W; I: 40°38′35.40″N, 8°41′35.40″W and E: 
40°39′′48.50″N, 8°41′45.03″W), (b) Óbidos lagoon (OL1: 39°25′20.34″N, 9°13′14.54″W and OL2: 39°24′2.01″N, 
9°12′30.91″W), (c) Tagus estuary (TE1: 38°39′27.44″N, 9°6′35.95″W and TE2: 38°44′5.18″N, 9°0′46.54″W), 
Albufeira lagoon (AL1: 38°30′36.67″N, 9°10′32.96″W and AL2: 38°31′1.33″N, 9°9′53.16″W) and Sado 
estuary (SE1: 38°27′46.00″N, 8°51′32.00″W and SE2: 38°29′13.25″N, 8°48'52.79″W) (d) Mira estuary (ME: 
37°43′30.60″N, 8°46′15.40″W), (e) Ria de Alvor (RAl: 37°07′55.7″N, 8°37′27.40″W) and (f) Ria Formosa (RF1: 
37°00'23.20″N, 7°59′28.40″W and 37°01'24.30″N, 7°49′49.50″W). The map was created using the software 
ArcGIS v10.2.2.
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California (56%)24 and the Gulf of Maine (68%)29. Such an accurate identification of geographic origin as the 
one achieved for Cerastoderma edule in along the Portuguese coast is likely to be due to a combination of several 
factors, such as anthropogenic pressure (influencing Mn/Ca)34 and an increased input level of trace elements 

Ecosystem df Pillai approx. F p Bonferroni p. adjust

RAv vs OL 1 0.948 67.82 0.000 0.000

RAv vs TE 1 0.946 66.20 0.000 0.000

RAv vs AL 1 0.938 56.85 0.000 0.000

RAv vs SE 1 0.943 62.61 0.000 0.000

RAv vs ME 1 0.975 147.77 0.000 0.000

RAv vs RAl 1 0.938 56.84 0.000 0.000

RAv vs RF 1 0.981 194.73 0.000 0.000

OL vs TE 1 0.948 68.35 0.000 0.000

OL vs AL 1 0.950 71.95 0.000 0.000

OL vs SE 1 0.969 117.21 0.000 0.000

OL vs ME 1 0.977 158.33 0.000 0.000

OL vs RAl 1 0.945 63.95 0.000 0.000

OL vs RF 1 0.881 27.74 0.000 0.000

TE vs AL 1 0.908 36.99 0.000 0.000

TE vs SE 1 0.699 8.73 0.001 0.021

TE vs ME 1 0.919 42.28 0.000 0.000

TE vs RAl 1 0.892 31.12 0.000 0.000

TE vs RF 1 0.954 77.94 0.000 0.000

AL vs SE 1 0.838 19.42 0.000 0.000

AL vs ME 1 0.936 55.20 0.000 0.000

AL vs RAl 1 0.720 9.63 0.000 0.013

AL vs RF 1 0.848 20.86 0.000 0.000

SE vs ME 1 0.935 54.02 0.000 0.000

SE vs RAl 1 0.821 17.14 0.000 0.001

SE vs RF 1 0.945 64.73 0.000 0.000

ME vs RAl 1 0.531 4.24 0.017 0.480

ME vs RF 1 0.940 59.14 0.000 0.000

RAl vs RF 1 0.891 30.68 0.000 0.000

Table 1. Multivariate analysis of variance (MANOVA) of trace elements fingerprints of Cerastoderma edule shells 
from eight ecosystems along the Portuguese coast: Ria de Aveiro (RAv), Óbidos lagoon (OL), Tagus estuary (TE), 
Albufeira lagoon (AL), Sado estuary (SE), Mira estuary (ME), Ria de Alvor (RAl) and Ria Formosa (RF).

Figure 2. Ratios of trace elements to Calcium (Ca) concentrations (mmol to mol) (average ± SD; n = 10) of 
Cerastoderma edule shells from eight ecosystems along the Portuguese coast: Ria de Aveiro (RAv), Óbidos 
lagoon (OL), Tagus estuary (TE), Albufeira lagoon (AL), Sado estuary (SE), Mira estuary (ME), Ria de Alvor 
(RAl) and Ria Formosa (RF). Different letters on different ecosystems represent the existence of significant 
differences for each trace element ratio (p < 0.05).
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Figure 3. Linear discriminant analysis (LDA) of cockles based on trace elements fingerprints of shells collected from 
eight different ecosystems along the Portuguese coast: Ria de Aveiro (RAv), Óbidos lagoon (OL), Tagus estuary (TE), 
Albufeira lagoon (AL), Sado estuary (SE), Mira estuary (ME), Ria de Alvor (RAl) and Ria Formosa (RF).

Original Ecosystem

% Predicted Ecosystem

Total per ecosystem % Correct (ecosystem)RAv OL TE AL SE ME RAl RF

RAv 100 0 0 0 0 0 0 0 10 100

Original Ecosystem 0 100 0 0 0 0 0 0 10 100

TE 0 0 90 0 10 0 0 0 10 90

AL 0 0 0 80 10 0 10 0 10 80

SE 0 0 0 0 10 0 0 0 10 100

ME 0 0 0 0 0 90 10 0 10 90

RAl 0 0 0 20 0 20 60 0 10 60

RF 0 0 0 0 0 0 0 100 10 100

Average classification success 90

Table 2. Classification success (by ecosystem) of a linear discriminant analysis (LDA) for Cerastoderma edule 
shells based on trace element fingerprints. Ria de Aveiro (RAv), Óbidos lagoon (OL), Tagus estuary (TE), 
Albufeira lagoon (AL), Sado estuary (SE), Mira estuary (ME), Ria de Alvor (RAl) and Ria Formosa (RF). .

Figure 4. Evolution of elemental ratios of Mg, Mn, Ba and Sr in trace elements fingerprints (TEF) of cockle 
shells from 2013 to 2014 in areas: Mira Channel (M1 and M2), Ílhavo Channel (I) and Espinheiro Channel (E). 
The dotted lines represent significant differences in the elemental ratio between years (p < 0.05).
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originating from terrestrial runoff (e.g. Mn/Ca and Ba/Ca)35 and their preferential retention in estuaries and 
coastal lagoons. It is also worth highlighting that the incorporation of trace elements may be significantly affected 
by shifting water temperature (affecting Mg/Ca and Sr/Ca)36 and salinity (affecting all ratios determined in this 
study)37, which due to the distinctive morphodynamics of each of the ecosystems surveyed may shift in a number 
of unique patterns and combinations. The higher ratios of Mg/Ca recorded in cockle shells from specimens in 
the northernmost locations surveyed (Ria de Aveiro (RAv) and Óbidos lagoon (OL)) are in accordance with the 
latitudinal temperature gradient displayed by this element in seawater37, 38. It is also worth highlighting that such 
differences may also be associated with more or less pronounced shifts in water temperature promoted by the size 
and shape of the estuarine systems surveyed (e.g. small and large estuaries and coastal lagoons).

The highest concentrations of Ba/Ca in TEF is often derived from freshwater inputs and nutrient runoffs to 
estuarine systems, which are known to promote an increase in primary productivity35, 39, 40. It is therefore possible 
that the runoffs originating from the fertile lands in the margins of RAv, OL and Ria Formosa (RF) that are used 
for agricultural purposes may contribute to the occurrence of diatom blooms that can increase the availability of 
Ba35. Concerning the significantly higher levels of Mn/Ca present in cockle shells originating from Tagus estuary 
(TE) it is likely associated with the legacy of former anthropogenic actions on the sampling site (namely historical 
metal industries), which has promoted the build-up of trace metals on surface water and sediment34.

Estuaries are dynamic environments in which coastal fluxes of trace elements and mixing rates with seawater 
vary from a tidal to an annual time scale41. In this way, it was not surprising to record significant shifts in the TEF 
of cockle shells of adult specimens originating from 4 different areas in RAv over two consecutive years. Indeed, 
Cathey et al.33 had already reported significant temporal variability (tri-weekly) in the TEF of larval bivalve shells 
being cultured in different hatcheries employing estuarine water in their operation in the southern Delmarva 
Peninsula (Virginia, USA). Carson28 also refers the occurrence of inter-seasonal and inter-annual variation in the 
TEF of Olympia oyster (Ostrea lurida) shells sampled in four different estuaries in Southern California (USA). 
Nonetheless, it is important to highlight that although larval and young juvenile TEF of bivalve shells may sig-
nificantly shift in a weekly basis24, 42, older juveniles are known to display stable TEF over a six-month period43. 
Within the scope of using TEF of bivalve shells to verify claims on the geographic origin of adult live specimens 
traded for human consumption, temporal variability will likely not be an issue if samples to verify the claim can 
be collected from the same area of the specimens being traded. These TEF will certainly match, as the time scale 
of shelf-life for live bivalves is measured in days and not weeks or months. However, if this matching is performed 
using the TEF of bivalves originating from the same area but analyzed more than a year ago (e.g. by using data 
from a TEF database), temporal variability may significantly bias the analysis and an erroneous assignment of 
geographic origin is likely to occur. This pitfall associated with temporal variability is less likely to take place when 
comparing specimens originating from different ecosystems28.

Overall, the present study reinforces the potential that the TEF of cockle shells hold to be used as proxies 
for inferring the place of origin in traceability frameworks. Nonetheless, the analytical costs associated with the 
determination of TEF in bivalve shells whenever the need arises to verify claims related with their geographic 
origin can rapidly become prohibitive. In this scenario, it may be possible to rely on TEF previously recorded for 

Figure 5. Tukey plot with black lines indicating significant differences in elemental ratios of trace elements 
fingerprints in cockle shells among areas within Ria de Aveiro (ANOVA, Tukey test comparisons, p < 0.05) over 
two consecutively years (2013 and 2014).
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specimens originating from the area being claimed by the producer/collector/trader. The time window during 
which this comparison can be performed without being prone to bias caused by temporal variability is likely to 
span between six months and less than a year. Future studies should try to determine, as accurately, as possible the 
span of such time window, as well as verifying if it does not change among capture/production areas.

Material and Methods
Samples collection and preparation. Cockles (Cerastoderma edule) were collected during low tide 
over June-July (Summer) 2014 on eight estuarine ecosystems along the Portuguese coast (Fig. 1): Ria de Aveiro 
(RAv) (Fig. 1a), Óbidos lagoon (OL) (Fig. 1b), Tagus estuary (TE), Albufeira lagoon (AL), Sado estuary (SE) 
(Fig. 1c), Mira estuary (ME) (Fig. 1d), Ria de Alvor (RAl) (Fig. 1e) and Ria Formosa (RF) (Fig. 1f). At the sam-
pling moment, all locations were classified as “B” or “C” (Fig. 1) according to Council Regulation 853/2004 and 
854/2004 of the European Union (EU)12, 13. In RAv four different areas were sampled and ten cockles collected 
per area (1 ecosystems × 4 areas × 10 replicates = 40 samples) (Fig. 1a). In OL, TE, AL, SE and RF two areas were 
sampled, with ten cockles also being collected on each one them (5 ecosystems X 2 areas X 10 replicates = 100 
samples). As the bivalve species being surveyed was not abundant in ME and RAl only one area was sampled per 
ecosystem, with ten cockles being collected on each of them (2 ecosystem X 1 area X 10 replicates = 20 samples).

To evaluate the temporal variability of trace element fingerprints (TEF) in cockle shells, samples collected in 
the present study in RAv (Fig. 1a) were compared to those of specimens collected exactly in the same locations in 
the previous year (July (Summer) 2013). Ten specimens were sampled on each area in the two consecutive years 
(1 ecosystem × 4 areas × 2 years × 10 replicates = 80 samples). It is important to highlight that only cockles with 
approximately 3 years old (shell length 20–25 mm, commercial size)44 were sampled and that the time window 
for the present study (summer) matched that when the capture and trade of this bivalve species is higher and 
fraudulent practices are more likely to occur. All samples were collected by hand-raking, stored in aseptic food 
grade plastic bags and kept refrigerated during sampling. All specimens were frozen at −20 °C in the same day of 
collection for further analysis.

Elemental analysis of cockle shells. Prior to elemental analysis of shells, all the polyethylene material, 
ceramic coated blades and tweezers were cleaned as described in detail by Ricardo et al.20. The valves were sep-
arated and the organic tissues were removed using ceramic coated blades and tweezers. The whole right valve 
was transferred to a previously acid-washed plastic bottle and the left valve discarded. Trace elements of the 
whole valve were obtained by the digestion method described by Ricardo, et al.20. Briefly, samples were soaked 
in 20 mL high-purity H2O2 (30% w/v) (AnalaR NORMAPUR, VWR Scientific Products) overnight (14–16 h) 
to remove organic matter from the shell including the periostracum. After organic matter removal Digestion of 
entire valves was performed with addition of 20 mL of high-purity concentrated (70% w/v) HNO3 (Trace metals; 
Sigma-Aldrich). To avoid having Ca masking the concentrations of the remaining elements32, 45, the resulting 
solution was diluted with Milli – Q (Millipore) water to a final acid concentration of 2% HNO3. Procedural blanks 
were prepared using the same analytical procedure and reagents of the samples. Barium (measured as 137Ba) 
and manganese (measured as 55Mn) present in C. edule shells were measured by inductively coupled plasma 
mass spectrometry (ICP-MS) on a Thermo ICP-MS X-Series equipped with an auto sampler CETAX ASX-510, 
Peltier Nebulizing Camera Burgener nebulizer, with nickel cones and the CeO+/Ce+ ratio being optimized at 
<2%. Calcium (measured as 43Ca), magnesium (measured as 24Mg) and strontium (measured as 88Sr) were deter-
mined through inductively coupled plasma optical emission spectrometry (ICP-OES) on a ICP-OES Jobin Yvon 
Activa M equipped with auto sampler JY-AS500 and Burgener Mira Mist nebulizer. The precision and accuracy 
of the analytical procedures were ensured by the analysis of certified reference materials (MRC’s) for sediments 
(Table S1 on Supplementary Information) while, the operating conditions are in Table S2 on Supplementary 
Information.

Statistical analysis. The concentration of trace elements present in the shells of cockles was expressed as a 
ratio relatively to Ca20, 26, with these ratios always being calculated prior to any statistical analysis. A preliminary 
analysis of multivariance (MANOVA) was performed to detect significant differences (p < 0.05) in the TEF of 
shells from specimens originating from different areas within each ecosystem. As significant differences were 
recorded (Table S3 Supplementary Information), only the closest areas to the inlet from each ecosystem were 
selected for further analysis. The rationale supporting this decision was the assumption that the areas closer to 
the inlet of each ecosystem are more similar among them due to the environmental influence of ocean conditions 
and, consequently, these locations would likely be more challenging to discriminate TEF from cockle shells. A 
total of 10 replicates per ecosystem were therefore used for further statistical analysis. In order to determine 
whether there were any significant differences (p < 0.05) in the TEF of cockle shells among ecosystems an analysis 
of multivariance (MANOVA) was performed. As significant differences were recorded, one-way analysis of vari-
ance (ANOVA) were performed for each elemental ratio. Whenever the ANOVA revealed the existence of signifi-
cant differences (p < 0.05) a post hoc test (Tukey’s test) was performed to identify which ecosystems differed from 
each other. A linear discriminant analysis (LDA) was performed to assess the reliability of using TEF displayed by 
cockle shells to infer their geographic origin.

A MANOVA was used to evaluate the inter-annual stability of TEF displayed by cockle shells over two con-
secutive years (2013 and 2014) within the four sampled areas of RAv. Due to the significant differences recorded, 
an ANOVA was applied (as detailed above), with post hoc tests (Tukey’s test) being employed when applicable. 
All analyses were performed on log X + 1 transformed data, in order to meet the normality and homogeneity 
of variance of ANOVA and the multivariate normality and homoscedasticity (Pillai Trace test) are required for 
MANOVA. All statistical analysis were performed using R46.

http://S1
http://S2
http://S3


www.nature.com/scientificreports/

8Scientific RepoRts | 7: 3475  | DOI:10.1038/s41598-017-03381-w

References
 1. Reise, K. Metapopulation structure in the lagoon cockle Cerastoderma lamarcki in the northern Wadden Sea. Helgoland Mar. Res. 

56, 252–258 (2003).
 2. Malham, S. K., Hutchinson, T. H. & Longshaw, M. A review of the biology of European cockles (Cerastoderma spp.). J. Mar. Biol. 

Assoc. UK. 92, 1563–1577 (2012).
 3. Mariani, S., Piccari, F. & De Matthaeis, E. Shell morphology in Cerastoderma spp. (Bivalvia: Cardiidae) and its significance for 

adaptation to tidal and non-tidal coastal habitats. J. Mar. Biol. Assoc. UK. 82, 483–490 (2002).
 4. Ricardo, F. et al. Potential use of fatty acid profiles of the adductor muscle of cockles (Cerastoderma edule) for traceability of 

collection site. Sci. Rep. 5, 11125 (2015).
 5. Nilin, J. et al. Physiological responses of the European cockle Cerastoderma edule (Bivalvia: Cardidae) as indicators of coastal lagoon 

pollution. Sci. Total Environ. 435, 44–52 (2012).
 6. Lee, R. J. & Younger, A. D. Developing microbiological risk assessment for shellfish purification. Int. Biodeter. Biodegr. 50, 177–183 

(2002).
 7. Rippey, S. R. Infectious diseases associated with molluscan shellfish consumption. Clin. Microbiol. Rev. 7, 419–425 (1994).
 8. Lees, D. Viruses and bivalve shellfish. Int. J. Food microbiol. 59, 81–116 (2000).
 9. Pereira, C. et al. Seasonal variation of bacterial communities in shellfish harvesting waters: Preliminary study before applying phage 

therapy. Mar. Pollut. Bull. 90, 68–77 (2015).
 10. Potasman, I., Paz, A. & Odeh, M. Infectious outbreaks associated with bivalve shellfish consumption: a worldwide perspective. Clin. 

Infect. Dis. 35, 921–928 (2002).
 11. Romalde, J. L. et al. Prevalence of enterovirus and hepatitis A virus in bivalve molluscs from Galicia (NW Spain): inadequacy of the 

EU standards of microbiological quality. Int. J. Food microbiol. 74, 119–130 (2002).
 12. EC. Regulation (EC) No 853/2004 of the European Parliament and of the Council of 29 April 2004 laying down specific rules for 

food of animal origin. Official Journal of the European Union L226, 22–82 (2004).
 13. EC. Commission Regulation (EC) No. 1021/2008 amending Annexes I, II and III to Regulation (EC) No. 854/2004 of the European 

Parliament and of the Council laying down specific rules for the organisation of official controls on products of animal origin 
intended for human consumption and Regulation (EC) No. 2076/2005 as regards live bivalve molluscs, certain fishery products and 
staff assisting with official controls in slaughterhouses. Official Journal of the European Union L227, 15–17 (2008).

 14. Leal, M. C., Pimentel, T., Ricardo, F., Rosa, R. & Calado, R. Seafood traceability: current needs, available tools and biotechnological 
challenges for origin certification. Trends Biotechnol. 33, 331–336 (2015).

 15. Jacquet, J. L. & Pauly, D. Trade secrets: Renaming and mislabeling of seafood. Mar. Policy 32, 309–318 (2008).
 16. Marko, P. B. et al. Fisheries: Mislabelling of a depleted reef fish. Nature 430, 309–310 (2004).
 17. El Sheikha, A. F. & Montet, D. How to determine the geographical origin of seafood? Crit. Rev. Food Sci. Nutr. 56, 306–317 (2016).
 18. EU. Regulation (EU) No 1379/2013 of the European Parliament and of the Council of 11 December 2013 on the common 

organisation of the markets in fishery and aquaculture products, amending Council Regulations (EC) No 1184/2006 and (EC) No 
1224/2009 and repealing Council Regulation (EC) No 104/2000. Official Journal of the European Union L354, 12–14 (2013).

 19. Armani, A., Castigliego, L., Tinacci, L., Gianfaldoni, D. & Guidi, A. Multiplex conventional and real-time PCR for fish species 
identification of Bianchetto (juvenile form of Sardina pilchardus), Rossetto (Aphia minuta), and Icefish in fresh, marinated and 
cooked products. Food Chem. 133, 184–192 (2012).

 20. Ricardo, F. et al. Trace element fingerprinting of cockle (Cerastoderma edule) shells can reveal harvesting location in adjacent areas. 
Sci. Rep. 5, 11932 (2015).

 21. Albuquerque, R. et al. Harvest locations of goose barnacles can be successfully discriminated using trace elemental signatures. Sci. 
Rep. 6, 27787 (2016).

 22. Lloyd, D. C. et al. Egg source, temperature and culture seawater affect elemental signatures in Kelletia kelletii larval statoliths. Mar. 
Ecol-Prog. Ser. 353, 115–130 (2008).

 23. Zacherl, D. C., Morgan, S. G., Swearer, S. E. & Warner, R. R. A shell of its former self: can Ostrea lurida Carpenter 1864 larval shells 
reveal information about a recruit’s birth location? J. Shellfish Res. 28, 23–32 (2009).

 24. Becker, B. J. et al. Spatial and temporal variation in trace elemental fingerprints of mytilid mussel shells: A precursor to invertebrate 
larval tracking. Limnol. Oceanogr. 50, 48–61 (2005).

 25. Strasser, C. A., Mullineaux, L. S. & Thorrold, S. R. Temperature and salinity effects on elemental uptake in the shells of larval and 
juvenile softshell clams Mya arenaria. Ecol. Prog. Ser. 370, 155–169 (2008).

 26. Génio, L., Simon, K., Kiel, S. & Cunha, M. R. Effects of sample storage and shell orientation on LA-ICPMS trace element 
measurements on deep-sea mussels. Sci. Rep. 5, 17793 (2015).

 27. Zacherl, D. C. Spatial and temporal variation in statolith and protoconch trace elements as natural tags to track larval dispersal. Mar. 
Ecol. Prog. Ser. 290, 145–163 (2005).

 28. Carson, H. S. Population connectivity of the Olympia oyster in southern California. Limnol. Oceanogr. 55, 134 (2010).
 29. Sorte, C. J., Etter, R. J., Spackman, R., Boyle, E. E. & Hannigan, R. E. Elemental fingerprinting of mussel shells to predict population 

sources and redistribution potential in the Gulf of Maine. PloS One 8, e80868 (2013).
 30. Swearer, S. E., Forrester, G. E., Steele, M. A., Brooks, A. J. & Lea, D. W. Spatio-temporal and interspecific variation in otolith trace-

elemental fingerprints in a temperate estuarine fish assemblage. Estuar. Coast. Shelf S. 56, 1111–1123 (2003).
 31. Chang, M. Y. & Geffen, A. J. Taxonomic and geographic influences on fish otolith microchemistry. Fish Fish 14, 458–492 (2013).
 32. Elsdon, T. S. et al. Otolith chemistry to describe movements and life-history parameters of fishes: hypotheses, assumptions, 

limitations and inferences. Oceanogr. Mar Biol 46, 297–330 (2008).
 33. Cathey, A. M., Miller, N. R. & Kimmel, D. G. Spatiotemporal Stability of Trace and Minor Elemental Signatures in Early Larval Shell 

of the Northern Quahog (Hard Clam) Mercenaria mercenaria. J. Shellfish Res. 33, 247–255 (2014).
 34. Vale, C., Canário, J., Caetano, M., Lavrado, J. & Brito, P. Estimation of the anthropogenic fraction of elements in surface sediments 

of the Tagus Estuary (Portugal). Mar. Pollut. Bull 56, 1364–1367 (2008).
 35. Thébault, J. et al. Barium and molybdenum records in bivalve shells: Geochemical proxies for phytoplankton dynamics in coastal 

environments? Limnol. Oceanogr. 54, 1002–1014 (2009).
 36. Klein, R. T., Lohmann, K. C. & Thayer, C. W. Bivalve skeletons record sea-surface temperature and δ18O via Mg/Ca and δ18O/16O 

ratios. Geology. 24, 415–418 (1996).
 37. Poulain, C. et al. An evaluation of Mg/Ca, Sr/Ca, and Ba/Ca ratios as environmental proxies in aragonite bivalve shells. Chem. Geol. 

396, 42–50 (2015).
 38. Schöne, B. R. et al. Sr/Ca and Mg/Ca ratios of ontogenetically old, long-lived bivalve shells (Arctica islandica) and their function as 

paleotemperature proxies. Palaeogeogr. Palaeoclimatol. Palaeoecol. 302, 52–64 (2011).
 39. Lazareth, C. E., Putten, E. V., André, L. & Dehairs, F. High-resolution trace element profiles in shells of the mangrove bivalve 

Isognomon ephippium: a record of environmental spatio-temporal variations? Estuar. Coast. Shelf S. 57, 1103–1114 (2003).
 40. Putten, E. V., Dehairs, F., Keppens, E. & Baeyens, W. High resolution distribution of trace elements in the calcite shell layer of 

modern Mytilus edulis: environmental and biological controls. Geochim. Cosmochim. Ac. 64, 997–1011 (2000).
 41. Peters, H. Spatial and temporal variability of turbulent mixing in an estuary. J. Mar. Res. 57, 805–845 (1999).
 42. Fodrie, F. J., Becker, B. J., Levin, L. A., Gruenthal, K. & McMillan, P. A. Connectivity clues from short-term variability in settlement 

and geochemical tags of mytilid mussels. J. Sea Res. 65, 141–150 (2011).



www.nature.com/scientificreports/

9Scientific RepoRts | 7: 3475  | DOI:10.1038/s41598-017-03381-w

 43. Dunphy, B. J., Millet, M. A. & Jeffs, A. G. Elemental signatures in the shells of early juvenile green-lipped mussels (Perna canaliculus) 
and their potential use for larval tracking. Aquaculture 311, 187–192 (2011).

 44. Seed, R. & Brown, R. Growth as a strategy for survival in two marine bivalves, Cerastoderma edule and Modiolus modiolus. J. Anim. 
Ecol. 47, 283–292 (1978).

 45. Ravera, O., Cenci, R., Beone, G. M., Dantas, M. & Lodigiani, P. Trace element concentrations in freshwater mussels and macrophytes 
as related to those in their environment. J. Limnol. 62, 61–70 (2003).

 46. R Development Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria Available at: http://www.r-project.org. (Date of access: 01/09/2016) (2015).

Acknowledgements
This work was supported by FCT/MEC through national funds, and the co-funding by FEDER, within 
the PT2020 Partnership Agreement and Compete 2020 for the financial support to CESAM (UID/
AMB/50017/2013). F. Ricardo and T. Pimentel were supported by PhD scholarships (SFRH/BD/ 84263/2012 
and SFRH/BD/51041/2010, respectively), while L. Génio were supported by post-doc scholarships (SFRH/
BPD/96142/2013) funded by FCT (QREN-POPH-Type 4.1 – Advanced training subsidized by the European 
Social Fund and national funds MEC. The present study was also funded by PROMAR, a Portuguese instrument 
for the sectors of fisheries and aquaculture funded by the European Fisheries Fund, within the research project 
RASTREMAR (PROMAR 31-03-05-FEP-0015). This work was also supported by the Integrated Programme of 
SR&TD “Smart Valorization of Endogenous Marine Biological Resources Under a Changing Climate” (reference 
Centro-01-0145-FEDER-000018), co-funded by Centro 2020 program, Portugal 2020, European Union, through 
the European Regional Development Fund.

Author Contributions
Conceived and designed the experiments: F.R. and R.C.; Performed the experiments: F.R., T.P. and L.G.; Analysed 
the data: F.R., T.P., L.G. and R.C.; Contributed reagents/materials/analysis tools: R.C.; All authors wrote and 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03381-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://www.r-project.org
http://dx.doi.org/10.1038/s41598-017-03381-w
http://creativecommons.org/licenses/by/4.0/

	Spatio-temporal variability of trace elements fingerprints in cockle (Cerastoderma edule) shells and its relevance for trac ...
	Results
	Discussion
	Material and Methods
	Samples collection and preparation. 
	Elemental analysis of cockle shells. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Sampling locations of Cerastoderma edule in mainland Portugal: (a) Ria de Aveiro (RAv M1:40°38′26.
	Figure 2 Ratios of trace elements to Calcium (Ca) concentrations (mmol to mol) (average ± SD n = 10) of Cerastoderma edule shells from eight ecosystems along the Portuguese coast: Ria de Aveiro (RAv), Óbidos lagoon (OL), Tagus estuary (TE), Albufeira lago
	Figure 3 Linear discriminant analysis (LDA) of cockles based on trace elements fingerprints of shells collected from eight different ecosystems along the Portuguese coast: Ria de Aveiro (RAv), Óbidos lagoon (OL), Tagus estuary (TE), Albufeira lagoon (AL),
	Figure 4 Evolution of elemental ratios of Mg, Mn, Ba and Sr in trace elements fingerprints (TEF) of cockle shells from 2013 to 2014 in areas: Mira Channel (M1 and M2), Ílhavo Channel (I) and Espinheiro Channel (E).
	Figure 5 Tukey plot with black lines indicating significant differences in elemental ratios of trace elements fingerprints in cockle shells among areas within Ria de Aveiro (ANOVA, Tukey test comparisons, p < 0.
	Table 1 Multivariate analysis of variance (MANOVA) of trace elements fingerprints of Cerastoderma edule shells from eight ecosystems along the Portuguese coast: Ria de Aveiro (RAv), Óbidos lagoon (OL), Tagus estuary (TE), Albufeira lagoon (AL), Sado estua
	Table 2 Classification success (by ecosystem) of a linear discriminant analysis (LDA) for Cerastoderma edule shells based on trace element fingerprints.




