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Abstract

Fish are essential for global nutrition and food security, particularly for coastal communities. The
European sardine Sardina pilchardus, a key marine resource in Portugal and Spain, experienced severe
population declines during the 2000s. Although management measures have helped its recovery,
ensuring compliance and verifying product origin, especially given its high reliance on imports,
requires robust traceability tools. This study examines the spatial and temporal variability of
elemental fingerprints (EF) of S. pilchardus scales collected from fishing harbors in Galicia (Spain) and
mainland Portugal to assess their effectiveness in confirming the place and time of capture. Moreover,
to improve cost-efficiency, it also evaluates how temporal variability influences the accuracy of
predictive models to confirm capture location when samples from different years are used for model
development and testing. Random Forest models developed with samples from 2018 and 2019
correctly classified over 95% of the specimens by location within each year. Capture time
classification achieved 95.3% accuracy. However, applying the 2018 model to samples from 2019
reduced accuracy to 24.4%. Despite this constraint, the EF of fish scales provides a practical and
reliable method for verifying capture time and origin, thereby reducing mislabeling and promoting
the sustainable management of S. pilchardus stocks.

Keywords: authentication; fish; ICP-MS; mislabeling; origin certification; seafood

1. Introduction

Fish are a vital source of essential nutrients and a cornerstone of food security for coastal
communities worldwide [1,2]. These important marine resources support several United Nations
Sustainable Development Goals [3] by contribution to nutrition and livelihoods. In southwestern
Europe, the European sardine Sardina pilchardus holds exceptional socioeconomic and cultural
importance, particularly in the Iberian Peninsula [4-6]. In 2024, it was the most landed seafood
species in Portugal and the third in Galicia (Spain), showcasing the second and sixth highest
economic values in these markets, respectively [7,8].

After a substantial decline in stocks in the 2000s, the sustainability of S. pilchardus fisheries in
Iberian waters became a major concern [5]. In response, Portugal and Spain implemented
coordinated, science-based management measures that successfully restored fish populations of this
species to sustainable levels [5,9]. These measures include annual catch limits, temporal closures, and
the eventual establishment of ‘No Take Zones’ [5]. The fishing season typically runs from May to
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December, with a three-month closure during the spawning season [5]. Sardines caught between May
and August are mainly sold fresh due to their higher market value, while those captured later, from
September to December, are primarily processed for canning and freezing [5].

To meet demand during periods of reduced catches, reliance on imported sardines has increased
substantially, particularly for the canning industry [6]. Despite the recovery of stocks, imports of fresh
and frozen sardines continue to supply both the fresh and canning markets [10], posing recurring
challenges on product authenticity, food safety, and fair market valuation [11,12]. To address these
challenges and strengthen fisheries management, the European Union has been setting successive
seafood labeling and traceability regulations [e.g., 13-18]. These regulations establish a
comprehensive legal framework that helps prevent mislabeling and fight illegal, unreported, and
unregulated (IUU) fishing, including activities performed outside authorized areas or seasons [19,20].

In response to this call for action by European authorities, the scientific community has
developed an array of traceability methods based on biogeochemical markers [20,21]. The elemental
fingerprints (EF) of seafood tissues, for instance, have emerged as reliable indicators of seafood
geographic origin [22,23]. The EF of marine organisms reflects the chemical and environmental
conditions of their habitat (e.g., chemical composition of seawater and sediment, as well as seawater
temperature), along with their trophic regimes [24,25]. Consequently, EF has been successfully
applied to verify claims on the geographic origin of fish by analyzing their soft tissues [26] and
mineralized structures, such as otoliths [27] and fish scales [28].

Using fish scales allows for sampling without damaging the fish, whether specimens are fresh
or frozen. However, because chemical elements are continuously incorporated into mineralized
structures during growth [24,29], temporal variability in the EF of scales from fish captured at
different time frames is expected to occur. This variability poses both a challenge and an opportunity
for tracing the origin of fish. On the downside, it requires periodic updates to reference databases to
maintain predictive model’s accuracy. This is a resource-intensive task that affects the cost-
effectiveness and broader application of EF-based traceability tools. On the upside, the temporal
variability of EF provides valuable insights into the timing of capture and enables verification of
compliance with seasonal closures and/or storage duration of frozen products.

Despite the proven potential of the EF of fish scales for traceability, their application remains
limited. As such, the present study assessed the EF of scales from S. pilchardus landed in several
fishing harbors over the coastline of Galicia (Spain) and mainland Portugal, at two consecutive years.
This study aimed to evaluate the effectiveness of EF of scales from S. pilchardus to: (i) confirm the
geographic origin of landed sardines, including a location with two samplings performed only 3
months apart; (ii) determine if and how temporal variability affects the traceability of geographic
origin when samples from different years are used for model development and testing; and (iii)
explore their potential as reliable indicators of their time of capture.

2. Material and Methods
2.1. Study Area and Sample Collection

A total of 390 S. pilchardus specimens of a similar commercial size [15-28 g; 30] were collected
from major fishing harbors along the NW, W, and SW Iberian coasts, including Galicia (Spain) and
Portugal. Sampling was conducted during the early summer months (June-July) of two consecutive
years (2018 and 2019) (Figure 1). In 2018, specimens were collected from seven locations: Malpica [A
Corufa (Cor)], Bueu [Ria de Pontevedra (RP)], Viana do Castelo (VC), Matosinhos (Mat), Peniche
(Pe), Sesimbra (Ses), and Portimao (Por) (7 locations x 30 replicates = 210 samples; Figure 1). In 2019,
sampling was conducted at five of these locations: RP, Mat, Pe, Ses, and Por (5 locations x 30 replicates
=150 samples). Additionally, 30 specimens were collected in October of 2019 (Pe-Oct; Figure 1) to
provide preliminary evidence of short-term variability in EF of S. pilchardus scales and its potential
influence on predictive models employed to confirm the geographic origin of landed European
sardines.
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All specimens were obtained directly from landing piers through trusted local fishermen, who
confirmed that the sardines were caught in coastal waters adjacent to each harbor. The fish were
captured, stored on board under refrigeration, and were already dead upon landing. Therefore,
ethical considerations related to animal experimentation and welfare do not apply to the present
study. After collection, all specimens were transported fresh, each one of them in an individual plastic
bag, and kept refrigerated until arrival at the laboratory. The scales were carefully removed from
each specimen’s loins, rinsed with Milli-Q (Millipore) water to eliminate external contamination, air-
dried, and stored until further analysis.
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Figure 1. Sampling locations and sampling times of European sardines Sardina pilchardus along the Atlantic NW,
W, and SW Iberian coasts. Squares (O0) represent samples collected in 2018; and circles (o) represent samples
collected in 2019. Malpica - A Corufia (Cor, 43°19'25.1" N 8°48'29.3"” W), Bueu - Ria de Pontevedra (RP, 42°19'39.0"
N8°47'06.9" W), Viana do Castelo (VC, 41°41'09.1” N 8°50'14.0"” W), Matosinhos (Mat, 41°10'59.8" N 8°41'52.2" W),
Peniche (Pe, 39°21'20.6” N 9°22'19.8” W), Sesimbra (Ses, 38°26'24.7" N 9°06'45.7" W), and Portimdo (Por,
37°07'58.6" N 8°31'33.6” W).
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2.2. Scale Preparation and ICP-MS Analysis

Approximately 0.12 g of scales from each specimen of S. pilchardus were digested using a
DigiPrep digestion block (SCP Science, Montreal, QC, Canada) at 85 °C for 15 minutes in a mixture
of high-purity concentrated HNOs (70%), HCl (37%), and H202 (30% w/v). The digests were then
diluted to 40 mL with Milli-Q (Millipore) water, resulting in a final HNOs concentration of 1-2%.

The total concentrations of aluminum (Al), arsenic (As), barium (Ba), calcium (Ca), chromium
(Cr), cerium (Ce), cobalt (Co), copper (Cu), iron (Fe), lanthanum (La), lead (Pb), magnesium (Mg),
manganese (Mn), molybdenum (Mo), nickel (Ni), phosphorus (P), potassium (K), sodium (Na),
rubidium (Rb), antimony (Sb), tin (Sn), strontium (Sr), vanadium (V), and zinc (Zn) were determined
using an Agilent 7700 ICP-MS equipped with an octopole reaction system (ORS) collision/reaction
cell, which minimizes spectral interferences. Germanium (Ge), thodium (Rh), and Iridium (Ir) were
used as internal standards. Certified reference material BCS-CRM-513 (SGT Limestone 1) was
analyzed for quality assurance and quality control (QA/QC) purposes. The mean recovery of the
certified reference material ranged from 94 to 112%, with replicate analyses showing precision better
than 11% relative standard deviation. Method blanks were consistently below the detection limit.

2.3. Data and Statistical Analysis

The elemental concentrations in S. pilchardus scales were expressed as milligrams per kilogram
of sample. A permutational analysis of variance (PERMANOVA) was used to test significant
differences (p < 0.05) in EF across sampling locations and times. Standardized Euclidean distances
between samples were compared using a two-way model with two fixed factors: location (Cor, RP,
VC, Mat, Pe, Pe-Oct, Ses, and Por) and time (2018 and 2019). Pairwise comparisons were conducted
between locations within each sampling time and between sampling times within each location.
Additionally, for each element, nonparametric Kruskal-Wallis post hoc tests with Bonferroni
correction were applied to the original scaled data to identify significant differences (p < 0.05)
between locations within each sampling time.

Random Forest classification models were developed using EF data to address three main
objectives:

1. Confirmation of the sampling location

Two independent models were developed using the 2018 and 2019 samples, with location as the
classification factor. The 2018 model included the levels Cor, RP, VC, Mat, Pe, Ses, and Por; and the
2019 model included RP, Mat, Pe, Pe-Oct, Ses, and Por. The 2018 model was also used as the reference
model for subsequent analysis.

2. Evaluation of the effect of temporal variability on confirmation of the sampling location

The 2018 reference model was applied to samples from 2019 to verify the sampling locations of
S. pilchardus specimens.

3. Confirmation of the sampling time

A separate Random Forest model was developed using samples from locations common to both
sampling times (2018 and 2019). A combined location x time factor was used to classify samples
within the following levels: RP 2018, RP 2019, Mat 2018, Mat 2019, Pe 2018, Pe 2019, Ses 2018, Ses
2019, Por 2018, and Por 2019.

Each Random Forest model was developed with enough classification trees to stabilize the
classification error rate. The number of predictor variables sampled at each split was set to the square
root of p, where p is the number of analyzed elements [31]. The Random Forest algorithm uses
bootstrap resampling, and sample classification is evaluated with out-of-bag (OOB) estimation
[31,32]. The models developed to confirm the sampling locations and time (objectives 1 and 3 above)
were trained and validated using the OOB approach. In contrast, the assessment of the influence of
temporal variability on the confirmation of sampling locations (objective 2 above) was evaluated by
the percentage of samples from 2019 correctly allocated using the 2018 reference model. The
importance of the elements in model classification was performed using the Boruta feature selection
algorithm [33,34]. To better understand our results, it is essential to clarify that we considered only
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the seven elements that most effectively discriminated among the sampled locations. For each
Random Forest classification, a multidimensional scaling (MDS) ordination based on proximity
scores was generated to visualize similarities among samples.

PERMANOVA was performed using PRIMER v7 with the PERMANOVA+ add-on [35,36].
Random Forest classifications, boxplots, and Kruskal-Wallis tests were performed in the R software
[37] using the ‘randomForest’ [31], ‘ggplot2’ [38], and “agricolae’ [39] packages, respectively.

3. Results
3.1. Elemental Fingerprints

Thirteen elements (Ba, Ca, Co, Cr, K, Mg, Mn, Na, Ni, P, Sr, V, and Zn) consistently exhibited
concentrations above detection limits (Figures 2 and 3). The PERMANOVA revealed a highly
significant interaction between location and time (p < 0.0001; see Table S1 in the supplementary
material). The post hoc pairwise comparisons showed significant differences in EF across all locations
within each time point (2018 and 2019) and across time points within each location (Table S1).

Several elements showed significant differences between locations, but only a limited number
achieved the highest significant level at a single location (i.e., significantly different from all other
locations). In 2018, the highest significant concentrations of Mg and Sr were observed in RP; of Co, P,
and V in Pe; and of Ni in Ses (Figure 2). In 2019, Na and V displayed the highest significant
concentrations in Pe (in Pe-Oct and Pe/Pe-Oct, respectively); of K and P in Ses; and of Ni in Por (Figure
3). Notably, V was the only element that consistently showed the highest significant levels at the same
location (Pe) across both years (Figures 2 and 3).
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Figure 2. Elemental concentrations (mg.kg") in scales of European sardine Sardina pilchardus collected in 2018
from fishing harbors in Galicia (Spain) and mainland Portugal along the NW, W, and SW Iberian coast. Malpica
- A Coruna (Cor), Bueu - Ria de Pontevedra (RP), Viana do Castelo (VC), Matosinhos (Mat), Peniche (Pe),
Sesimbra (Ses), and Portimao (Por). Different letters (a-f) indicate significant differences between locations.
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Figure 3. Elemental concentrations (mg.kg™) in scales of European sardine Sardina pilchardus collected in 2019
from fishing harbors in Galicia (Spain) and mainland Portugal along the NW, W, and SW Iberian coast. Bueu -
Ria de Pontevedra (RP), Matosinhos (Mat), Peniche (Pe), Peniche - October (Pe-Oct), Sesimbra (Ses), and
Portimao (Por). Different letters (a-e) indicate significant differences between locations.

3.2. Confirmation of Geographic Origin

The Boruta selection algorithm identified all the elements analyzed as being important
predictors in the 2018 and 2019 Random Forest classification models (Figures 4A and 5A). In the 2018
model, the most relevant elements (in decreasing order of importance) were Ni, K, V, P, Co, Mg, and
Ca (Figure 4A); in the 2019 model (also in decreasing order of importance), the most relevant elements
were Ni, P, Co, Na, Ca, K, and V (Figure 5A). Notably, six of these elements (Ni, K, V, P, Co, and Ca)
were among the most important in both models.

Both Random Forest models (2018 and 2019) achieved high classification accuracy, correctly
assigning 95.7% of samples to their respective sampling locations in 2018 and 95.6% in 2019 (Table 1).
For all locations, at least 90% of samples were correctly classified (Table 1). In the 2018 model, samples
from Mat were classified with 100% accuracy, while those from VC had the lowest accuracy (90%).
In the 2019 model, all samples from Pe-Oct, Ses, and Por were correctly classified (100%), while
samples from RP and Pe exhibited the lowest accuracy (93.3%; Table 1). Importantly, the two Pe
measurements in 2019 (Pe and Pe-Oct) were clearly differentiated. These high classification accuracies
were supported by the distinct clustering patterns of the different landing locations displayed in the
MDS plots of proximity scores (Figures 4B and 5B). While most locations formed well-defined clusters
in at least one MDS plot, VC and Mat in 2018 were exceptions, showing partial overlap across all
plots (Figures 4B and 5B).

When the 2018 Random Forest model was applied to the 2019 dataset to assess the influence of
temporal variability, classification accuracy decreased substantially. Only 24.4% of the samples were
correctly assigned to their original locations (Table 2). Correct classifications were observed only for Pe
(80%) and Pe-Oct (66%), while samples from RP, Mat, Ses, and Por were all misclassified (Table 2).
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Figure 4. A. Boruta result plot and B. Multidimensional scaling (MDS) ordinations of proximity scores of the
Random Forest classifier based on the elemental fingerprints of European sardine Sardina pilchardus scales
collected in 2018 from fishing harbors in Galicia (Spain) and mainland Portugal along the NW, W, and SW
Iberian coast. Malpica - A Corufia (Cor), Bueu - Ria de Pontevedra (RP), Viana do Castelo (VC), Matosinhos
(Mat), Peniche (Pe), Sesimbra (Ses), and Portimao (Por).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1666.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 January 2026 d0i:10.20944/preprints202601.1666.v1

8 of 17

A 80- ——
e e =
o 60 iﬁi%
2 —
£ i
o 404
o
g mi—
20
—
—
=
04 ——
)
) ] ) 1 1 I ] L) 1 1 ) I 1 1 ) L
& & @ Ba Sr MgMn Cr Zn V. K Ca Na Co P Ni
s &
£ FSL
Location
ORP OMat @Pe (OPe-Oct OQSes @ Por
s
©)
N eYo e
o} o)
.l  Dim1 oo °® °

¢
.

& o wnl| U2 | 2

o %
(0] (€]
(€]

Se® s @ 8 ’

1® e @
i comyl * @R .
~|® o o Dim 3
2l
! ®
< ." ':0
7 ®

L T T T T T —1 T T T T T T

~0.2 0 0.2 04 -04 -02 0 02 04 -04 -0.2 0 0.2

Figure 5. A. Boruta result plot and B. Multidimensional scaling (MDS) ordinations of proximity scores of the
Random Forest classifier based on the elemental fingerprints of European sardine Sardina pilchardus scales
collected in 2019 in fishing harbors in Galicia (Spain) and mainland Portugal along the NW, W, and SW Iberian
coast. Bueu - Ria de Pontevedra (RP), Matosinhos (Mat), Peniche (Pe), Peniche - October (Pe-Oct), Sesimbra (Ses),

and Portimao (Por).
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Table 1. Confusion matrices of the Random Forest classifications based on the elemental fingerprints of
European sardine Sardina pilchardus scales collected from fishing harbors in Galicia (Spain) and mainland
Portugal along the NW, W, and SW Iberian coast. Malpica - A Corufa (Cor), Bueu - Ria de Pontevedra (RP),
Viana do Castelo (VC), Matosinhos (Mat), Peniche (Pe), Peniche - October (Pe-Oct), Sesimbra (Ses), and Portiméao

(Por).
Predicted Location % Correct
Total per
(Out-of-bag
Model Origin Cor RP VC Mat Pe Ses  Por Group
Validation)
Cor 28 0 0 2 0 0 0 30 93.3
RP 1 29 0 0 0 0 0 30 96.7
VvC 0 0 27 2 0 1 0 30 90.0
Model 2018
Mat 0 0 0 30 0 0 0 30 100
Pe 0 0 1 0 29 0 0 30 96.7
Ses 0 0 0 1 0 29 0 30 96.7
Por 0 0 0 1 0 0 29 30 96.7
Average classification success 95.7
RP Mat Pe Pe-Oct Ses Por
RP 28 0 0 1 0 1 30 93.3
Mat 0 29 0 1 0 0 30 96.7
Pe 0 2 28 0 0 0 30 93.3
Model 2019 Pe-Oct 0 0 0 30 0 0 30 100
Ses 0 0 0 0 30 0 30 100
Por 1 2 0 0 0 27 30 100
Average classification success 95.6

Table 2. Confusion matrix of geographic origin predictions of European sardine Sardina pilchardus collected in
2019 using the reference model developed with samples from 2018 collected in fishing harbors in Galicia (Spain)
and mainland Portugal along the NW, W, and SW Iberian coast. Malpica - A Corufia (Cor), Bueu - Ria de
Pontevedra (RP), Viana do Castelo (VC), Matosinhos (Mat), Peniche (Pe), Peniche - October (Pe-Oct), Sesimbra
(Ses), and Portimao (Por).

Total per % Correct
Predicted Location
Location (Location)

Cor RP VC Mat Pe Ses Por

Original Location RP 0 0 0 0 1 29 0 30 0

2019 Mat 0 0 2 0 1 27 0 30 0
(12 months after Pe 0 0 0 0 24 6 0 30 80.0

Based on the )
the collectionof  pe.Oct 0 0 10 0 20 0 0 30 66.6
Reference )
specimens
Model 2018 Ses 0 0 27 0 1 0 2 30 0
employed to Por 0 0 0 0 0 30 0 30 0

assemble the

. Average classification success 244
predictive model)
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3.3. Confirmation of Sampling Time

The Boruta selection algorithm identified all elements analyzed as relevant predictors for the
Random Forest model developed to confirm sampling time (Figure 6A). The most important elements
(in decreasing order of importance) were Ni, K, Co, P, V, Mg, and Zn (Figure 6A). The model achieved
high overall accuracy, correctly assigning 95.3% of the samples to their respective origins (location x
year). Classification accuracies ranged from 86.7% (Por 2019) to 100% (Mat 2018, Pe 2018, and Ses
2019). The MDS ordination of Random Forest proximity scores (Figure 6B) further supports the
model’s performance by showing clear clustering of samples by location x time. Despite the
considerable number of origins (n = 10), the MDS plots displayed well-defined, distinct origins.
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Figure 6. A. Boruta result plot and B. Multidimensional scaling (MDS) ordinations of proximity scores of the
Random Forest classifier based on the elemental fingerprints of European sardine Sardina pilchardus scales
collected in 2018 and 2019 from five fishing harbors along the Atlantic NW, SW, and W Iberian coast. Bueu - Ria
de Pontevedra 2018 (RP 2018), Bueu - Ria de Pontevedra 2019 (RP 2019), Matosinhos 2018 (Mat 2018), Matosinhos
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2019 (Mat 2019), Peniche 2018 (Pe 2018), Peniche 2019 (Pe 2019), Sesimbra 2018 (Ses 2018), Sesimbra 2019 (Ses
2019), Portimao 2018 (Por 2018), and Portimao 2019 (Por 2019).

Table 3. Confusion matrix of the Random Forests classifications based on the elemental fingerprints of European
sardine Sardina pilchardus scales collected in 2018 and 2019 from five fishing harbors along the Atlantic NW, W,
and SW Iberian coast. Bueu - Ria de Pontevedra 2018 (RP 2018), Bueu - Ria de Pontevedra 2019 (RP 2019),
Matosinhos 2018 (Mat 2018), Matosinhos 2019 (Mat 2019), Peniche 2018 (Pe 2018), Peniche 2019 (Pe 2019),
Sesimbra 2018 (Ses 2018), Sesimbra 2019 (Ses 2019), Portimao 2018 (Por 2018), and Portimao 2019 (Por 2019).

Predicted Origin (Location x Year) % Correct
Origin Total per
RP RP Mat Mat Pe Pe Ses Ses Por Por (Out-of-

(Location x Year) Location x Year
2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 bag
RP 2018 29 0 0 0 0 0 1 0 0 0 30 96.7
RP 2019 0 28 0 0 0 1 0 0 0 1 30 93.3
Mat 2018 0 0 30 0 0 0 0 0 0 0 30 100
Mat 2019 0 0 0 28 0 0 1 1 0 0 30 93.3
Pe 2018 0 0 0 0 30 0 0 0 0 0 30 100
Pe 2019 0 0 0 0 1 28 1 0 0 0 30 93.3
Ses 2018 0 1 1 0 0 0 28 0 0 0 30 93.3
Ses 2019 0 0 0 0 0 0 0 30 0 0 30 100
Por 2018 0 0 1 0 0 0 0 0 29 0 30 96.7
Por 2019 0 2 0 2 0 0 0 0 0 26 30 86.7
Average classification success 95.3

4. Discussion

The global decline in fish stocks driven by overexploitation, pollution, and climate change have
prompted stricter fisheries management worldwide [1,40]. The S. pilchardus fishery in Portugal and
Spain is a good example of this global shift. The implementation of catch limits, seasonal closures,
and selective spatial restrictions has been paramount in the recovery of the stocks of this vital fishing
resource [5,9,41]. Within this framework, effective traceability systems are essential for ensuring
seafood authenticity, protecting consumers, and supporting sustainable fisheries [17]. Analytical
approaches based on biochemical signatures of fish, particularly EF, strengthen these systems by
providing reliable indicators of seafood origin [22,25]. In this context, this study evaluates the
potential of EF in S. pilchardus scales to confirm the location and time of capture of this small pelagic
fish to assess the influence of EF temporal variability on geographic traceability.

Previous studies have observed geographic variation in the EF of S. pilchardus muscle [e.g., 42],
as recorded in the present study for the EF of its scales. Such differences are unlikely to reflect genetic
variation, as S. pilchardus from Galicia and Portugal are known to belong to the same metapopulation
and exhibit low genetic differentiation [43,44]. Instead, these patterns presumably result from spatial
variability in seawater elemental inputs [45,46] and circulation dynamics [47], which shape local
seawater chemistry [48,49] and influence element uptake by marine organisms during growth.
Among the elements analyzed, Ni, K, V, P, and Co were the most relevant to the Random Forest
models, consistent with previous findings for biomineralized structures of marine organisms [50-52].
Among the most important elements, only Ni, V, and P exhibited significantly higher concentrations
at one location in both years, although not necessarily in the same location. The elevated Ni levels
recorded in the scales of S. pilchardus at the southernmost locations (Ses in 2018 and Por in 2019) are
consistent with Ni-rich topsoil in southern Portugal [53]. In turn, the high concentrations of P
recorded in specimens from Pe in 2018 and Ses in 2019 mirror those observed in gooseneck barnacles
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Pollicipes pollicipes capitula collected from those same regions and time periods [51]. These high P
concentrations may be linked to the elevated phosphate levels recorded in seawater offshore the
Tagus estuary [49], which lies between Pe and Ses. These southward shifts in Ni and P concentrations
- from Ses to Por and from Pe to Ses, respectively — between 2018 and 2019 suggest that coastal
circulation most likely influenced the distribution of these elements in that direction. Finally, the
higher V concentrations recorded in specimens captured near Pe in both years likely reflect historical
industrial and maritime emissions in the area [54], including those from shipping emissions and fuel
combustion [55,56]. Collectively, these results underscore the EF of fish scales as a sensitive indicator
of environmental and anthropogenic variability in coastal ecosystems.

The high classification accuracies achieved by the Random Forest models (95.7% for 2018 and
95.6% for 2019) highlight the strong potential of EF in fish scales to confirm the geographic origin of
small pelagic marine fish. These results are comparable to the accuracy reported for identifying the
hatchery of Atlantic salmon smolts using the EF of their scales [95.8%; 28]. The methods developed
here can support the valorization of S. pilchardus from premium regions by authenticating local
sardines and distinguishing them from imports, thereby reinforcing consumers’ trust and willingness
to pay for authenticated locally captured seafood [57]. Notably, samples from the same harbor (Pe)
in early summer and October of 2019 were clearly differentiated. Because scales record elemental
information during fish development, and given the short sampling interval, the differentiation
observed likely reflects environmental variability experienced by different shoals during growth,
consistent with this species” high mobility [58].

Regular model updates are necessary to account for temporal variation, which can be resource-
intensive. As such, to successfully implement EF-based traceability tools, one must enhance their
cost-efficiency, but without compromising accuracy. The sharp decline in classification accuracy
(24.4%) observed when samples from 2019 were classified with the 2018 reference model indicates
that interannual shifts in the EF of S. pilchardus scales compromise geographic traceability and hinder
the optimization of this method. This result aligns with the accuracies reported for goose barnacles
P. pollicipes [5 - 31.4%; 51], although it is lower than the results obtained for Manila clams Ruditapes
philippinarum [63.3 - 85.6%; 59] using comparable methods. Nevertheless, localized applications
remain possible, as evidenced by the relatively high percentage of correct assignments recorded for
S. pilchardus sampled in Pe during 2019 (80% and 66% for Pe and Pe-Oct, respectively).

While the temporal variability of EF limits long-term stability of the models, it adds an important
dimension to seafood traceability. The ability to classify samples by location and time with an
accuracy of 95.3% discloses the potential that the EF of fish scales holds for temporal traceability.
Similar temporal discrimination has been reported for goose barnacles P. pollicipes [51], Manila clams
R. philippinarum [59], king scallops Pecten maximus [60], and blue mussels Mytilus edulis [61].
However, to the best of our knowledge, this is the first report of such an application has been reported
for fish. This ability is particularly relevant for frozen sardines, as it makes it possible to verify the
compliance with fishing closures and freezing duration, as well as prevent the mislabeling of frozen
specimens as “freshly caught”.

Integrating geographic and temporal traceability provides a robust framework for seafood
authentication and fisheries management. Indeed, EF-based methods can verify legal catches, enforce
closures, and expose mislabeling. Traceability tools based on the EF of fish scales offer a practical,
non-destructive, and scientifically robust approach that can be incorporated into monitoring and
certification frameworks. Ultimately, this approach can help to promote the sustainable exploitation
of fishing stocks and guarantee that the recovery of emblematic fishing resources, such as the
European sardine S. pilchardus, is accompanied by reliable, transparent and traceable supply chains.

5. Conclusions

This study demonstrated that EF of S. pilchardus scales exhibits distinct spatial and temporal
variability, enabling geographic and temporal traceability. However, interannual shifts in EF of S.
pilchardus scales reduce model accuracy when reference and test samples are from different years,
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underscoring the need for regular updates to maintain reliability. Despite this limitation, the
approach developed here provides a practical, non-destructive, and scientifically robust method for
authenticating and certifying S. pilchardus. This contributes to enhance consumers’ confidence,
support fisheries management, and increase the market value of this culturally and economically
important species. In real-world scenarios, this approach can be used to differentiate Atlantic S.
pilchardus specimens from those imported from the Mediterranean Sea. Moreover, it can be readily
replicated for other relevant fish species whose stocks require closer monitoring and/or for which
geographic origin certification can enhance commercial value. Future research should focus on
improving the cost-efficiency of these tools by developing models capable of maintaining accuracy
across years, namely by integrating complementary markers (e.g., fatty acids profiles or stable
isotopes) and further evaluating temporal traceability across multiple timescales to refine and expand
spatial and temporal traceability models.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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