
This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which allows you to share and adapt the work, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. Figures, tables, and other elements 
in the article are included in the article’s CC BY 4.0 license, unless otherwise indicated. You must seek permission from the copyright holder for use of material not covered by this license. 
The journal title is protected by copyrights owned by Universidad Autónoma de Baja California, and the journal title and logo are not subject to this license. 

©Inma Salvat-Leal, Aurelio Ortega, Edurne Blanco, Amanda Miras, Diego Romero.

Open Access 
Online ISSN: 2395-9053
Screened via Similarity Check powered by iThenticate
https://doi.org/10.7773/cm.y2026.3561

Ciencias Marinas (2026), 52: e3561 Research Article

Elemental composition in the bones and gills of 
juvenile Atlantic Bluefin Tuna (Thunnus thynnus): 
can it be used to distinguish batches?

Inma Salvat-Leal1, Aurelio Ortega2, Edurne Blanco3, Amanda Miras2, Diego Romero1* 

Abstract. Atlantic Bluefin Tuna (Thunnus thynnus) aquaculture has developed rapidly in 
recent years, making it necessary to discriminate between specimens derived from aquacul-
ture (captive-reared) and those derived from fisheries (wild-caught). In this study, a method 
based on the chemical composition of discard tissues (gills and bones) in 3 batches of juvenile 
T. thynnus (tank-cultured on land, cage-reared in the sea, and wild-caught) was assessed. The 
concentrations of 11 macro- and micro-elements (i.e., Ca, Fe, K, Mg, Na, P, S, Cu, Mn, Zn, 
and Sr) were determined and evaluated using an analysis of variance (ANOVA) and 2 multi-
variate tests, namely a principal component analysis (PCA) and discriminant canonical anal-
ysis (DCA). The best results were obtained from the gills and from the batch corresponding 
to the wild-caught specimens. However, the results were not robust enough to establish any 
specific pattern that would facilitate the identification of the origin of T. thynnus specimens.

Key words: batch discrimination, bones, gills, inorganic elements, juvenile, trace elements, 
Atlantic Bluefin Tuna, Thunnus thynnus.

Introduction

In vertebrates, hard tissues are key structures that pro-
vide support for the organism and store both major and trace 
elements. Inorganic elements, such as Ca, P, Mg, and Mn, 
are important in these tissues, as they are related to certain 
physiological functions, such as the organic bioavailability 
of other elements, including Zn (Aschner and Aschner 2005, 
Lall and Kaushik 2021). On the other hand, the gills are a 
vital route for the elemental uptake of Cu (Miller et al. 1980, 
Grosell 2012), Na (Taylor et al. 2003), Fe (Bury et al. 2003, 
Bury and Grosell 2003), Mn (Rouleau et al. 1995, Baudin et 
al. 2000), Zn (Bury et al. 2003, Hogstrand 2012), Ca (Evans 
and Claiborne 2009), P (Evans and Claiborne 2009), and Mg 
(Dabrowska et al. 1991, Shearer and Åsgård 1992) (reviewed 

in Lall and Kaushik 2021). Potassium is important for main-
taining osmotic balance and acid-base equilibrium (Lall 
2003), while S is considered to be an indispensable nutrient 
for all living organisms (Komarnisky et al. 2003), given its 
role as an essential component of amino acids, proteins, 
enzymes, vitamins, and other molecules. Finally, Sr has been 
found to have key biological functions, including the ability 
to increase bone mineral density in certain species (Siccardi 
et al. 2010).

Although Atlantic Bluefin Tuna (Thunnus thynnus) (ABFT) 
aquaculture remains largely dependent on capture-based fat-
tening (De La Gándara et al. 2016), notable advances in 
closing the full life cycle of the species in captivity have 
been achieved since 2016, the year in which the cycle was 
first successfully closed at a global level (Ortega and De la 

1	 Área de Toxicología, Facultad de Veterinaria, 
Universidad de Murcia, Campus Regional 
de Excelencia Internacional Mare Nostrum, 
30100 Murcia, Spain. 

2	 CN-IEO-CSIC, Instituto Español de 
Oceanografía, Centro Oceanográfico de 
Murcia, 30860 Murcia, Spain.

3	 CN-IEO-CSIC, Instituto Español de 
Oceanografía, Centre Oceanogràfic de les 
Balears, 07015 Palma de Mallorca, Spain. 

Article history: 
Received 02 May 2025 
Accepted 03 February 2026 
Published 09 April 2026

article info

	* E-mail: diegorom@um.es
Corresponding author

LEER EN ESPAÑOL:
https://doi.org/10.7773/cm.y2026.3561

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/legalcode
https://doi.org/10.7773/cm.y2026.3561
https://doi.org/10.7773/cm.y2026.3561
https://www.cienciasmarinas.com.mx/index.php/cmarinas
https://orcid.org/0000-0002-4092-3585
https://orcid.org/0000-0001-6754-3972
https://orcid.org/0000-0002-7867-9514
https://orcid.org/0000-0003-0214-1344
https://orcid.org/0000-0002-9666-0382
https://doi.org/10.7773/cm.y2026.3561


2

Ciencias Marinas, Vol. 52, 3561

Gándara 2017). Currently, European regulations prohibit 
catching ABFT weighing less than 30 kg or with fork lengths 
measuring less than 115 cm (OJEU 2016). However, in the 
future, ABFT juveniles born in captivity might be commer-
cialized, and smaller individuals might be sold. This would 
increase the likelihood of small, illegally captured individuals 
reaching the market (Campobasso et al. 2017) and highlights 
the risk of fraudulent mislabeling. 

In the absence of reliable methods for distinguishing wild-
caught from captive-reared ABFT, it has become necessary to 
explore potential methods for discriminating between batches 
of any age. In this regard, a natural way of identifying batches 
based on how culture conditions influence tissue charac-
teristics during growth and development could be particu-
larly useful (Jara and Chodyniecki 1999, Rooker et al. 2007, 
Brucka-Jastrzębska et al. 2009). 

Hard tissues originating from fishery by-products have 
been used in many studies to extract new molecules and 
information (Kim and Jung 2007, Murthy et al. 2014, Talib et 
al. 2020, Aaenglong et al. 2022, López-Álvarez et al. 2024), 
given that (1) they are rich in macro- and micro-elements and 
(2) their chemical composition is determined by complex 
interactions among genetics, physiology, environmental con-
ditions (e.g., surrounding water chemistry, temperature, and 
pollution), and ontogenetic changes (Walther and Limburg 
2012, Sturrock et al. 2015, Limburg et al. 2018). Therefore, 
the characterization of a chemical profile taken from the hard 
tissues of a given population or batch could be employed in 
the future as a differential tool in the fisheries sector (Cubadda 
et al. 2006). Thus, the aim of the present study was to eval-
uate elemental concentrations in the bones and gills of ABFT 
juveniles from 3 batches (tank-reared on land, captive-reared 
in the sea, and wild-caught) and to assess their potential for 
use in aquaculture. 

Material and methods

Sample collection

Samples of 75 ABFT weighing less than 1,000 g were col-
lected from 3 different locations: inland tanks (batch 1; n = 24 
[gills]; n = 24 [bones]), sea cages (batch 2; n = 22 [gills]; n = 22 
[bones]), and the wild (batch 3; n = 29 [gills]; n = 28 [bones]). 
The tuna from batches 1 and 2 originated from naturally fertil-
ized eggs from sea-farming facilities. These eggs were promptly 
collected and transferred to the inland facilities of the Spanish 
Institute of Oceanography (Murcia Oceanographic Centre, 
Spain). The larval culture was fed on rotifers and copepods in a 
40-m3 tank. Weaned fish were fed an artificial diet (Magokoro 
S-3; Marubeni Nissin Feed Co., Ltd., Tokyo, Japan) and main-
tained at 24.9 °C and at a salinity of 32.0 g·L–1 in a 20-m3 tank. 

At 41 days post-hatching, the specimens with sufficient body 
mass for transportation were split into 2 groups: fish from batch 
1 were transferred to a 900-m3 inland overflow system tank in 
the Infrastructure for Atlantic Bluefin Tuna Aquaculture facility 

(Cartagena, Spain) where they were fed herring (Clupea spp.), 
Brazilian Menhaden (Brevoortia aurea), and Atlantic Mackerel 
(Scomber scombrus). Fish from batch 2 were placed in floating 
sea-cages off Cartagena, Spain (37°34′39.2″N, 0°52 ′35.9″W), 
collected soon after their natural deaths, and sampled. Finally, 
the tuna from batch 3 were caught using hook-and-line fishing 
gear in Mazarrón Bay (Murcia, Spain) and sampled immedi-
ately after capture. Sampling of wild-caught tuna was con-
ducted with the corresponding permits granted by the competent 
authorities (ICCAT REC 11-06). In accordance with European 
legislation (OJEU 2010), none of the procedures in the present 
study required ethical authorization. 

Bone and gill samples were collected and washed with 
MilliQ water (Milli-Q Lab Water Solutions, Guyancourt, 
France), washed with nitric acid (2%), and washed again with 
MilliQ water (Milli-Q Lab Water Solutions) before being 
dried at room temperature. All samples were stored at –20 °C 
until analysis. Bone and gill samples were collected from the 
first branchial arch and the bony denticles of the branchial 
arch, respectively. 

Sample preparation and analysis 

Tissue samples were pre-treated as described by 
Salvat-Leal et al. (2023). Briefly, gill and bone samples were 
subjected to acid digestion using trace-metal grade nitric acid 
(69% Suprapure; Merck and Co, Inc., Rahaway, USA) and 
H2O2 (33% Suprapure, Merck & Co, Inc.) in Teflon reaction 
tubes, which were heated in a microwave digestion system 
(UltraClave-Microwave; Milestone SpA, Sorisole, Italy) for 
20 min at 220 °C and finally diluted to 10 mL with double 
deionized water (Milli-Q Lab Water Solutions). Subse-
quently, Ca, Fe, K, Mg, Na, P, S, Cu, Mn, Zn, and Sr con-
centrations were determined using an inductively coupled 
plasma optical emission spectrophotometer (ICP-OES); 
1 blank sample was analyzed for every 11 samples. Blank 
values were always below the detection limits for trace ele-
ments and represented less than 1–2% of the sample concen-
trations for major elements. 

Multi-element calibration standards prepared in 4% nitric 
acid (AnalytiChem Canada, Inc., Baie-d'Urfé, Canada) were 
used. Macro- and microelement concentrations were estab-
lished according to the methodology described in UNE-EN 
ISO 1188 (UNE 2010). The certified reference material 1577b 
(bovine liver; National Institute of Standards and Technology, 
Dicoex, Bilbao, Spain) was used for validation. Calibration 
curves were generated for each analytical batch using a min-
imum of 3 concentration points. Each analytical run began 
with calibration standards, followed by samples and inter-
mediate control standards, and concluded with control stan-
dards, accepting a maximum coefficient of variation of 10%. 
The wavelengths (nm), recovery rates (%), and uncertainty 
(%) were as follows: Ca (184.0, 317.9 nm; 94.3 ± 4.3%), 
Fe (239.6, 238.2 nm; 103.9 ± 3.9%), K (766.5 nm; 94.6 ± 
4.6%), Mg (279.5, 280.3, 285.2 nm; 94.7 ± 4.7%), Mn (260.6, 
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279.5 nm; 96.2 ± 6.2%), Na (589.6 nm; 95.2 ± 5.2%), P (185.9, 
213.6 nm; 93.5 ± 3.5%), Cu (224.7, 324.8 nm; 96.9 ± 4.1%), 
S (180.7, 182.0 nm; 104.3 ± 4.3%), Zn (206.2 nm; 105.0 ± 
5.0%), and Sr (421.5 nm; 97.0 ± 7.0%). All concentrations 
are expressed in µg·g–1. The detection limit was 10 µg·g–1 for 
major constituents (Ca, K, Mg, Na, P, and S) and 0.001 µg·g–1 
for the remaining elements.

Statistical analysis 

The results were analyzed using SPSS v. 24.0 (IBM, 
Armonk, USA). Geometric means and standard errors were 
calculated for all element concentrations. The Kolmogorov–
Smirnov test was used to assess data normality, and Levene’s 
test was used to evaluate homoscedasticity. A general linear 
model (GLM), with Tukey’s honestly significant difference 
(HSD) and Scheffé post hoc tests, was used to analyze the 
relationships among weight, element concentration, and 
batch. A Kruskal–Wallis test, followed by post hoc compar-
isons, was used to evaluate differences among batches. The 
significance level for all statistical tests was set at α = 0.1.

To identify the probable batch of a fish based on the 
multi-element dataset, 2 multivariate statistical analyses were 
performed: a principal component analysis (PCA) and dis-
criminant canonical analysis (DCA). These methods reduce 
high-dimensional data into a smaller set of interpretable pat-
terns, thereby facilitating the identification of natural group-
ings and the variables contributing to these patterns. In PCA, 
dimensionality reduction is achieved by extracting the prin-
cipal components (PCs), which are linear combinations of the 
original variables that maximize the explained variance in the 
data. In contrast, DCA generates canonical discriminant func-
tions (CDFs) that maximize group separation based on those 
same variables. The relative contribution of each element to 
the multivariate structure is assessed based on their respective 
loadings or coefficients. 

The PCA considered a threshold-factor loading of 
0.32, which corresponded to an explained average vari-
ance of 56.6% (Peterson 2000). In addition, the validity of 
the method was evaluated using the Kaiser–Meyer–Olkin 
(KMO) index, Bartlett’s test of sphericity (P < 0.05), and 
the eigenvalue criterion (values > 1). The DCA employed 
Wilks’ lambda to evaluate the significance of discrimination 
(P < 0.05), and a split-sample cross-validation procedure 
was performed to assess the ability of the selected variables 
to predict the ABFT batches. In this validation, 1 individual 
was removed from the original matrix. The DCA was then 
performed using the remaining observations to classify the 
omitted individual; the number of misclassified individ-
uals indicated the degree of intermingling, whereas the pro-
portion of correctly reclassified individuals was used as a 
measure of group integrity (Poulet et al. 2005, Yakubu and 
Okunsebor 2011). 

The classification functions were used to discriminate new 
specimens from unknown batches. In these functions, the 

constants and function coefficients were obtained for each 
tissue, batch, and element with Eq. (1):

 
		  F xQ V = a + b X! $Q V ,		  (1)

where a is a constant for a combination of a tissue and batch, b 
is the coefficient of the classification function for the combi-
nation of an element and batch, and [X] is the concentration of 
an element for a given tissue and batch (in a particular spec-
imen). The result with the highest value indicated the possible 
batch assignment for a particular specimen.

Results 

The mean weights were 592.96 ± 131.69 g (batch 1), 
520.74 ± 98.06 g (batch 2), and 517.44 ± 104.19 g (batch 3). 
No direct influence of fish weight on element concentra-
tion was detected (GLM, P > 0.05). The concentrations of 
inorganic elements detected in the gills and bones of juve-
nile ABFT are shown in Table 1. The element that exhib-
ited the highest concentration was Ca, whereas Cu exhibited 
the lowest concentration. In the gills, significant differences 
between batches were observed for the concentrations of 
Cu (P = 0.001), Mn (P = 0.008), S (P < 0.001), and Sr (P = 
0.033). In the bones, significant differences among batches 
were detected for the concentrations of Cu (P = 0.008), Fe 
(P = 0.021), Mg (P = 0.023), and Zn (P < 0.001). No statis-
tically significant differences were found in either tissue for 
Ca, K, Na, or P concentrations. 

In the PCA (Fig. 1 and 2), the explained variance (EV), 
KMO index, Bartlett’s test of sphericity, and the eigenvalue 
criterion were appropriate for both tissues. The KMO index 
exceeded 0.5 in both cases, indicating that the data were suit-
able for analysis (Shrestha, 2021). The 11 analyzed elements 
were represented by 3 PCs in both the gills and bones, which 
explained 88.4% and 73.7% of the total variance, respec-
tively. The KMO indices for both tissues exceeded 0.7 (0.766 
in the gills and 0.731 in the bones), although the EV was 
higher in the gills (>0.771) than in the bones (>0.551). For 
gill tissue, PC1 was composed of P, Sr, Ca, Mn, Mg, and Zn; 
PC2 included K, Na, and S; and PC3 was defined by Cu and 
Fe. No clear separation among groups was found, although 
batch 2 was located in the negative region of both PC2 and 
PC3 (Fig. 1). For bone tissue, PC1 consisted of Ca, Mg, Sr, 
Mn, P, Zn, and Na; PC2 included S and K; and PC3 contained 
Cu and Fe, with no clear differentiation among groups (Fig. 
2). The PCs exhibited similar elemental composition in both 
tissues, except for Na, which was associated with PC2 in the 
gills and PC1 in the bones.

In the DCA, 4 elements (Mg, Mn, S, and Zn) were selected 
for the discriminant functions in both tissues, whereas 3 ele-
ments (Ca, K, and Na) were not selected for either tissue. The 
CDF data are given in Table 2. Two CDFs were generated for 
the gills and bones, each composed of the elements identified 
as the most discriminant by the analytical software (Yakubu 
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Figure 1. Spatial distribution of Atlantic Bluefin Tuna (ABFT; Thunnus thynnus) batches (batch 1 [tank-reared on land], batch 2 [captive-reared 
in the sea], and batch 3 [wild-caught]) based on principal component analysis (PCA) components for the gills: PC1/PC2 (a), PC1/PC3 (b), 
and PC2/PC3 (c). Explained variance (EV) for PCs: PC1 (EV = 48.4%; P, Ca, Mn, Sr, Mg, Zn), PC2 (EV = 24.8%; K, Na, S), and PC3 (EV 
= 15.1%; Cu, Fe).
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Figure 2. Spatial distribution of Atlantic Bluefin Tuna (ABFT; Thunnus thynnus) batches (batch 1 [tank-reared on land], batch 2 
[captive-reared in the sea], and batch 3 [wild-caught]) based on principal component analysis (PCA) components for bone: PC1/PC2 (a), 
PC1/PC3 (b), and PC2/PC3 (c). Explained variance (EV) for PCs: PC1 (EV = 45.7%; Ca, Mg, Sr, Mn, P, Zn, Na), PC2 (EV = 17.2%; S, K), 
and PC3 (EV = 10.7%; Cu, Fe).
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and Okunsebor 2011). The percentage of cases correctly 
classified after the implementation of the cross-validation 
method in the DCA was 80.0% for the gills and 77.0% for 
the bones. For both tissues, batch 3 was the most clearly dis-
criminated, followed by batch 1 and batch 2 (Table 3). The 
case classification functions are given in Table 4; the differ-
ences between the 3 groups are shown in Figure 3.

Discussion 

Inorganic element concentrations were explored as 
a potential approach to discriminate batches of juvenile 
ABFT and to provide a simpler, more cost-effective alter-
native to established techniques. Artificial tagging (Block 
et al. 2005, Fromentin 2010), including the use of chemical 
markers (Warren-Myers et al. 2015, Tulli et al. 2020), molec-
ular markers (Boustany et al. 2008, Riccioni et al. 2010), and 
genetic markers (Rodríguez‐Ezpeleta et al. 2019), entails high 
logistic and economic costs that can be avoided by using nat-
ural tracers, specifically those found in waste products from 
aquaculture such as gill and bone tissues. 

In terms of element concentrations, no differences in Ca, 
K, Na, and P (macro-elements) were found among batches, 
which contradicts our hypothesis. This was probably because 

these elements play key roles in physiological processes, such 
as maintaining osmotic balance and acid-base equilibrium, 
as well as in the development and maintenance of the skel-
etal system (Lall 2003, Zimmer et al. 2019, Lall and Kaushik 
2021). Furthermore, no data on the presence of these elements 
in ABFT bone and gill tissues were available in the scientific 
literature for comparison with our findings.

Notably, Cu, Mn, S, and Sr in gill tissue were the main 
contributors to batch differentiation, whereas the main con-
tributors in bone tissue were Cu, Fe, Mg, and Zn, which 
agrees with our hypothesis. The great variability among 
batches may be because these are micro-elements (except for 
Mg) that participate in many physiological functions, bio-
chemical processes, and metabolic pathways, as well as being 
crucial components or co-factors in certain enzymatic sys-
tems (Lall 2003, National Research Council 2011, Lall and 
Kaushik 2021). However, only 1 element (Cu) showed statis-
tically significant differences among batches for both tissues 
(batch 3 exhibited higher concentrations than either batch 1 
or 2; Table 1). This agrees with a previous study of ABFT 
soft tissues (brain, liver, muscle, and kidney; Salvat-Leal et 
al. 2023), in which Cu was the only element to show statis-
tical differences between batches for all tissue types (higher 
concentrations were also observed in wild-caught specimens). 

Table 1. Concentrations of inorganic elements in Atlantic Bluefin Tuna (ABFT; Thunnus thynnus) tissues by batch (batch 1 [tank-reared on 
land], batch 2 [captive-reared in the sea], and batch 3 [wild-caught]). Data: geometric mean ± standard error (µg·g–1, ww). For each element 
and tissue, the same superscript letter indicates statistical differences between batches. 

Gills Bone

Element Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3

Ca (5.3 ± 0.4)
× 104

(4.4 ± 0.5)
× 104

(4.0 ± 0.5)
× 104

(8.3 ± 0.4)
× 104

(8.4 ± 0.5)
× 104

(8.9 ± 0.6)
× 104

Cu 3.5 ± 0.2 2.6 ± 0.2b 4.2 ± 0.4b 0.39 ± 0.07a 0.5 ± 0.1b 0.8 ± 0.1a,b

Fe (6.3 ± 1.6)
× 102

(5.2 ± 0.7)
× 102

(5.1 ± 2.2)
× 102 29 ± 3a 49 ± 9a 44 ± 85

K (1.6 ± 0.3)
× 103

(1.0 ± 0.2)
× 103

(1.1 ± 0.2)
× 103

(1.7 ± 0.3)
× 103

(1.4 ± 0.3)
× 103

(1.6 ± 0.2)
× 103

Mg (3.2 ± 0.3)
× 103

(2.3 ± 0.4)
× 103

(2.2 ± 0.2)
× 103

(1.6 ± 0.196)
× 103

(1.46 ± 0.09)
× 103b

(1.9 ± 0.1)
× 103b

Mn 36 ± 3a 25 ± 4 20 ± 2a 17 ± 1 16 ± 1 16 ± 1

Na (3.1 ± 0.6)
× 103

(1.4 ± 0.3)
× 103

(1.6 ± 0.4)
× 103

(3.2 ± 0.3)
× 103

(2.8 ± 0.3)
× 103

(3.5 ± 0.2)
× 103

P (3.6 ± 0.3)
× 104

(2.7 ± 0.3)
× 104

(2.6 ± 0.2)
× 104

(4.4 ± 0.4)
× 104

(3.8 ± 0.2)
× 104

(4.4 ± 0.3)
× 104

S (5.8 ± 0.2)
× 103a

(3.4 ± 0.3)
× 103a,b

(4.7 ± 0.2)
× 103b

(2.5 ± 0.1)
× 103

(2.3 ± 0.2)
× 103

(2.6 ± 0.2)
× 103

Sr (2.8 ± 0.2)
× 102a

(2.6 ± 0.3)
× 102

(1.8 ± 0.2)
× 102a

(2.2 ± 0.1)
× 102

(2.6 ± 0.2)
× 102

(2.4 ± 0.1)
× 102

Zn 68 ± 6 50 ± 5 58 ± 5 37 ± 2a 40 ± 3b 55 ± 4a,b
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Despite being present at the lowest concentration among 
the elements analyzed, Cu is essential for cellular function 
(Lall and Kaushik 2021) and is always present in fish. The 
higher concentrations of Cu in wild-caught specimens than 
in captive-reared specimens could be due to greater exposure 
to this element in their prey (Bustamante et al. 2002, 2004, 
2006). Indeed, compared to captive-reared fish, wild-caught 
tuna have a more varied diet that consists of small pelagic 
fish, shrimp, cephalopods, and crustaceans (Sarà and Sarà 
2007, Sinopoli et al. 2004, Uotani et al. 1990), all of which 
require Cu for their respiratory processes (Lara Jacobo et al. 
2016) and general biological functioning (Rjeibi et al. 2015). 
In contrast, captive-reared tuna are initially fed an artificial 
diet, followed by small thawed pelagic fish. Therefore, Cu 
could accumulate in wild tuna via the trophic chain and may 
be a useful marker for batch discrimination. 

For the remaining elements with significant statistical 
differences, the bone tissues of batch 1 specimens showed 
higher concentrations of Mg than those of batch 2 and 

higher concentrations of Zn than those of batch 2 or batch 
3 (Table 1). In addition, intermediate Fe concentrations 
were found in batch 1 specimens. Interestingly, the Mn 
and S concentrations in gill tissues were highest in batch 1 
specimens. To the best of our knowledge, no data regarding 
these elements in juvenile ABFT gill or bone tissues have 
ever been published, although several studies of soft tis-
sues have reported significantly higher concentrations in 
wild tuna than in farmed specimens (Vizzini et al. 2010, 
Percın et al. 2011, Sogut and Percin 2011, Milatou et al. 
2015, Salvat-Leal et al. 2023). 

This finding agrees with our Cu concentrations in bone 
tissue but not in gill tissue. Several hypotheses could explain 
this difference, including (1) the nature and function of this 
tissue (i.e., the gills are in direct contact with the environ-
ment and filter the surrounding water); (2) fluctuations in 
the conditions affecting our batches (e.g., diet, water compo-
sition, levels of physical activity, and interactions between 
elements within the organism); (3) the influence of physical 
factors (e.g., temperature, currents, and dissolved oxygen); 
and (4) the presence of food residues, feces, and urine (see 
review in Lall and Kaushik 2021). 

Based on these observations, the distribution patterns 
revealed by multivariate analyses were examined. The PCA 
revealed no clear differences in the spatial distribution of 
individuals among the 3 batches, although the gills were the 
only tissue in which PC3 (Cu and Fe) showed a slight dis-
tinction for batch 2 specimens (Fig. 1), which agrees with 
the aforementioned significance of Cu concentrations in this 
tissue. By comparison, the introduction of PC3 (Cu and Fe) 
in the PCA for bone tissue did not improve batch separa-
tion, even though both elements showed statistically signif-
icant differences between batches 1 and 2. When comparing 
these results with studies of soft tissues (Salvat-Leal et al. 
2023), superior discrimination has been reported in some soft 
tissues (kidney and muscle). Contrary to our hypothesis, it 
seems that this particular statistical test cannot be used with 
these hard tissues to distinguish ABFT batches.

Table 2. Elemental-based canonical discriminant functions (CDFs) as outcomes of the discriminant canonical analysis (DCA), their contribution 
to the discrimination between groups (%), and their overall accuracy (%) by tissue type (gills and bone). 

Function Eigenvalue
Explained 

variance (%)
Canonical 
correlation

Wilks’ 
lambda

CDF Coefficients                
(standardized)

Gill
1 1.45 72.2 0.77 0.26 Cu (0.93), Mg (1.9), Mn (–2.65),           

S (–0.87), Zn (0.81)

2 0.56 27.8 0.60 0.64 Cu (0.13), Mg (–0.04), Mn (–0.61),         
S (0.91), Zn (0.38)

Bone

1 1.91 79.7 0.81 0.23 Fe (0.82), Mg (2.04), Mn (–2.20),          
P (0.63), S (–0.61), Sr (–1.16), Zn (0.98)

2 0.49 20.3 0.57 0.67 Fe (0.25), Mg (–0.17), Mn (–0.69),         
P (–1.22), S (0.13), Sr (1.45), Zn (0.52)

Table 3. Discriminant canonical analysis (DCA) classification accu-
racy (*) and misclassification (%) by batch (batch 1 [tank-reared on 
land], batch 2 [captive-reared in the sea], batch 3 [wild-caught]) and 
tissue type (gills and bone). 

Function 1 2 3

Gill

1 79.2* 8.3 12.5

2 13.6 77.3* 9.1

3 0.0 17.2 82.8*

Bone

1 75.0* 12.5 12.5

2 31.8 63.6* 4.5

3 7.1 3.6 89.3*
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In terms of the DCA, 2 functions whose performance 
indices agree with those reported by Balzarini et al. (2015) 
were created to maximize differences between popula-
tions. Significant discrimination was observed for all 
tissues (Wilks’ lambda, P < 0.05), and the correlation coef-
ficients indicated that the derived functions were useful, 
especially CDF1, which explained 59.1% of the total vari-
ance in gill tissue and 65.6% in bone tissue (when values 
higher than 45% were expected) (Torrado-Fonseca and 
Berlanga-Silvente 2013). For both tissues, Ca, K, and Na 
were not included in the DCA functions, which coincides 
with the previously noted absence of statistically signif-
icant differences for those elements. For both tissues, 

4 elements were selected for the CDFs (Mg, Mn, S, and 
Zn); Cu was also selected for gill tissue and Fe and Sr for 
bone tissue. Surprisingly, Cu did not appear in the DCA 
selection of elements for bone tissue. Thus, there were ele-
ments in the DCA functions with and without statistical 
differences between batches (Table 1), indicating that 1 
specific pattern could not be identified for discriminating 
among batches based on these elements. Finally, the gills 
showed the highest DCA success rate, with the lowest per-
centage of confusion between batches 1 and 3. This per-
centage was higher than those reported for ABFT liver and 
muscle tissues but lower than those reported for kidney and 
brain tissues (Salvat-Leal et al. 2023).

Figure 3. Spatial distribution of Atlantic Bluefin Tuna (ABFT; Thunnus thynnus) batches (batch 1 [tank-reared on land], batch 2 [capti-
ve-reared in the sea], and batch 3 [wild-caught]) based on functions from the discriminant canonical analysis (DCA) and group separation 
by tissue type: gills (function 1; explained variance [EV] = 27.8%; Cu = 0.933; Mg = 1.917; Zn = 0.809; S = –0.872; Mn = –2.647 | function 
2; EV = 72.2%; S = 0.908; Zn = 0.378; Cu = 0.129; Mg = –0.042; Mn = –0.610) (a) and bone (function 1; EV = 20.3%; Mg = 2.042; Zn = 
0.978; Fe = 0.816; P = 0.634; S = –0.611; Sr = –1.164; Mn = –2.197 | function 2; EV = 79.7%; Sr = 1.451; Zn = 0.522; Fe = 0.246; S = 0.133; 
Mg = 0.172; Mn = –0.688; P = –1.216) (b).
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Table 4. Classification equations by batch (batch 1 [tank-reared on land], batch 2 [captive-reared in the sea], and batch 3 [wild-caught]) and 
tissue type (gills and bone).

Batch Equation

Gill

1 (–14.2) + (–0.607 × [Cu]) + (–22.8 × [Mg]) + (0.333 × [Mn]) + (44.0 × [S]) + (–0.037 × [Zn])

2 (–6.44) + (0.059 × [Cu]) + (–5.04 × [Mg]) + (0.154 × [Mn]) + (21.86 × [S]) + (–0.019 × [Zn])

3 (–10.2) + (1.00 × [Cu]) + (12.3 × [Mg]) + (–0.162 × [Mn]) + (23.3 × [S]) + (0.042 × [Zn])

Bone

1 (–12.0) + (–0.007 × [Fe]) + (–29.8 × [Mg]) + (0.592 × [Mn]) + (–0.322 × [P]) + (48.9 × [S])                    
+ (0.033 × [Sr]) + (–0.054 × [Zn])

2 (–14.2) + (–0.008 × [Fe]) + (–69.7 × [Mg]) + (0.701 × [Mn]) + (–2.11 × [P]) + (58.6 × [S])         
+ (0.079 × [Sr]) + (–0.051 × [Zn])

3 (–14.1) + (0.001 × [Fe]) + (58.2 × [Mg]) + (–0.293 × [Mn]) + (–0.286 × [P]) + (32.8 × [S])         
+ (0.019 × [Sr]) + (0.129 × [Zn])

Conclusions

In conclusion, the results of the element concentration anal-
ysis and multivariate tests used in the present study (PCA and 
DCA) indicated that some degree of discrimination among 
ABFT batches can be achieved using the macro- and micro-el-
emental composition of soft gill tissues and hard bone tissues. 
However, while the results are promising, differences between 
batches were not always sufficiently consistent to establish a 
definitive pattern that would allow infallible batch identification 
based solely on some of the analyzed elements or on a single 
differentiation method. 
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