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ABSTRACT
The traceability of fish species and their resulting food products is essential to maintain
the global supply of these goods, allowing us to distinguish and reconstruct the origin
and history of their production chain. One way to trace food is through biochemical
determinations, which aid in identifying their geographical origin quickly. This study
analyzed the fatty acid (FA) profiles of highly migratory fishery resource species
(HMRS) from the Southeastern Pacific Ocean (SEPO), and their use as potential tools
to determine the geographic origin and nutritional condition of thesemarine resources.
The fatty acids (FAs) presented in fillet or muscle tissue of 18 HMRS were measured as
FA methyl esters by gas chromatography. Our results reveal that the swordfish Xiphias
gladius presented the greatest variety of FAs, strongly characterized by the presence of
saturated,monounsaturated, and polyunsaturated FAs. A similar trend of high diversity
in all classes of FAs was observed in tuna species (i.e., Thunnus alalunga; T. albacares; T.
obesus), oilfish (Ruvettus pretiosus) and escolar fish (Lepidocybium flavobrunneum). In
turn, Lampris guttatus, Makaira indica, and Tetrapturus audax presented an interme-
diate variety of FAs and the highest amount of saturated and monounsaturated FAs of
the evaluated species. Finally, Luvarus imperialis, Coryphaena hippurus and the sharks
(Lamna nasus; Alopias vulpinus; Prionace glauca; Isurus oxyrinchus; Sphyrna zygaena)
presented a low diversity of FAs, with only saturated FAs strongly predominating.
Regarding the total concentration of FAs, the highest average values were recorded
in X. gladius, L. flavobrunneum and R. pretiosus. The present study revealed notable
differences in the FA compositions of the muscle of diverse HMRS from the SEPO
off the coast of Chile, with the swordfish showing the healthiest FAs (i.e., mono and
polyunsaturated) for human consumption. The data on FAs collected for HMRS could
be used as a reference to characterize the FA profiles of other fisheries in the SEPO (e.g.,
coastal pelagic fishes). In an ecosystem approach, our findings help us to understand
how essential nutrients (i.e., FA biomolecules) are transferred through the marine food
web in the SEPO, revealing the diet type and/or feeding habits of HMRS considered as
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top predators. Furthermore, identifying the FA profiles of fishery resources at a spatial
level provides crucial information for their management and conservation, particularly
in those resources that are overexploited and also have a critical nutritional importance
for human consumption.

Subjects Aquaculture, Fisheries and Fish Science, Biochemistry, Ecology, Marine Biology,
Zoology
Keywords Fishery, Migratory Species, Traceability, Lipids, Fatty acids

INTRODUCTION
Traceability is an essential concept defined as ‘‘the possibility of finding and following the
trace, through all the stages of production, transformation and distribution, of a food, a
feed, an animal destined for production of food or a substance intended to be incorporated
into food or feed or likely to be’’ (Badia-Melis, Mishra & Ruiz-García, 2015; Salampasis,
Tektonidis & Kalogianni, 2012). In this way, we will consider traceability as a tool that
allows us to distinguish and reconstruct the species, its origin, nutritional value, and the
history of the production chain of a food product, recognizing all its phases, including
the place of capture, harvest, production, processing, storage, and distribution, among
others (Badia-Melis, Mishra & Ruiz-García, 2015; Bosona & Gebresenbet, 2013). In the
current context of the Sustainable Development Goals (food security and life below water),
‘‘the food and/or nutritional traceability’’ of fishery resources by means of biochemical
determinations (e.g., fatty acid profiles) can help in identifying the geographical origin
quickly, while also revealing the nutritional quality of these marine resources (FAO, 2024).

Currently, the identification of highly migratory species from the Southeastern Pacific
Ocean (SEPO) in Chile (Xiphias gladius, Prionace glauca, Isurus oxyrinchus, Lamna nasus,
and Coryphaena hippurus) is carried out through species identification guides prepared
with taxonomic criteria specific to each analyzed species (Parot, 2020), using information
on the morphology of adult specimens and conspicuous characteristics, whether these are
meristic or morphometric. Problems in species identification arise when a species must
be classified by visible body parts alone (e.g., trunk or fins of a shark). For example, in
the case of tuna, it is difficult to carry out a taxonomic recognition based on external
morphology; in fact, it is feasible to identify species based on the morphology of the liver
and the composition of its fats or through molecular analysis (Pedrosa-Gerasmio, Babaran
& Santos, 2012; Roungchun, Tabb & Hellberg, 2022).

In addition, the problem of identifying highly migratory species occurs more frequently
during the unloading process (i.e., when these marine resources arrive at the fishing port
for sale), and when only the trunk is available (in gutted specimens without heads, tails
or fins) (Clark, 2015; Miller, Jessel & Mariani, 2012). In this case, other morphological
identification characters must be used, such as the presence of keels, notches, coloration,
denticles on the skin, and, in some cases, the distribution of fats in cross-sections of the
fillet or muscle tissue (Hernández et al., 2010; Mello, De Carvalho & Brito, 2013; Stefanni et
al., 2021).
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Seafood can be traced through the use of different tools (Ricardo et al., 2015). The
identification and quantification of fatty acids is an effective tool to trace marine products
(Ricardo et al., 2017; Rohman et al., 2023). Fatty acids are key molecules in organisms
because they are part of the cell membrane, they participate in different physiological
processes and are an important energy source (Dalsgaard et al., 2003; Samovski, Jacome-
Sosa & Abumrad, 2023; Tocher & Glencross, 2015). These molecules can be affected by the
species, their diet or habitat conditions and can even vary among different species, different
stages of development or different seasons of the year (Sargent et al., 1999). Despite the
variability of fatty acids, these can trace the geographic origin of a product because fatty
acids are closely related to organisms lower on the food chain, such as phytoplankton or
zooplankton (Dalsgaard et al., 2003; Fonseca et al., 2022). Within a marine trophodynamics
context, it has been described that long-chain polyunsaturated fatty acids (LC-PUFAs)
are predominantly available in high concentrations at primary or secondary levels of the
marine food web. Top predators, such as highly migratory fish, do not have a strong
capacity to biosynthesize LC-PUFAs, therefore, these essential biomolecules are obtained
exclusively through diet and/or prey consumed at lower levels of the food web, and are
consequently stored conservatively in predator tissues (Dalsgaard et al., 2003; Tan, Zhang
& Zheng, 2022). This further confirms the importance of applying new and innovative
methods for the biochemical traceability of marine species and fishery products of highly
migratory resources in the Southeastern Pacific Ocean off the coast of Chile. In particular,
biochemical determinations allow us to identify the species and its origin quickly and
efficiently, from its origin in the marine food web until immediately after the unloading
process.

It has been found that in highly productive marine ecosystems, such as the Humboldt
Current System, highly migratory species considered as top predators (i.e., sharks, tuna,
marlins, swordfish), demonstrate a link between their diet (prey consumption) and the fatty
acid profiles of their organs and/or tissues (Barría et al., 2020; Lazo-Andrade et al., 2023;
Quispe-Machaca et al., 2021; Segura-Cobeña et al., 2021; Hu et al., 2022). In particular,
the lipids and/or fats of the prey are directly transferred and stored conservatively in
the predators’ organs (Beckmann et al., 2013; Xu, Pethybridge & Li, 2022; Meyer et al.,
2019). Subsequently, as required, these lipids are mobilized and used for various key
physiological functions within their ontogeny (e.g., growth, reproduction, homeostasis)
(Leigh, Papastamatiou & German, 2017; Alderete-Macal, Caraveo-Patiño & Hoyos-Padilla,
2020; Meyer et al., 2017; Meyer et al., 2021). Within highly migratory predator species,
different eating habits and hunting behaviors of their prey have also been described. For
example, in the case of shark species (e.g., P. glauca, I. oxyrinchus), tuna (e.g., Thunnus
albacares, T. alalunga), and C. hippurus a voracious and generalist habit has been reported
(Méndez, 2021). In turn, in marlin species (e.g., Makaira indica, Tetrapturus audax) and
X. gladius the consumption of cephalopod species has been described as the main prey
(Lazo-Andrade et al., 2021; Lazo-Andrade et al., 2023; Zhang et al., 2023). In particular,
X. gladius has demonstrated a specialist hunting habit for the jumbo squid (Ibáñez,
González & Cubillos, 2004; Lazo-Andrade et al., 2021); swordfish have been reported to first
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stab and then cut their prey with the sword of their mouth structure (Berkovitz & Shellis,
2017; Preti et al., 2023).

Most of these bony and cartilaginous fish species present a trophic and/or reproductive
migratory pattern (for a conceptual model see: Lazo-Andrade et al., 2021; Lazo-Andrade
et al., 2023; Barría et al., 2020) from equatorial water zones to cold temperate zones of
the SEPO. These fishes aim to consume high-energy value prey necessary to sustain the
metabolic expenditure involved in traveling long distances, as well as storing sufficient
energy for their subsequent reproduction (Guzmán-Rivas et al., 2023; Segura-Cobeña et al.,
2021; Meekan et al., 2022). These bioenergetic-adaptive attributes are characterized by the
consumption of prey with a specific profile and/or fatty acid footprint that are also rich in
lipids, and the posterior conservative storage of the energy from these prey in the organs.
Fatty acid profiles can thus be used as a biochemical and nutritional traceability tool for
these species that support important fisheries in the Humboldt System (Barría et al., 2020;
Lazo-Andrade et al., 2023; Santos et al., 2023).

The studymodel species (Table 1, Fig. 1) are considered top predators that consume prey
with high amounts of fat and/or energy. Consequently, the fatty acid profiles in their tissues
reflect the food consumed, which is transferred and stored conservatively in their muscle.
Therefore, we hypothesized that the fatty acid profiles may vary, not only depending on the
prey consumed through a characteristic feeding habit and/or hunting behavior, but also
due to their phylogeny and/or taxonomic group of evolutionary origin. It is thus expected
that the model species studied present interspecific variations in the fatty acid profiles of
their muscle. This tool can be useful not only to identify the biochemical traceability of fish
species at the tissue level, but also their nutritional condition and fillet quality. Therefore,
in the present study, we analyzed the fatty acid composition in highly migratory species
obtained from Humboldt marine ecosystem off the coast of Chile.

MATERIALS AND METHODS
Ethical declaration
This study was guided in accordance with the Act on Welfare and Management of Marine
Animals, and they comply with the current Chilean animal care and manipulation
legislation of the fishery resources (SUBPESCA). Consequently, to prevent the pain of
the fishes during their collection and handling, they were put to sleep with a cold shock
(Law 20.380, Ministry of Health and Ethics Committee, Chile) (Robb & Kestin, 2002).

Sample collection and analyzed species
Scientific observers from the Fisheries Development Institute-IFOP, as part of the Highly
Migratory Fisheries Resources Project (Biological-Fisheries Aspects (IFOP, MINECON)),
collected tissue samples (muscle) of highly migratory species captured on vessels of the
trawler and industrial longline fishing fleets targeting swordfish; some species were included
in the bycatch category (Barría et al., 2020; Guzmán-Rivas et al., 2023) (Table 1).

All specimens were identified, measured, weighed, and sexed on board the boats.
A total of 18 HMRS from the SEPO were analyzed (Fig. 2), of which three corresponded

to tuna species (i.e., albacore, yellowfin, bigeye), five to shark species (i.e., porbeagle,
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Table 1 Experimental design and name of each species analyzed. Species with n < 3 were not consid-
ered in the statistical analysis.

Scientific name Common name n

Alopias vulpinus Common thresher 4
Coryphaena hippurus Mahi-mahi 8
Gasterochisma melampus Butterfly kingfish 2
Istiompax indica Black marlin 1
Isurus oxyrinchus Shortfin mako shark 8
Kajikia audax Striped marlin 1
Katsuwonus pelamis Skipjack tuna 2
Lamna nasus Porbeagle shark 8
Lampris guttatus Sunfish 8
Lepidocybium flavobrunneum Escolar fish 9
Luvarus imperialis Louvar 4
Prionace glauca Blue shark 8
Ruvettus pretiosus Oilfish 7
Sphyrna zygaena Hammerhead shark 1
Thunnus alalunga Albacore 5
Thunnus albacares Yellowfin Tuna 7
Thunnus obesus Bigeye tuna 8
Xiphias gladius Swordfish 27

common thresher, blue, shortfin mako, hammerhead), eight to other species of large fish
(i.e., mahi-mahi, swordfish, louvar, escolar, skipjack, oil, butterfly kingfish, sun) and two
to species of billfish (i.e., black, striped). For more details, including scientific names,
common names and number of samples analyzed per species, see (Table 1, Fig. 1).

Muscle samples were taken between the first and second dorsal fins at a depth of
approximately 20 mm from the skin to the underlying connective tissue or muscle tissue
for cartilaginous fish; for bony fish these samples were extracted from the trunk (for
details on procedures, see: Barría et al., 2020; Lazo-Andrade et al., 2021; Lazo-Andrade,
Barría & Urzúa, 2024). After obtaining the samples, they were immediately placed on dry
ice to be transported and stored at −80 ◦C in a freezer until the subsequent biochemical
traceability analysis (measured as their fatty acid compositions) in the Hydrobiological
Resources Laboratory of the Universidad Católica de la Santísima Concepción, Chile.
Here, the muscle samples from highly migratory fishery resource species were vacuum-
and cold-dried at−80 ◦C in a freeze-dryer (Operon, FDU-7012). Then, they were sonicated
(MRC, AC-120H) and stored in 15 mL centrifuge tubes for the immediate analysis of their
fatty acid compositions.

Fatty acid compositions
First, the lipid content was extracted from 20 mg of the dry weight (DW) using the
gravimetric method developed by Cequier-Sánchez et al. (2008). This method used
dichloromethane:methanol (2:1) as an organic solvent. Then, the fatty acid compositions
were determined following the method used by Malzahn et al. (2007), where fatty acid
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Figure 1 Illustrations of different highly migratory species caught off the coast of Chile.
Full-size DOI: 10.7717/peerj.19101/fig-1

methyl esters (FAMEs) were measured from the total lipids extracted. These lipids were
esterified by incubation with methanolic sulfuric acid in a Thermo Shaker (Model: DBSO-
001) at 70 ◦C for 1 h. Then, the fatty acids were obtained by washing with n-Hexane.
This washing was performed three times using six mL, three mL, and three mL of the
respective solvent. At the end of each wash, each mixture was mixed using a vortex, and the
upper phase was added to a new previously primed amber bottle. Finally, the fatty acids
were concentrated using a sample concentrator (MD 200) supplemented with nitrogen
gas. The FAMEs were measured using a gas chromatograph (Agilent, model 7890A) at a
set temperature with a DB-225 column (J and W Scientific, 30 m long, 0.25 mm interior
diameter, and 0.25 µm thick film). FAMEs were quantified using the C23:0 fatty acid
as an internal standard according to Malzahn et al. (2007), with Agilent chromatography
software (ChemStation). FAMEs were then identified by comparison with known standards
of fatty acids of marine origin (using certified material, Supelco 37, mixture FAME 47,885
–U).
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Figure 2 Sampling point of different highly migratory species caught off the coast of Chile.
Full-size DOI: 10.7717/peerj.19101/fig-2

Statistical analysis
Statistical tests were performed using the PRIMER-E (PRIMER6 v.6.1.16 and
PERMANOVA + v.1.0.6) program. The advanced statistical analyses (i.e., nonparametric

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 7/24

https://peerj.com
https://doi.org/10.7717/peerj.19101/fig-2
http://dx.doi.org/10.7717/peerj.19101


multivariate tests) described by Zuur, Leno & Smith (2007), Clarke & Gorley, 2015; with
a confidence level of 95% (p< 0.05) were also applied. To identify the species through
their species/specific fatty acid profiles, a Bray-Curtis similarity and similarity matrix were
carried out with their respective multivariate analyses: (i) multidimensional scaling (MDS)
and (ii) principal coordinates (PCoA). Prior to analysis, the data set was transformed
(i.e., square root) and a resemblance test (i.e., Bray-Curtis) was carried out. In addition, a
similarity analysis (ANOSIM) was performed to determine similar species and/or groups
with a determination coefficient close to zero (R= 0). For very different species and/or
groups, a determination coefficient close to one (R= 1) was utilized. Subsequently, a
similarity percentage analysis (SIMPER) was carried out to determine the percentage of
contribution of the different types of fatty acids in the different species analyzed. Finally,
a multivariate permutation analysis (PERMANOVA) was used to compare the fatty acid
profiles of the diverse species. Species with n< 3 were not considered in the statistical
analyses (for number and name of species analyzed, see Table 1).

RESULTS
Fatty acid compositions
The fatty acid compositions presented highly significant differences among the analyzed
species (PERMANOVA, Pseudo-F= 18.875; P < 0.001). That is, a distinctive and
characteristic fatty acid composition was identified for each study species; these
biochemical/physiological traits are reflected in the amount (i.e., concentration) and
variety (i.e., different types) of fatty acids observed in the muscle (tissue samples of
20 mg of DW) of each species.

In terms of variety and composition of fatty acids, X. gladius consistently presented
the greatest variety of fatty acids, strongly characterized by the presence of all classes of
fatty acids (saturated, monounsaturated, polyunsaturated-n3, and polyunsaturated-n6).
A similar trend of high variety in all classes of fatty acids was observed in tuna species (T.
alalunga, T. albacares, T. obesus), Ruvettus pretiosus and Lepidocybium flavobrunneum. In
turn, Lampris guttatus and marlins (M. indica, T. audax) presented an intermediate variety
of fatty acids, though a greater presence of saturated and monounsaturated fatty acids
was noteworthy in these species. Finally, Luvarus imperialis, C. hippurus and the sharks (L.
nasus, Alopias vulpinus, P. glauca, I. oxyrinchus, Sphyrna zygaena) presented a low variety
of fatty acids, where only saturated fatty acids strongly predominated. Furthermore, muscle
samples of some species in which only a few specimens were analyzed (<3 individuals),
indicated that Gasterochisma melampus presented a medium variety of fatty acids (12
different fatty acids), while Katsuwonus pelamis presented the lowest variety of fatty acids
(three fatty acids). For more details regarding the different types of fatty acids detected in
the diverse species see Table 2.

Regarding the total concentration of fatty acids, the highest average values were recorded
in X. gladius (3.56± 0.4 mg 20 mg−1 DW), R. pretiosus (2.34± 0.44 mg 20 mg−1 DW) and
L. flavobrunneum (3.38 ± 0.57 mg 20 mg−1 DW), intermediate mean values in K. audax
(1.67 ± 0.15 mg 20 mg−1 DW), G. melampus (1.1 ± 0.21 mg 20 mg−1 DW), T. albacares
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Table 2 Fatty acid profile of muscle tissue ofN = 18 highly migratory species off the coast of Chile. The data set are represented as average val-
ues (expressed in 20 mg dry weight) and standard deviation (AV± SD), while the bold values indicate the total sum and standard deviation for each
fatty acids class.

Fatty acids Alopias vulpinus Coryphaena hippurus Gasterochisma melampusx Istiompax indicax Isurus oxyrinchus Kajikia audaxx

C11:0 n.d. n.d. n.d. n.d. n.d. n.d.

C13:0 n.d. n.d. 0.01± 0.001 n.d. n.d. n.d.

C14:0 n.d. n.d. 0.01± 0.002 0.04* n.d. 0.1*

C15:0 n.d. n.d. n.d. 0.01* n.d. 0.02*

C16:0 0.02± 0.003 0.02± 0.002 0.04± 0.02 0.21* 0.03± 0.01 0.47*

C17:0 n.d. n.d. n.d. 0.01* n.d. 0.02*

C18:0 0.01± 0.001 0.01± 0.001 0.02± 0.01 0.1* 0.02± 0.003 0.25*

C20:0 n.d. n.d. n.d. n.d. n.d. 0.01*

C22:0 n.d. n.d. n.d. n.d. n.d. n.d.

C23:0 n.d. n.d. n.d. n.d. n.d. n.d.

6 SFA 0.03± 0.003 0.03± 0.003 0.08± 0.02 0.37± 0.08 0.05± 0.01 0.87± 0.18

C14:1 n.d. n.d. n.d. n.d. n.d. n.d.

C16:1 0.01± 0.001 n.d. 0.03* 0.03* 0.01± 0.002 0.09*

C17:1 n.d. n.d. 0.02* 0.01* n.d. 0.02*

C18:1n9 n.d. 0.02± 0.003 0.69± 0.44 0.19* 0.02± 0.003 0.52*

C20:1 n.d. n.d. 0.1± 0.003 0.01* n.d. 0.02*

C22:1n9 n.d. n.d. 0.02± 0.003 n.d. n.d. n.d.

C24:1 n.d. n.d. n.d. 0.01* n.d. 0.01*

6 MUFA 0.01± 0.001 0.02± 0.003 0.86± 0.36 0.25± 0.08 0.03± 0.01 0.66± 0.22

C18:3n3 n.d. n.d. n.d. n.d. n.d. 0.01*

C20:5n3 (EPA) n.d. n.d. 0.04± 0.004 0.01* n.d. 0.03*

C22:6n3 (DHA) n.d. 0.01± 0.003 0.07± 0.001 0.04* 0.02± 0.01 0.07*

6 PUFA-n3 n.d. 0.01± 0.003 0.11± 0.06 0.05± 0.02 0.02± 0.01 0.11± 0.03

C18:2n6c n.d. n.d. n.d. n.d. n.d. n.d.

C18:3n6 n.d. n.d. 0.02± 0.003 0.01* n.d. 0.02*

C20:2n6 n.d. n.d. n.d. n.d. n.d. n.d.

C20:3n6 n.d. n.d. 0.03 n.d. n.d. 0.01*

6 PUFA-n6 n.d. n.d. 0.05± 0.004 0.01* n.d. 0.03± 0.01

6 PUFA n.d. 0.01± 0.003 0.16± 0.04 0.06± 0.02 0.02± 0.01 0.14± 0.02

Total FA 0.4± 0.005 0.06± 0.004 1.1± 0.21 0.68± 0.06 0.1± 0.01 1.67± 0.15

(continued on next page)
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Table 2 (continued)

Katsuwonus pelamisx Lamna nasus Lampris guttatus Lepidocybium flavobrunneum Luvarus imperialis Prionace glauca

n.d. n.d. n.d. 0.02± 0.001 n.d. n.d.

n.d. n.d. n.d. 0.03± 0.01 n.d. n.d.

n.d. n.d. 0.03± 0.02 0.03± 0.01 n.d. n.d.

n.d. n.d. 0.01± 0.001 n.d. n.d. n.d.

0.03± 0.002 0.04± 0.01 0.09± 0.01 0.09± 0.06 0.02± 0.002 0.03± 0.01

n.d. n.d. 0.01± 0.002 n.d. n.d. n.d.

0.01± 0.002 0.02± 0.003 0.04± 0.03 0.05± 0.01 0.01± 0.001 0.02± 0.01

n.d. n.d. n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d. n.d. n.d.

n.d. n.d. n.d. 0.06± 0.01 n.d. n.d.

0.04± 0.01 0.06± 0.01 0.18± 0.06 0.28± 0.05 0.03± 0.003 0.05± 0.01

n.d. n.d. 0.01* n.d. n.d. n.d.

n.d. n.d. 0.04± 0.04 0.14± 0.7 0.01± 0.001 0.01± 0.01

n.d. n.d. 0.01± 0.001 0.09± 0.08 n.d. n.d.

0.03* 0.02± 0.002 0.18± 0.02 2.04± 0.88 0.02± 0.001 0.03± 0.01

n.d. n.d. 0.05± 0.03 0.21± 0.11 n.d. n.d.

n.d. n.d. n.d. 0.05± 0.01 n.d. n.d.

n.d. n.d. n.d. 0.06± 0.01 n.d. n.d.

0.03* 0.02± 0.002 0.29± 0.14 2.59± 0.88 0.03± 0.004 0.04± 0.01

n.d. n.d. n.d. 0.05± 0.02 n.d. n.d.

n.d. n.d. 0.02± 0.01 0.08± 0.04 n.d. 0.01± 0.001

n.d. n.d. 0.02± 0.01 0.2± 0.12 n.d. 0.02± 0.01

n.d. n.d. 0.04± 0.01 0.33± 0.11 n.d. 0.03± 0.01

n.d. n.d. n.d. n.d. n.d. n.d.

n.d. n.d. 0.03± 0.02 0.06± 0.03 n.d. n.d.

n.d. n.d. n.d. 0.03± 0.01 n.d. n.d.

n.d. n.d. n.d. 0.09± 0.04 n.d. 0.01*

n.d. n.d. 0.03± 0.02 0.18± 0.04 n.d. 0.01*

n.d. n.d. 0.07± 0.01 0.51± 0.09 n.d. 0.04± 0.01

0.07± 0.01 0.08± 0.01 0.54± 0.09 3.38± 0.57 0.06± 0.004 0.13± 0.01

(continued on next page)
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Table 2 (continued)

Ruvettus pretiosus Sphyrn zygaenax Thunnus alalunga Thunnus albacares Thunnus obesus Xiphias gladius

0.01± 0.003 n.d. n.d. n.d. n.d. n.d.

0.03± 0.01 n.d. n.d. 0.01* n.d. n.d.

0.02± 0.01 n.d. 0.05± 0.03 0.03± 0.01 0.03± 0.02 0.11± 0.07

n.d. n.d. 0.02± 0.004 0.01± 0.01 0.01± 0.01 0.03± 0.02

0.08± 0.05 0.02* 0.3± 0.24 0.13± 0.09 0.11± 0.1 0.59± 0.4

n.d. n.d. 0.03± 0.01 0.02± 0.01 0.01± 0.01 0.03± 0.02

0.05± 0.03 0.01* 0.09± 0.07 0.05± 0.04 0.05± 0.4 0.21± 0.14

n.d. n.d. 0.01* 0.02* 0.01* 0.05± 0.02

n.d. n.d. n.d. n.d. n.d. 0.06± 0.03

0.04± 0.03 n.d. n.d. n.d. n.d. 0.05± 0.02

0.23± 0.04 0.03± 0.003 0.05± 0.15 0.27± 0.1 0.22± 0.07 1.13± 0.26

n.d. n.d. n.d. n.d. n.d. n.d.

0.05± 0.03 n.d. 0.06± 0.02 0.03± 0.02 0.03± 0.03 0.15± 0.1

n.d. n.d. 0.02± 0.01 n.d. 0.01± 0.01 0.04± 0.02

1.36± 1.04 0.02* 0.23± 0.19 0.17± 0.1 0.16± 0.1 1.31± 0.84

0.21± 0.16 n.d. 0.08± 0.02 0.04± 0.02 0.04± 0.02 0.19± 0.12

0.06± 0.02 n.d. n.d. 0.03* 0.02* 0.06± 0.03

0.06± 0.02 n.d. 0.01± 0.004 0.01* 0.01* 0.07± 0.04

1.74± 0.71 0.02* 0.4± 0.13 0.28± 0.18 0.27± 0.11 1.82± 0.59

0.03* n.d. 0.01* 0.02* 0.01* 0.04± 0.02

0.06± 0.02 n.d. 0.04± 0.01 0.03* 0.04± 0.01 0.09± 0.07

0.12± 0.11 n.d. 0.07± 0.01 0.02± 0.01 0.04± 0.04 0.33± 0.32

0.21± 0.08 n.d. 0.12± 0.02 0.07± 0.03 0.09± 0.03 0.46± 0.24

0.03* n.d. n.d. n.d. n.d. n.d.

0.04± 0.01 n.d. 0.02± 0.004 0.03* 0.02* 0.05± 0.03

0.04* n.d. n.d. n.d. 0.01* 0.04± 0.01

0.05± 0.02 n.d. n.d. 0.02* 0.02* 0.06± 0.03

0.16± 0.02 n.d. 0.02± 0.01 0.05± 0.004 0.05± 0.01 0.15± 0.03

0.37± 0.06 n.d. 0.14± 0.03 0.12± 0.03 0.14± 0.03 0.61± 0.09

2.34± 0.44 0.05± 0.01 0.59± 0.12 0.67± 0.13 0.63± 0.08 3.56± 0.4

Notes.
FA, fatty acids; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; n.d., not detected.
Data with asterisks indicate that only one data value was available, so it was not possible to calculate the standard deviation. The bold values indicate the sum of the different
fatty acid types.

xSpecies not considered in the statistical analysis (n< 3).
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Figure 3 Principal coordinates analysis (PCoA) of muscle tissue ofN = 13 highly migratory species off
the coast of Chile. Different colors and forms represent the different species.

Full-size DOI: 10.7717/peerj.19101/fig-3

(0.67 ± 0.13 mg 20 mg−1 DW), T. alalunga (0. 59 ± 0.12 mg 20 mg−1 DW) and T. obesus
(0.63 ± 0.08 mg 20 mg−1 DW), and the lowest values in P. glauca (0.13 ± 0.01 mg 20
mg−1 DW), I. oxyrinchus (0.10 ± 0.01 mg 20 mg−1 DW), S. zygaena (0.05 ± 0.01 mg 20
mg−1 DW), and C. hippurus (0.06 ± 0.004 mg 20 mg−1 DW). For more details regarding
the fatty acid contents determined for each species, see Table 2.

When considering the saturated fatty acids, palmitic acid (C16:0) was observed in the
greatest amounts in X. gladius (0.59 ± 0.4 mg 20 mg−1 DW), followed by T. alalunga
(0.30 ± 0.24 mg 20 mg−1 DW). The monounsaturated fatty acid found in the highest
concentrations was oleic acid (C18:1n9) in species of L. flavobrunneum (2.04± 0.88 mg 20
mg−1 DW), R. pretiosus (1.36 ± 1.04 mg 20 mg−1 DW) and X. gladius (1.31 ± 0.84 mg
20 mg−1 DW). For the polyunsaturated fatty acids, the eicosapentanoic (EPA, C20:5n3)
and docohexaenoic acids (DHA, C22:6n3) were abundant in X. gladius (0.09± 0.07 mg 20
mg−1 DW) and L. flavobrunneum (0.08 ± 0.04 mg 20 mg−1 DW) (Table 2).

The PCoA showed a high spatial variability in the fatty acid profiles of the diverse highly
migratory species analyzed, explaining almost 77%of the variance between both axes. PCO1
explained 66% of the variation in the fatty acid profile, while the PCO2 axis explained
only 10.8% of the variation (Fig. 3). On the PCO1 axis, a clear difference in the fatty acid
profiles between species was observed (e.g., L. favobrunneum, X. gladius, R. pretiosus vs. L.
nasus, L. imperialis). In addition, there are species that showed a high similarity in their
fatty acid profiles, such as C. hippurus and I. oxyrinchus. On the other hand, species of the
Thunnus genus presented a high variability, though some were characterized by a degree
of similarity. In turn, despite the high number of samples analyzed of X. gladius, these
specimens did not represent a wide variability between the PCO axes.

TheMDS revealed differences in the distribution of the fatty acid profiles of the analyzed
species (two dimensions with stresses of 0.1; Fig. S1). In particular, notorious groupings
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were observed for each species, in which their fatty acid profiles were conspicuously
separated and/or distant depending on the species: (i) X. gladius: green triangles; (ii) R.
pretiosus: yellow border triangles; and (iii) L. flavobrunneum: blue inverted triangles. They
were also clearly grouped according to taxa: (i) X. gladius; (ii) R. pretiosus; (iii) L. guttatus;
(iv) T. alalunga, T. albacares, T. obesus, L. flavobrunneum, G. melampus; (v) L. nasus, A.
vulpinus, P. glauca, I. oxyrinchus, S. zygaena; and finally, very close to these species of
chondrichthyans, C. hippurus. For further details see Fig. S1.

The similarity analysis (ANOSIM) confirmed that the fatty acid profiles of the evaluated
species were statistically significant, and very different among them, with a global coefficient
of determination (Global R) that includes all the paired comparisons of R= 0.761 (values
of R close to 1 indicate very different fatty acid profiles among species; with a significance
level of 0.1%; and 999 permutations). For details regarding all of the paired comparisons,
see Table S1.

In turn, the similarity percentage analysis (SIMPER) indicated that the greatest
contribution to this differentiation was provided by the fatty acids oleic (C18:1n9),
palmitic (C16:0), stearic (C18:0), eicosenoic (C20:1), and DHA (C22:6n3). The SIMPER
also demonstrated that the species X. gladius, R. pretiosus, L. flavobrunneum, I. oxyrinchus
and C. hippurus contributed the most to the significant differences found among the fatty
acid profiles. For more details see Table 3.

DISCUSSION
In the present study, we effectively determined the fatty acid compositions of the highly
migratory species obtained from the fishing fleets off the coast of Chile. The physiological
attributes of the fatty acid biomolecules of marine fishes in their environment present a
degree of specificity according to the feeding or trophic habit of each species, and can
therefore reflect the environmental conditions experienced by the organisms (due to the
type of food consumed) under a spatial scale of geographic regions in the Southeastern
Pacific Ocean (SEPO) (Gong et al., 2018; Lazo-Andrade et al., 2021; Quispe-Machaca et al.,
2021). In this context, our findings are the first step necessary to determine the traceability
of highly migratory fishery resource species from the SEPO off the coast of Chile through
fatty acid profile analyses. This method could thus be used to distinguish among species
and/or origin, based on the fatty acid profiles of their tissues (i.e., muscle and/or fillet),
which in this case constitute the main part of the body intended as food for human
consumption (Barría et al., 2020; Leal et al., 2015; Ricardo et al., 2015). The traceability
of fishery resources through the analysis of fatty acids, as a potential tool to determine
the geographical origin of the species, has important implications for their sustainable
exploitation within an ecosystem and precautionary approach (Guzmán-Rivas et al., 2021;
Lazo-Andrade et al., 2021). Together with DNA analyses, this biochemical tool (e.g., fatty
acids) could allow us to quickly and efficiently determine and/or distinguish the species
and its geographical origin (capture zone) immediately after the unloading process at
the port and subsequently at the processing plant (Leal et al., 2015; Santos et al., 2023;
Stowasser, DW & Collins, 2009). Additionally, identifying the nutritional profile of fishery
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Table 3 Analysis of similarity percentage (SIMPER) of the fatty acid profiles of muscle tissue ofN = 13 highly migratory species off the coast of
Chile.

Specie Similarity
percentage
(%)

Fatty acid Av.
Abund.

Av.
Sim.

Sim/SD Contrib.
%

Cum.
%

Alopias vulpinus 87.06 Palmitic (C16:0) 7.27 45.30 10.14 52.04 52.04
Stearic (C18:0) 6.12 37.76 9.62 43.38 100.00

Coryphaena hippurus 93.26 Palmitic (C16:0) 5.52 27.35 14.13 29.33 29.33
Oleic (C18:1n9) 5.59 27.18 13.20 29.14 58.47
Stearic (C18:0) 4.59 22.89 15.66 24.54 83.01

Isurus oxyrinchus 84.19 Palmitic (C16:0) 5.82 27.95 8.85 33.20 33.20
Stearic (C18:0) 4.45 21.24 8.30 25.22 58.42
Oleic (C18:1n9) 4.47 17.99 1.68 21.37 79.79

Lamna nasus 87.98 Palmitic (C16:0) 7.39 43.69 10.21 49.66 49.66
Stearic (C18:0) 4.86 28.25 9.12 32.11 81.77
Oleic (C18:1n9) 3.98 16.04 1.05 18.23 100.00

Lampris guttatus 73.62 Oleic (C18:1n9) 5.31 17.72 8.03 24.07 24.07
Palmitic (C16:0) 4.36 14.71 5.61 19.99 44.06
Miristic (C14:0) 3.48 10.46 2.40 14.21 58.28

Lepidocybium flavobrunneum 78.76 Oleic (C18:1n9) 7.98 28.26 9.94 35.89 35.89
Eicosenoic (C20:1) 2.48 8.41 6.42 10.68 46.57
DHA (C22:6n3) 2.38 7.35 4.10 9.33 55.90

Luvarus imperialis 92.46 Oleic (C18:1n9) 5.67 29.26 24.98 31.65 31.65
Palmitic (C16:0) 5.71 28.65 20.30 30.99 62.64
Stearic (C18:0) 4.89 24.90 25.42 26.93 89.56

Prionace glauca 69.35 Palmitic (C16:0) 6.15 28.96 2.83 41.76 41.76
Estearic (C18:0) 5.11 24.00 2.79 34.60 76.36
Oleic (C18:1n9) 3.06 7.46 0.73 10.76 87.13

Ruvettus pretiosus 77.02 Oleic (C18:1n9) 7.23 22.75 4.31 29.54 29.54
Eicosenoic (C20:1) 2.78 8.66 3.68 11.25 40.79
DHA (C22:6n3) 2.29 7.08 7.61 9.19 49.98

Thunnus alalunga 71.54 Palmitic (C16:0) 4.94 13.99 3.89 19.55 19.55
Oleic (C18:1n9) 4.16 11.48 3.59 16.04 35.60
Eicosenoic (C20:1) 3.25 8.59 3.29 12.01 47.60

Thunnus albacares 72.55 Palmitic (C16:0) 5.29 20.10 8.58 27.70 27.70
Oleic (C18:1n9) 5.20 18.86 7.57 25.99 53.70
Stearic (C18:0) 3.72 13.55 4.66 18.67 72.37

Thunnus obesus 76.75 Oleic (C18:1n9) 5.52 17.21 4.67 22.42 22.42
Palmitic (C16:0) 4.79 15.94 4.79 20.77 43.19
Stearic (C18:0) 3.30 11.01 6.69 14.34 57.53

Xiphias gladius 86.1 Oleic (C18:1n9) 6.22 17.97 5.49 20.88 20.88
Palmitic (C16:0) 4.22 12.48 8.74 14.5 35.37
Stearic (C18:0) 2.59 7.56 8.27 8.78 44.15

Notes.
Av. Abund, average abundance of each fatty acid; Av. Sim, average similarity contributed by the fatty acid; Sim/SD, similarity ratio to standard deviation; Contrib%, percent-
age of contribution of the fatty acid to the overall similarity; Cum.%, additive overall similarity percentage.
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resources allows us to promote the exploitation of certain species that have a healthier
and more sustainable origin throughout the entire production chain (i.e., from capture at
sea, landing, processing and finally making it to the consumer’s plate) (Gong et al., 2018;
Molkentin et al., 2015).

In the case of highly migratory fishery resource species, our study highlights the high
variety of fatty acids (saturated; mono-unsaturated; poly-unsaturated) in swordfish (X.
gladius), oilfish (R. pretiosus), tuna (albacore: T. alalunga; yellowfin: T. albacares; big eye:
T. obesus) and fish (escolar: L. flavobrunneum; butterfly kingfish: G. melampus). On the
contrary, a low variety of fatty acids was found in the evaluated species of sharks and/or
cartilaginous fish (porbeagle: L. nasus; common thresher: A. vulpinus; blue: P. glauca;
shortfin mako shark: I. oxyrinchus; hammerhead: S. zygaena), in which only saturated fatty
acids predominated. These differences in the fatty acid profiles of the evaluated species
can be explained not only by differences associated with a phylogenetic and/or taxon
trait (i.e., comparisons between bony fishes vs. cartilaginous fishes and/or sharks), but
also by the geographic origin of the species (i.e., high latitude species vs. low latitude
species) (Pethybridge et al., 2010; Prato & Biandolino, 2012; Zhang et al., 2023). In turn, the
low variety of fatty acids in the shark species analyzed in this study may be related to an
ancestral evolutionary trait of common diversification in tropical environments, where
saturated fatty acids have predominated (Shadwick, Farrell & Brauner, 2015). These fatty
acids in marine organisms are highly important in cellular homeostasis processes and
physiological processes that adapt to different temperatures.

From an ecophysiological point of view, particularly regarding the structure, function
and interaction with the environment, fatty acids play fundamental roles in the biophysical
process of homeoviscous adaptation in fishes (Ernst, Ejsing & Antonny, 2016). This complex
process allows fishes tomaintain an optimal level of fluidity in their cellmembrane and body
tissue, depending on thewater temperature (i.e., in cold temperatures, polyunsaturated fatty
acids predominate vs. warm temperatures where saturated fatty acids predominate; Chu et
al., 2024; Howell & Matthews, 1991). This may explain the high displacement capacity of
these species from latitudes of warm to cold temperate waters of the Humboldt Current
System due to the high homeoviscous capacity present in their tissues and membranes
(Shadwick, Farrell & Brauner, 2015; Malekar et al., 2018; Leigh, Papastamatiou & German,
2017; Lazo-Andrade et al., 2023). Also, similar biochemical adaptations linked to migratory
behavior have been described for species of sharks and swordfish (Nogrady, 2023; Lazo-
Andrade, Barría & Urzúa, 2024), which move from shallow habitats to the deep sea, with
cold waters, in search of prey rich in fats (Royer et al., 2023).

In addition, within an ecosystem approach, differences or similarities in the fatty acid
profiles can be associated with the degree of trophic specialization of each organism
(e.g., swordfish are considered specialists, while sharks are considered generalists; Lazo-
Andrade et al., 2021; Munroe, Simpfendorfer & Heupel, 2014), their trophic spatial position
(e.g., species occupying the same trophic level) (Kainz et al., 2017), as well as the type of
food they consume (e.g., large or small prey) within the marine food web (Markaida &
Sosa-Nishizaki, 2010; Loor-Andrade et al., 2017). Our findings based on the similar fatty
acid profiles of some species (e.g., I. oxyrinchus, C. hippurus, P. glauca) could indicate
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that these species may present a similar trophic level (Rosas-Luis et al., 2017; Paez-Rosas
et al., 2018), and also a voracious feeding behavior (Letelier et al., 2009; Lopez, Meléndez
& Barría, 2009; Lopez, Barría & Meléndez, 2012) characterized by the consumption of
large prey rich in saturated fatty acids (Rosas-Luis et al., 2017; Barría et al., 2024). In
this sense of feeding ecology, cephalopod species has been described as the main prey
item of billfish and swordfish species, which is consequently reflected in the fatty acid
profiles of their tissues and/or organs (Quispe-Machaca et al., 2021; Quispe-Machaca et al.,
2022; Hu et al., 2022; Guzmán-Rivas et al., 2023). In particular, the swordfish X. gladius
has demonstrated a specialist hunting habit on the jumbo squid Dosidicus gigas (Ibáñez,
González & Cubillos, 2004), first stabbing and then cutting their prey with the sword of
their mouth structure (Berkovitz & Shellis, 2017; Preti et al., 2023). Recent findings utilizing
fatty acids as biomarkers of the trophic interaction between these two highly migratory
resources of the southern Humboldt System revealed the degree of preference swordfish
have for preying on jumbo squid (D. gigas), mainly their digestive gland, which is an organ
rich in lipids and fatty acids (Hu et al., 2022; Lazo-Andrade et al., 2023; Guzmán-Rivas et
al., 2023).

Future comparative studies should consider that the fatty acid profiles of highlymigratory
species may be influenced, not only by their feeding habits and degrees of specialization
in terms of the capture and consumption of fatty prey present in this geographic marine
area (for the concept of trophic migration of highly migratory species in the Humboldt
System, see: Hu et al., 2022; Lazo-Andrade, Barría & Urzúa, 2024;Massing et al., 2022), but
also by the environmental factors and prevailing oceanographic conditions (e.g., water
temperature, upwelling events, oxygen levels, food availability) of the study site. These
environmental conditions may vary temporally (between seasons and years), potentially
increasing the variability in the profile of these marine top predators (Cretton et al., 2023).
Finally, these data could be used as reference information in other fisheries across Chile, as
well as to characterize the nutritional condition or trace geographic origin. Consequently,
future studies with an integral and ecosystemic approach should incorporate: (i) other
organs of the body, such as the liver and the gonad, which are also considered potential
fishery products with high added value; (ii) the capture area and sex of the organisms; (iii)
a complementary tool for molecular identification through the genetic analysis of species,
(iv) a longer time scale for the study.

CONCLUSION
The present study revealed notorious differences in the fatty acid compositions of the
muscle of HMRS of the SEPO, off the coast of Chile. We corroborated our hypothesis
that the fatty acid profiles may vary, not only depending on the prey consumed through
a characteristic hunting habit and/or behavior, but also due to their phylogeny and/or
taxonomic group of evolutionary origin. Swordfish also had the highest abundance and
concentration of fatty acids, followed by escolar fish and oilfish, while the hammerhead
shark had the lowest abundance and concentration of fatty acids. These results are the first
step needed to characterize the fatty acid profiles of the diverse fisheries in Chile. Within
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an ecosystem approach, our findings help us to understand how essential biomolecules of
fatty acids are transferred through the marine food web in the SEPO, revealing the diet
type and/or feeding habits of HMRS considered as marine top predators. Furthermore,
identifying the fatty acid profiles of fishery resources at a spatial level could be relevant
data for their management and conservation, particularly for those resources that are
overexploited and also have a critical nutritional importance for human consumption.

ACKNOWLEDGEMENTS
We sincerely thank the editor and reviewers for their constructive criticism and valuable
suggestions. Special thanks to Christine Harrower for correcting the English and improving
this manuscript. We also thank the scientific observers for their assistance aboard fishing
vessels.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the ‘‘Fisheries Project of Highly Migratory Resources:
Biological-Fishing Aspects’’ (IFOP No. 36547-102). The work was further supported
through the UCSC project: Ciencia abierta en la UCSC (grant INCA 210005) and Fondo
de Mantención de Equipamiento para la Investigación (grant DI-FMEI 02/2023). The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Fisheries Project of Highly Migratory Resources: Biological-Fishing Aspects: 36547-102.
Ciencia abierta en la UCSC: INCA 210005.
Fondo de Mantención de Equipamiento para la Investigación: DI-FMEI 02/2023.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Fabián Guzmán-Rivas conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.
• Marco Quispe-Machaca conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.
• Jorge Lazo conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 17/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.19101


• Juan Carlos Ortega conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.
• Sergio Mora conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.
• Patricio Barría Martínez conceived and designed the experiments, analyzed the data,
authored or reviewed drafts of the article, and approved the final draft.
• Ángel Urzúa conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Vice Rectorate for Research and Postgraduate Studies of the Universidad Católica de
la Santísima Concepción (UCSC) and the Undersecretariat for Fisheries and Aquaculture
(SUBPESCA) of Chile granted full approval for this research (Law 20.380/ VRIP/UCSC/
27/ 2023)

Data Availability
The following information was supplied regarding data availability:

The raw data are available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.19101#supplemental-information.

REFERENCES
Alderete-Macal MJ, Caraveo-Patiño J, Hoyos-Padilla EM. 2020. Ontogenetic dif-

ferences in muscle fatty acid profile of white sharks Carcharodon carcharias off
Guadalupe Island, México. Revista De Biología Marina Y Oceanografía 55(1):37–46
DOI 10.22370/rbmo.2020.55.1.2372.

Badia-Melis R, Mishra P, Ruiz-García L. 2015. Food traceability: new trends and recent
advances. A review. Food Control 57:393–401 DOI 10.1016/j.foodcont.2015.05.005.

Barría P, González A, Devia D, Mora S, Miranda H, Barraza A, Cerna FA, Cid L, Ortega
J. 2024. Programa de seguimiento de las principales pesquerías nacionales, año 2023.
In: Pesquería recursos altamente migratorios, aspectos biológico-pesqueros. Valparaíso,
Chile: Subsecretaría de Economía y EMT. Instituto de Fomento Pesquero (IFOP),
494 pp.

Barría P, González A, Devia D, Mora S, Miranda H, Barraza A, Ortega J. 2020. Recursos
Altamente Migratorios 2018, Aspectos Biológico-Pesqueros. Valparaíso, Chile: Instituto
de Fomento Pesquero (IFOP), 440 pp.

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 18/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.19101#supplemental-information
http://dx.doi.org/10.7717/peerj.19101#supplemental-information
http://dx.doi.org/10.7717/peerj.19101#supplemental-information
http://dx.doi.org/10.22370/rbmo.2020.55.1.2372
http://dx.doi.org/10.1016/j.foodcont.2015.05.005
http://dx.doi.org/10.7717/peerj.19101


Beckmann CL, Mitchell JG, Seuront L, Stone DAJ, Huveneers C. 2013. Experimental
evaluation of fatty acid profiles as a technique to determine dietary composition
in benthic elasmobranchs. Physiological and Biochemical Zoology: Ecological and
Evolutionary Approaches 86(2):266–278 DOI 10.1086/669539.

Berkovitz B, Shellis P. 2017. The teeth of non-mammalian vertebrates chapter 4 - bony
fishes, Cambridge: Academic Press, 43–111
DOI 10.1016/B978-0-12-802850-6.00004-7.

Bosona T, Gebresenbet G. 2013. Food traceability as an integral part of logistics
management in food and agricultural supply chain. Food Control 33(1):32–48
DOI 10.1016/j.foodcont.2013.02.004.

Cequier-Sánchez E, Rodríguez C, Ravelo ÁG, Zárate R. 2008. Dichloromethane as a sol-
vent for lipid extraction and assessment of lipid classes and fatty acids from samples
of different natures. Journal of Agricultural and Food Chemistry 56(12):4297–4303
DOI 10.1021/jf073471e.

Chu P,Wang S, YuW,Wang A, Zong Y, Yin S, Zhao C,Wang T. 2024. The impact of
extremely low-temperature changes on fish: a case study on migratory bony fishes
(Takifugu fasciatus). Aquaculture 579:740155 DOI 10.1016/j.aquaculture.2023.740155.

Clark LF. 2015. The current status of DNA barcoding technology for species identifica-
tion in fish value chains. Food Policy 54:85–94 DOI 10.1016/j.foodpol.2015.05.005.

Clarke K, Gorley R. 2015. Getting started with PRIMER v7. In: PRIMER-E. Plymouth:
Plymouth Marine Laboratory, 20.

CrettonM,Malanga G, Mazzuca Sobczuk T, MazzucaM. 2023.Marine lipids as a
source of high-quality fatty acids and antioxidants. Food Reviews International
39(8):4941–4964 DOI 10.1080/87559129.2022.2042555.

Dalsgaard J, St. JohnM, Kattner G, Müller-Navarra D, HagenW. 2003. Fatty acid
trophic markers in the pelagic marine environment. In: Advances in marine biology.
Vol. 46. Cambridge: Academic Press, 225–340 DOI 10.1016/S0065-2881(03)46005-7.

Ernst R, Ejsing CS, Antonny B. 2016.Homeoviscous adaptation and the regulation
of membrane lipids. Journal of Molecular Biology 428(24, Part A):4776–4791
DOI 10.1016/j.jmb.2016.08.013.

FAO. 2024. The state of world fisheries and aquaculture 2024–blue transformation in
action. Rome: FAO DOI 10.4060/cd0683en.

Fonseca VF, Duarte IA, Matos AR, Reis-Santos P, Duarte B. 2022. Fatty acid profiles as
natural tracers of provenance and lipid quality indicators in illegally sourced fish and
bivalves. Food Control 134:108735 DOI 10.1016/j.foodcont.2021.108735.

Gong Y, Li Y, Chen X, Chen L. 2018. Potential use of stable isotope and fatty acid
analyses for traceability of geographic origins of jumbo squid (Dosidicus gigas). Rapid
Communications in Mass Spectrometry 32(7):583–589 DOI 10.1002/rcm.8071.

Guzmán-Rivas F, Ortega J, Mora S, Barría P, Riera R, Urzúa Á. 2023. Temporal and
inter-individual changes in the integrated biochemical condition of the gonads
of female swordfish (Xiphias gladius) from the Southeastern Pacific Ocean. PeerJ
11:e15524 DOI 10.7717/peerj.15524.

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 19/24

https://peerj.com
http://dx.doi.org/10.1086/669539
http://dx.doi.org/10.1016/B978-0-12-802850-6.00004-7
http://dx.doi.org/10.1016/j.foodcont.2013.02.004
http://dx.doi.org/10.1021/jf073471e
http://dx.doi.org/10.1016/j.aquaculture.2023.740155
http://dx.doi.org/10.1016/j.foodpol.2015.05.005
http://dx.doi.org/10.1080/87559129.2022.2042555
http://dx.doi.org/10.1016/S0065-2881(03)46005-7
http://dx.doi.org/10.1016/j.jmb.2016.08.013
http://dx.doi.org/10.4060/cd0683en
http://dx.doi.org/10.1016/j.foodcont.2021.108735
http://dx.doi.org/10.1002/rcm.8071
http://dx.doi.org/10.7717/peerj.15524
http://dx.doi.org/10.7717/peerj.19101


Guzmán-Rivas F, Quispe-MachacaM, Queirolo D, AhumadaM, Urzúa Á. 2021.
Latitudinal changes in the lipid content and fatty acid profiles of juvenile female red
squat lobsters (Pleuroncodes monodon) in breeding areas of the Humboldt current
system. PLOS ONE 16(6):e0253314 DOI 10.1371/journal.pone.0253314.

Hernández S, Gallardo-Escárate C, Álvarez-Borrego J, González MT, Haye PA.
2010. A multidisciplinary approach to identify pelagic shark fins by molecular,
morphometric and digital correlation data. Hidrobiologica 20:71–80.

Howell BK, Matthews AD. 1991. Environmental temperature adaptation of fish
sarcoplasmic reticulum: a differential scanning calorimetric study. Comparative
Biochemistry and Physiology Part B: Comparative Biochemistry 99(1):175–180
DOI 10.1016/0305-0491(91)90026-A.

HuGY, Li JH, Liu BL, Liu N, Chen XJ. 2022. Trophic ecology of Humboldt squid
(Dosidicus gigas) in the oceanic waters off Ecuador: insight from isotopic sig-
nature analysis on beaks.Marine and Freshwater Research 73(4):469–477
DOI 10.1071/MF21183.

Ibáñez CM, González C, Cubillos L. 2004. Dieta del pez espada Xiphias gladius Linnaeus,
1758, en aguas oceánicas de Chile central en invierno de 2003. Investigaciones
Marinas 32:113–120 DOI 10.4067/S0717-71782004000200009.

KainzMJ, Hager HH, Rasconi S, Kahilainen KK, Amundsen P-A, Hayden B. 2017.
Polyunsaturated fatty acids in fishes increase with total lipids irrespective of feeding
sources and trophic position. Ecosphere 8(4):e01753 DOI 10.1002/ecs2.1753.

Lazo-Andrade J, Barría P, Urzúa Á. 2024. Bioenergetic status of swordfish (Xiphias
gladius) during the El Niño Southern Oscillation (ENSO) in the Southeast Pa-
cific Ocean: an interannual scale. Science of the Total Environment 918:170354
DOI 10.1016/j.scitotenv.2024.170354.

Lazo-Andrade J, Guzmán-Rivas F, Barría P, Ortega J, Mora S, Urzúa Á. 2021. Seasonal
dynamics of biochemical composition and fatty acids of swordfish (Xiphias gladius)
in the Southeast Pacific Ocean off the coast of Chile.Marine Environmental Research
169:105388 DOI 10.1016/j.marenvres.2021.105388.

Lazo-Andrade J, Guzmán-Rivas F, Barría P, Urzúa Á. 2023. Variability in the energy
reserves of swordfish (Xiphias gladius) of the southeastern Pacific Ocean: a temporal
and intra-individual perspective.Marine Environmental Research 190:106081
DOI 10.1016/j.marenvres.2023.106081.

Leal MC, Pimentel T, Ricardo F, Rosa R, Calado R. 2015. Seafood traceability: current
needs, available tools, and biotechnological challenges for origin certification. Trends
in Biotechnology 33(6):331–336 DOI 10.1016/j.tibtech.2015.03.003.

Leigh SC, Papastamatiou Y, German DP. 2017. The nutritional physiology of sharks.
Reviews in Fish Biology and Fisheries 27:561–585 DOI 10.1007/s11160-017-9481-2.

Letelier S, Melendez R, Carreño E, López S, Barría P. 2009. Alimentación y relaciones
tróficas del pez espada (Xiphias gladius Linnaeus, 1758), frente a Chile centro-
norte durante 2005. Latin American Journal of Aquatic Research 37:107–119
DOI 10.3856/vol37-issue1-fulltext-9.

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 20/24

https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0253314
http://dx.doi.org/10.1016/0305-0491(91)90026-A
http://dx.doi.org/10.1071/MF21183
http://dx.doi.org/10.4067/S0717-71782004000200009
http://dx.doi.org/10.1002/ecs2.1753
http://dx.doi.org/10.1016/j.scitotenv.2024.170354
http://dx.doi.org/10.1016/j.marenvres.2021.105388
http://dx.doi.org/10.1016/j.marenvres.2023.106081
http://dx.doi.org/10.1016/j.tibtech.2015.03.003
http://dx.doi.org/10.1007/s11160-017-9481-2
http://dx.doi.org/10.3856/vol37-issue1-fulltext-9
http://dx.doi.org/10.7717/peerj.19101


Loor-Andrade P, Pincay-Espinoza J, Carrera-FernándezM, Rosas-Luis R. 2017.
Feeding habits of billfishes (Carangaria: Istiophoriformes) in the Ecuadorian Pacific
Ocean. Neotropical Ichthyology 15:e160162 DOI 10.1590/1982-0224-20160162.

Lopez S, Barría P, Meléndez R. 2012. Scientific note feeding and trophic relationships
of two highly migratory sharks in the eastern south Pacific Ocean. Pan-American
Journal of Aquatic Sciences 7(1):50–56.

Lopez S, Meléndez R, Barría P. 2009. Feeding of the shortfin mako shark Isu-
rus oxyrinchus Rafinesque, 1810 (Lamniformes: Lamnidae) in the South-
eastern Pacific. Revista De Biologia Marina Y Oceanografia 44(2):439–451
DOI 10.4067/S0718-19572009000200017.

Malekar VC, Morton JD, Hider RN, Cruickshank RH, Hodge S, Metcalf VJ. 2018. Effect
of elevated temperature on membrane lipid saturation in Antarctic notothenioid
fish. PeerJ 6:e4765 DOI 10.7717/peerj.4765.

Malzahn AM, Aberle N, Clemmesen C, BoersmaM. 2007. Nutrient limitation of
primary producers affects planktivorous fish condition. Limnology and Oceanography
52(5):2062–2071 DOI 10.4319/lo.2007.52.5.2062.

Markaida U, Sosa-Nishizaki O. 2010. Food and feeding habits of the blue shark Prionace
glauca caught off Ensenada, Baja California, Mexico, with a review on its feeding.
Journal of the Marine Biological Association of the United Kingdom 90:977–994
DOI 10.1017/s0025315409991597.

Massing JC, Schukat A, Auel H, Auch D, Kittu L, Pinedo Arteaga EL, Correa Acosta J,
HagenW. 2022. Toward a solution of the Peruvian Puzzle: Pelagic food-web struc-
ture and trophic interactions in the Northern Humboldt current upwelling system
off Peru. Frontiers in Marine Science 8:759603 DOI 10.3389/fmars.2021.759603.

MeekanMG, Virtue P, Marcus L, Clements KD, Nichols PD, Revill AT. 2022. The
world’s largest omnivore is a fish. Ecology 103(12):e3818 DOI 10.1002/ecy.3818.

MelloWC, De Carvalho JJ, Brito PMM. 2013.Microstructural morphology in early
dermal denticles of hammerhead sharks (Elasmobranchii: Sphyrnidae) and related
taxa. Acta Zoologica 94(2):147–153 DOI 10.1111/j.1463-6395.2011.00547.x.

Méndez G. 2021. Interannual variation in the bioenergetic condition of goldfish
(Coryphaena hippurus) in the Humboldt current system. Concepción: Universidad
Católica Santísima Concepción.

Meyer L, Chambers S, Gervais C, Pethybridge H, Beckmann C, Bruce B, Huveneers
C. 2021. The use of muscle lipids and fatty acids to assess shark diet and condition.
Journal of Fish Biology 98:566–571 DOI 10.1111/jfb.14602.

Meyer L, Pethybridge H, Nichols PD, Beckmann C, Bruce BD,Werry JM, Huveneers
C. 2017. Assessing the functional limitations of lipids and fatty acids for diet
determination: the importance of tissue type, quantity, and quality. Frontiers in
Marine Science 4:369 DOI 10.3389/fmars.2017.00369.

Meyer L, Pethybridge H, Nichols PD, Beckmann C, Huveneers C. 2019. Abiotic and
biotic drivers of fatty acid tracers in ecology: a global analysis of chondrichthyan
profiles. Functional Ecology 33:1243–1255 DOI 10.1111/1365-2435.13328.

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 21/24

https://peerj.com
http://dx.doi.org/10.1590/1982-0224-20160162
http://dx.doi.org/10.4067/S0718-19572009000200017
http://dx.doi.org/10.7717/peerj.4765
http://dx.doi.org/10.4319/lo.2007.52.5.2062
http://dx.doi.org/10.1017/s0025315409991597
http://dx.doi.org/10.3389/fmars.2021.759603
http://dx.doi.org/10.1002/ecy.3818
http://dx.doi.org/10.1111/j.1463-6395.2011.00547.x
http://dx.doi.org/10.1111/jfb.14602
http://dx.doi.org/10.3389/fmars.2017.00369
http://dx.doi.org/10.1111/1365-2435.13328
http://dx.doi.org/10.7717/peerj.19101


Miller D, Jessel A, Mariani S. 2012. Seafood mislabelling: comparisons of two western
European case studies assist in defining influencing factors, mechanisms and
motives. Fish and Fisheries 13(3):345–358 DOI 10.1111/j.1467-2979.2011.00426.x.

Molkentin J, Lehmann I, Ostermeyer U, Rehbein H. 2015. Traceability of organic fish –
authenticating the production origin of salmonids by chemical and isotopic analyses.
Food Control 53:55–66 DOI 10.1016/j.foodcont.2015.01.003.

Munroe SEM, Simpfendorfer CA, Heupel MR. 2014. Defining shark ecological spe-
cialisation: concepts, context, and examples. Reviews in Fish Biology and Fisheries
24(1):317–331 DOI 10.1007/s11160-013-9333-7.

Nogrady B. 2023.Hammerhead sharks are first fish found to ‘hold their breath’. Nature
617:663 DOI 10.1038/d41586-023-01569-x.

Paez-Rosas D, Insuasti-Zarate P, Riofrio-LazoM, Galvan-Magana F. 2018. Feeding
behavior and trophic interaction of three shark species in the Galapagos Marine
Reserve. PeerJ 6:e4818 DOI 10.7717/peerj.4818.

Parot L. 2020. Recursos Altamente Migratorios 2018. Valparaíso: Enfoque ecosistémico,
Instituto De Fomento Pesquero, Subsecretaria de Economía y EMT, 32.

Pedrosa-Gerasmio IR, Babaran RP, Santos MD. 2012. Discrimination of Juve-
nile Yellowfin (Thunnus albacares) and Bigeye (T. obesus) Tunas using mito-
chondrial DNA control region and liver morphology. PLOS ONE 7(4):e35604
DOI 10.1371/journal.pone.0035604.

Pethybridge H, Daley R, Virtue P, Nichols P. 2010. Lipid composition and partitioning
of deepwater chondrichthyans: inferences of feeding ecology and distribution.
Marine Biology 157(6):1367–1384 DOI 10.1007/s00227-010-1416-6.

Prato E, Biandolino F. 2012. Total lipid content and fatty acid composition of com-
mercially important fish species from the Mediterranean, Mar Grande Sea. Food
Chemistry 131(4):1233–1239 DOI 10.1016/j.foodchem.2011.09.110.

Preti A, Stohs SM, Di Nardo GT, Saavedra C, MacKenzie K, Noble LR, Jones CS, Pierce
GJ. 2023. Feeding ecology of broadbill swordfish (Xiphias gladius) in the California
current. PLOS ONE 18(2):e0258011 DOI 10.1371/journal.pone.0258011.

Quispe-MachacaM, Guzmán-Rivas F, Ibañez CM, Urzúa Á. 2022. Trophodynamics
of the jumbo squid Dosidicus gigas during winter in the Southeast Pacific Ocean off
the coast of Chile: diet analyses and fatty acid profile. Fisheries Research 245:106154
DOI 10.1016/j.fishres.2021.106154.

Quispe-MachacaM, Guzmán-Rivas FA, Ibáñez CM, Urzúa Á. 2021. Intra-individual
variability in biochemical constituents and fatty acid composition of adult jumbo
squid (Dosidicus gigas) in the southeastern Pacific Ocean. Journal of Sea Research
174:102082 DOI 10.1016/j.seares.2021.102082.

Ricardo F, Pimentel T, Maciel E, Moreira ASP, Rosário Domingues M, Calado R. 2017.
Fatty acid dynamics of the adductor muscle of live cockles (Cerastoderma edule)
during their shelf-life and its relevance for traceability of geographic origin. Food
Control 77:192–198 DOI 10.1016/j.foodcont.2017.01.012.

Ricardo F, Pimentel T, Moreira ASP, Rey F, CoimbraMA, Rosário Domingues M,
Domingues P, Costa Leal M, Calado R. 2015. Potential use of fatty acid profiles of

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 22/24

https://peerj.com
http://dx.doi.org/10.1111/j.1467-2979.2011.00426.x
http://dx.doi.org/10.1016/j.foodcont.2015.01.003
http://dx.doi.org/10.1007/s11160-013-9333-7
http://dx.doi.org/10.1038/d41586-023-01569-x
http://dx.doi.org/10.7717/peerj.4818
http://dx.doi.org/10.1371/journal.pone.0035604
http://dx.doi.org/10.1007/s00227-010-1416-6
http://dx.doi.org/10.1016/j.foodchem.2011.09.110
http://dx.doi.org/10.1371/journal.pone.0258011
http://dx.doi.org/10.1016/j.fishres.2021.106154
http://dx.doi.org/10.1016/j.seares.2021.102082
http://dx.doi.org/10.1016/j.foodcont.2017.01.012
http://dx.doi.org/10.7717/peerj.19101


the adductor muscle of cockles (Cerastoderma edule) for traceability of collection
site. Scientific Reports 5:11125 DOI 10.1038/srep11125.

Robb DHF, Kestin SC. 2002.Methods used to kill fish: field observations and literature
reviewed. Animal Welfare 11(3):269–282 DOI 10.1017/S0962728600024854.

Rohman A, Irnawati Windarsih A, Riswanto FDO, Indrayanto G, Fadzillah NA,
Riyanto S, Bakar NKA. 2023. Application of chromatographic and spectroscopic-
based methods for analysis of omega-3 (ω-3 FAs) and omega-6 (ω-6 FAs) fatty acids
in marine natural products.Molecules 28(14):5524 DOI 10.3390/molecules28145524.

Rosas-Luis R, Navarro J, Loor-Andrade P, ForeroMG. 2017. Feeding ecology and
trophic relationships of pelagic sharks and billfishes coexisting in the central eastern
Pacific Ocean.Marine Ecology Progress Series 573:191–201 DOI 10.3354/meps12186.

Roungchun JB, Tabb AM, Hellberg RS. 2022. Identification of tuna species in raw and
processed products using DNA mini-barcoding of the mitochondrial control region.
Food Control 134:108752 DOI 10.1016/j.foodcont.2021.108752.

Royer M, Meyer C, Royer J, Maloney K, Cardona E, Blandino C, Fernandes da Silva
G,WhittinghamK, Holland KN. 2023. Breath holding as a thermoregulation
strategy in the deep-diving scalloped hammerhead shark. Science 380:651–655
DOI 10.1126/science.add4445.

Salampasis M, Tektonidis D, Kalogianni EP. 2012. TraceALL: a semantic web frame-
work for food traceability systems. Journal of Systems and Information Technology
14(4):302–317 DOI 10.1108/13287261211279053.

Samovski D, Jacome-Sosa M, Abumrad NA. 2023. Fatty acid transport and signal-
ing: mechanisms and physiological implications. Annual Review of Physiology
85:317–337 DOI 10.1146/annurev-physiol-032122-030352.

Santos A, Ricardo F, Domingues MRM, Patinha C, Calado R. 2023. Current trends in
the traceability of geographic origin and detection of species-mislabeling in marine
bivalves. Food Control 152:109840 DOI 10.1016/j.foodcont.2023.109840.

Sargent J, Bell G, McEvoy L, Tocher D, Estevez A. 1999. Recent developments in the
essential fatty acid nutrition of fish. Aquaculture 177(1):191–199
DOI 10.1016/S0044-8486(99)00083-6.

Segura-Cobeña E, Alfaro-Shigueto J, Mangel J, Urzúa Á, Górski K. 2021. Stable isotope
and fatty acid analyses reveal significant differences in trophic niches of Smooth
Hammerhead Sphyrna zygaena (Carcharhiniformes) among three nursery areas in
northern Humboldt current system. PeerJ 9:e11283 DOI 10.7717/peerj.11283.

Shadwick RE, Farrell AP, Brauner CJ. 2015. Physiology of elasmobranch fishes: structure
and interaction with environment. Cambridge: Academic Press.

Stefanni S, Catarino D, Ribeiro PA, Freitas M, Menezes GM, Neat F, Stanković D. 2021.
Molecular systematics of the long-snouted deep water dogfish (Centrophoridae,
Deania) with implications for identification, taxonomy, and conservation. Frontiers
in Marine Science 7(1126):588192 DOI 10.3389/fmars.2020.588192.

Stowasser G, Pond DW, Collins MA. 2009. Using fatty acid analysis to elucidate the feed-
ing habits of Southern Ocean mesopelagic fish.Marine Biology 156(11):2289–2302
DOI 10.1007/s00227-009-1256-4.

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 23/24

https://peerj.com
http://dx.doi.org/10.1038/srep11125
http://dx.doi.org/10.1017/S0962728600024854
http://dx.doi.org/10.3390/molecules28145524
http://dx.doi.org/10.3354/meps12186
http://dx.doi.org/10.1016/j.foodcont.2021.108752
http://dx.doi.org/10.1126/science.add4445
http://dx.doi.org/10.1108/13287261211279053
http://dx.doi.org/10.1146/annurev-physiol-032122-030352
http://dx.doi.org/10.1016/j.foodcont.2023.109840
http://dx.doi.org/10.1016/S0044-8486(99)00083-6
http://dx.doi.org/10.7717/peerj.11283
http://dx.doi.org/10.3389/fmars.2020.588192
http://dx.doi.org/10.1007/s00227-009-1256-4
http://dx.doi.org/10.7717/peerj.19101


Tan K, Zhang H, Zheng H. 2022. Climate change and n-3 LC-PUFA availability. Progress
in Lipid Research 86:101161 DOI 10.1016/j.plipres.2022.101161.

Tocher DR, Glencross BD. 2015. Lipids and fatty acids. In: Dietary nutrients, additives,
and fish health, Hoboken: Wiley-Blackwell, 47–94 DOI 10.1002/9781119005568.ch3.

XuM, Pethybridge HR, Li Y. 2022. Trophic niche partitioning of five sympatric shark
species in the tropical eastern Pacific Ocean revealed by multi-tissue fatty acid
analysis. Environmental Research 214:113828 DOI 10.1016/j.envres.2022.113828.

Zhang B, Pethybridge H, Virtue P, Nichols PD. 2023. Lipid dynamics in the southern
hemisphere: a 30-year meta-analysis of marine consumers.Marine Ecology Progress
Series 710:1–14 DOI 10.3354/meps14295.

Zuur AF, Leno EN, Smith GM. 2007. Analyzing ecological data (statistics for biology and
health). New York, NY, USA: Springer-Verlag DOI 10.1007/978-0-387-45972-1.

Guzmán-Rivas et al. (2025), PeerJ, DOI 10.7717/peerj.19101 24/24

https://peerj.com
http://dx.doi.org/10.1016/j.plipres.2022.101161
http://dx.doi.org/10.1002/9781119005568.ch3
http://dx.doi.org/10.1016/j.envres.2022.113828
http://dx.doi.org/10.3354/meps14295
http://dx.doi.org/10.1007/978-0-387-45972-1
http://dx.doi.org/10.7717/peerj.19101

