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Abstract

Over the past few decades, due to sea warming driven by global climate change, the habitat range of round sardinella (Sardinel-
la aurita) has expanded into the north-western Mediterranean Sea. This study evaluates the fatty acid content and fatty acid profile
of this small, warm-water pelagic fish caught in this area, specifically the northern Catalan coast. The findings provide important
insights into the nutritional status of the species under changing environmental conditions. The study confirms that fatty acid con-
tent varies according to the individual specimen’s maturity stages (immature, pre-spawners, and spawners). Pre-spawners showed
higher fat levels compared to spawners, whose lipids are allocated to their gonads to enhance the survival of their offspring. While
a high content of omega-3 polyunsaturated fatty acids (n-3 PUFAs) was generally found at all stages of maturity, pre-spawners
had higher levels of EPA but lower levels of DHA than immature individuals and spawners. Moreover, compared to small pelagic
fish more typical of the temperate waters in the region (European anchovy, Engraulis encrasicolus, and European sardine, Sardina
pilchardus), round sardinella generally have a higher level of PUFAs, especially DHA. Encouraging consumption of this warm
water species could provide significant nutritional benefits while reducing fishing pressure on European sardine and European

anchovy, whose populations are currently in a very poor state.
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Introduction

In the Mediterranean Sea, the expansion of warm-wa-
ter — i.e., thermophilic — fish species has been well doc-
umented in the context of sea warming (Sabatés et al.,
2006; Lloret et al., 2015). One of these species is round
sardinella (Sardinella aurita, Valenciennes, 1847), a
small pelagic fish (SPF) commonly found in subtropical
and tropical waters, including the southern Mediterrane-
an, due to its preference for warmer waters (Whitehead,
1985; Palomera & Sabatés, 1990; Sabatés et al., 2006,
2009). In response to increasing seawater temperatures,
the geographical distribution of this species in the Medi-
terranean has been gradually shifting northwards over the
last two decades (Palomera & Sabatés, 1990; Sabatés et
al., 2006; Tsikliras, 2008). Landings of this species along
the Catalan coast (NW Mediterranean) have already been
correlated with the anomalies in sea surface temperature
(SST) observed in the area (Sabatés et al., 2006).

300

In the NW Mediterranean, while landings of round
sardinella have increased, which appears to be benefit-
ting from the changing environmental conditions, those
of European anchovy (Engraulis encrasicolus, Linnaeus,
1758) and European sardine (Sardina pilchardus, Wal-
baum, 1792), hereafter referred to as anchovy and sar-
dine, have gradually decreased in the region (Palomera
et al.,, 2007; Van Beveren et al., 2014; Lloret et al., 2015;
Brosset et al., 2017; Coll et al., 2019). Historically, an-
chovy and sardine have been the most dominant SPF spe-
cies in terms of biomass and commercial importance in
the NW Mediterranean (Pennino et al., 2020). However,
the current situation facing their populations in this re-
gion is adverse due to intense fishing and the challenging
environmental conditions that have led to a decrease in
the quantity or quality of their food supply, thus affecting
their nutritional status (Kang, 2011; Van Beveren ef al.,
2014; Hixson & Arts, 2016; FAO, 2018, Queiros et al.,
2019; Biton-Porsmoguer et al., 2020; Lau et al, 2021).
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Despite extensive research on the ecological, economic,
and nutritional relevance of sardines and anchovies in the
Mediterranean (Albo-Puigserver et al., 2020; Biton-Por-
smoguer et al., 2020; Simat et al., 2020), there is a pau-
city of information regarding the fatty acid composition
of round sardinella, particularly within the relatively cold
waters of the NW Mediterranean. Previous studies have
focused on the fatty acid profiles of round sardinella in
the warmer waters of the southern and eastern Mediterra-
nean regions (Rebah et al., 2010; Abouel-Yazeed, 2013).

The assessment of the fatty acid profile of SPF pro-
vides an excellent measure of their state of health, while
also serving as a good indicator of the health of the eco-
system they inhabit (Dalsgaard et al., 2003; Lloret et al.,
2014) due to the ecological role of SPF in marine eco-
systems in transferring energy from primary producers
to higher trophic levels (Cury et al., 2000). In particular,
polyunsaturated fatty acids (PUFAs), which are produced
by phytoplankton (Dalsgaard et al., 2003; Puccinelli et
al., 2021), play an important role in several biological
processes in fish, with impacts on general growth and de-
velopment, reproduction, behaviour, and immune system
(Bell et al., 1986; Watanabe, 1993; Arts & Kohler, 2009).
Furthermore, the fatty acid composition of SPF species
can indicate alterations in the quantity and/or quality of
their diet, thereby reflecting changes in the phytoplankton
community, which is increasingly threatened by climate
change (Litzow et al., 2006; Pethybridge et al., 2014;
Queiros et al., 2019; Grossi et al., 2024). Monitoring fat-
ty acid profiles also facilitates the assessment of ecosys-
tem dynamics, thereby providing insights into fundamen-
tal dependencies within the food web (Auel et al., 2002;
Dalsgaard et al., 2003).

In addition to providing insights into ecosystem dy-
namics, monitoring fatty acid profiles serves another cru-
cial purpose. The nutritional composition of fish offers
several health benefits to consumers, particularly due to
the essential PUFAs that seafood contains (Lund, 2013,
Mohanty et al., 2019; Bianchi et al., 2022; Chen et al.,
2022). In the case of SPF, PUFAs are concentrated in the
muscle (edible part) and therefore are more available to
consumers than lipids from benthic fish, which are usu-
ally accumulated in their livers (Lloret et al., 2014). The
consumption of these fatty acids has been demonstrated
to result in favourable health outcomes in humans, in-
cluding significant contributions to the prevention of cer-
tain cancers and in lowering cardiovascular risk (Ruxton
et al., 2004; Lloret, 2010; Pauwels, 2011; Hanson et al.,
2020). In particular, the omega-3 PUFA series, such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), are essential for human health and provide multi-
ple health benefits, including antioxidant, anti-inflamma-
tory, and cardiovascular properties (Ruxton ez al., 2004;
de Carvalho & Caramujo, 2018; Chen et al., 2022).

To the best of our knowledge, there has been no previ-
ous research on the fatty acid profile of round sardinella
found in the NW Mediterranean. We present, therefore,
the first analysis of the fatty acid content and fatty acid
profile of round sardinella in the NW Mediterranean, with
the aim of shedding light on the nutritional and ecological
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implications of the expansion and increase of this species
in the region. In addition, we compare the fatty acid com-
position of these round sardinella with those of anchovy
and sardine from the same area - as documented in the
literature. These comparisons shall be used to analyse the
potential implications on human nutrition arising from
the significant variations observed in recent landings of
these species. Finally, we shall discuss the implications
of our findings for human health and for fisheries man-
agement, while emphasising the importance of round sar-
dinella as a source of essential PUFAs and the need for
sustainable management practices in the face of environ-
mental change.

Materials and Methods
Fish samples

Samples of round sardinella (Sardinella aurita)
caught by purse seine in the northern Catalan Sea (NW
Mediterranean) between May and September 2022 - were
collected at the port of L’Escala on the Catalan coast.
The collection period coincided with the pre-spawning
and spawning season of round sardinella, which occurs
from the end of June to September, when the sea surface
temperature reaches its highest levels of the year (Pal-
omera & Sabatés, 1990; Tsikliras & Antonopoulou, 2006;
Sabatés et al., 2009). During this sampling period, the
NW Mediterranean experienced unprecedented marine
heatwaves (MHWSs) which resulted in summer anomalies
of up to 4.6°C in mean sea surface temperatures (SST)
(Estaque et al., 2023). The samples were collected and
preserved on ice to be transported to the IRTA laborato-
ries in the nearby village of Monells for total lipid and
fatty acid profile analyses.

The sampled individuals (620 specimens in total)
were measured for length (to the nearest 0.01 cm) and
weight (to the nearest 0.01 grams), while sex and repro-
ductive status were determined by visually inspecting
their gonads after dissection. The individuals were clas-
sified by their level of maturation, as described in Table
1, following the established scales of sexual maturity in
individual specimens (Holden & Raitt, 1974; Baali et
al., 2021). Specimens were then grouped into sample
units consisting of approximately 20 individuals per unit
(with a total of 31 sample units), based on the sex and
maturation categories. This resulted in 10 sample units
of “immature” specimens, 5 sample units of “female
pre-spawners”, 6 sample units of “male pre-spawners”,
5 sample units of “female spawners” and 5 sample units
of “male spawners”. In September, the sampling period,
a few individuals in Stage IV of the post-spawning phase
were found, but these were not included in the analysis.
After classification into the sample units, each specimen
was eviscerated and re-weighed to determine the impact
of the weight of the viscera. Then, a muscle fillet from
one side of each specimen was extracted, weighed, and
stored frozen. Muscle fillets from the other side of each
specimen were combined with those from the 20 indi-
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Table 1. Adaptation of the sexual maturity scale, based on Baali ez al., 2021 and Holden & Raitt, 1974.

Stages of maturity State Gonadal size and appearance
Stage I Immature Ovary and testis between 33-50% body cavity length.
It can be difficult to distinguish between ovaries and testes.
Stage 11 Pre-spawning phase / Ovary and testis about 66% body cavity length.
pre-spawners Ovary: pinkish yellow colour with granular appearance
Testis: whitish to creamy. No transparent or translucent ova visible.

Stage 11 Spawning phase / spawners Ovary and testis from 66-100% body cavity length.

Ovary: orange pink in colour with conspicuous superficial blood vessels.

Testis: whitish-creamy, soft.
Large transparent, ripe ova visible.

Stage IV Post-spawning phase / Ovary and testis shrunken to about 50% body cavity length. Walls loose.

post-spawners

Ovary: may contain remnants of disintegrating opaque and ripe ova, dark-

ened or translucent.
Testis: bloodshot and flabby.

viduals in the respective sample unit, homogenised using
a grinder, and kept frozen at -80°C for subsequent bio-
chemical analysis.

Analysis of total fatty acid content and the fatty acids
profile

The fatty acid content and fatty acid composition of
the round sardinella were analysed from each sample
unit of homogenised muscle, as this is where most pe-
lagic fish store most of their energy reserves (Bou et al.,
2005; Lloret et al., 2014). Sample lipid extracts were tak-
en in duplicates using the Folch extraction procedure by
homogenizing 1.5 g of minced fish muscle in 30 ml of
CHCl,:methanol (2:1, v/v). Additionally, 1,2,3-tritride-
canoylglycerol was added in each sample as an internal
standard for lipid content quantification. Fatty acid methyl
esters (FAMEs) were obtained via a two-step methylation
procedure (Bou et al., 2005). The fatty acid composition
was determined by gas chromatography equipped with a
Zebron ZB-FAME capillary column (30 m; 0.25 mm; 0.2
um) and results were expressed as a % of area normaliza-
tion whereas the fatty acid content was expressed as mg
of internal standard equivalents/100 g fish.

Statistical analysis

Fatty acid content and fatty acid profiles for the dif-
ferent maturity stages of round sardinella were examined
using a one-way ANOVA. Normality and homogeneity
were verified using Kolmogorov-Smirnov and Levene
tests, respectively. For identifying statistical differences
between means, a post-hoc Tukey’s Honestly Significant
Differences (HSD) test was employed. Principal compo-
nent analyses (PCA) were used to visually identify the
primary fatty acids responsible for the observed varia-
tions. In all instances, statistical significance was prede-
termined at p<0.05. The analyses were conducted using
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JMP13 software, developed by the SAS Institute in Cary,
North Carolina, USA.

Results
Total fatty acid content and profiles

The fatty acid content (g/100 g of sample) and the
fatty acid profiles in the muscle of round sardinella are
shown in Table 2. Statistical analysis revealed no signif-
icant differences in total fatty acid content and fatty acid
profile between male and female sardinella. Muscle from
pre-spawners showed significantly higher mean fatty acid
content compared to immature specimens and spawners.
There were no significant differences observed between
immature and spawners.

Saturated fatty acids (SFAs) accounted for between
34.91% (in spawners) and 37.06% (in pre-spawners) of
the total fatty acids. Significant differences were observed
between pre-spawners and the other two categories in the
total SFA. In all three categories, the most abundant SFA
was C16:0 (P; Palmitic acid), although there was a sig-
nificant difference between spawners and pre-spawners.
Except in the case of C17:0, which presented similar val-
ues for all groups, significant differences were observed
among the three categories regarding the proportion of
particular SFA. The proportion of most of the SFAs was
higher in the pre-spawners with the exception of C18:0,
which was highest in the spawners, with a significant dif-
ference compared to the other categories. The majority
of the remaining SFAs showed no significant differences
between spawners and the immature.

Monounsaturated fatty acids (MUFAs) comprised be-
tween 6.33% (in immature) and 10.83% (in pre-spawners)
of the total fatty acids. Apart from C22:1 n-9, pre-spawn-
ers displayed a higher content in MUFAs compared to the
other two groups. No significant differences in any MU-
FAs were observed between immature and spawners. The
most abundant MUFA in all three categories was C18:1
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Table 2. ANOVAs results for the fatty acid content (g/100g sample of wet weight) and fatty acid profiles (as % of total fatty acids)
of the muscle of the immature, pre-spawners, and spawners of round sardinella (Sardinella aurita) caught between May and Sep-
tember 2022, which included the spawning season (late June to September).

Immature Pre-Spawners Spawners p-value
Fatty acid content 1.13+£0.25b 213+£036a 1.04+£0.37b <0.0001
C14:0 357+131b 5.08+0.64a 2.65+1.46b 0.0022
C15:0 0.81+0.18b 1.15+0.15a 0.77+0.19b 0.0001
C16:0 (P) 22.67+0.72 ab 23.03+0.34a 22.20+0.53b 0.0183
C17:0 1.04+0.11 1.13+£0.05 1.08 £0.07 ns
C18:0 6.46+0.66 b 556+025¢ 7.51+£0.77 a <0.0001
C20:0 0.17+0.05b 0.23+0.02a 0.20 + 0.06 ab 0.0378
C22:0 0.50+0.18b 0.80+0.10 a 046+0.13b <0.0001
Total SFA 35.24+0.80 b 37.06 + 0.68 a 3491+1.43b 0.0067
C16:1 n-7 (PO) 1.56 £0.72 b 2.81+024a 1.29+0.82b 0.0002
C18:1 n-9 3.86+0.93b 6.39+0.59a 429+1.53b 0.0003
C20:1 n-9 040+0.22b 0.69+0.10 a 037+0.13b <0.0001
C22:1 n-9 0.07+£0.04 0.10+0.01 0.09 +0.03 ns
C24:1 n-9 0.34+£0.15b 049+0.05a 033+0.12b 0.0253
Total MUFA 6.33+2.06 b 10.83+0.91 a 6.48+2.46b 0.0001
C18:3 n-3 0.96+0.36 b 2.04+0.20a 0.87+0.43b <0.0001
C20:5 n-3 (EPA) 7.40+1.20b 9.76 £0.62 a 6.04+1.67b <0.0001
C22:5n-3 0.34+0.15b 0.49+0.04a 0.33+£0.12b 0.0065
C22:6 n-3 (DHA) 4576 £4.08 a 3526+2.10b 4723+592a <0.0001
Total n-3 PUFA 54.55 £2.56 a 47.68+1.43b 54.55 +4.01 a 0.0002
C18:2 n-6 1.63+0.25b 2.17+0.10 a 1.67+0.27b 0.0004
C18:3 n-6 0.03+£0.02b 0.09+£0.02 a 0.02+0.03b 0.0004
C20:2 n-6 037+0.04a 0.31+0.03b 0.39+0.05a 0.0377
C20:3 n-6 0.10+0.01 0.13+£0.02 0.11 £0.01 ns
C20:4 n-6 1.71+£0.39 1.71 £0.08 1.84 £0.14 ns
Total n-6 PUFA 3.84+0.59b 4.42+0.16 a 4.01 £0.29 ab 0.0085
Total PUFA 58.39 £2.47 a 52.10+1.48Db 58.57+3.79 a 0.0004

n-9 (oleic acid).

Polyunsaturated fatty acids (PUFAs) accounted for be-
tween 52.10% (in pre-spawners) and 58.57% (in spawn-
ers) of the total fatty acids. The majority of these were n-3
PUFAs, which ranged from 47.68% (in pre-spawners) to
54.55% (in both spawners and the immature). Significant
differences were observed in the total amount of PUFAs,
and more specifically, in the levels of n-3 and n-6 PUFA,
between the pre-spawners and the other two categories.
The PUFA with the highest concentration was C22:6 n-3
(DHA), with notable variance between pre-spawners
(with the lowest mean value), and the immature as well as
spawners (which had the highest mean value). Among the
n-3 PUFAs, DHA was the most abundant, with a mean of
47.23% in spawners, while EPA was more abundant in
pre-spawners (9.76%). Whereas there were no significant
differences in C20:3 n-6 and C20:4 n-6 (arachidonic acid,
ARA) values, the remaining n-6 PUFAs showed signifi-
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cant differences between pre-spawners and the other two
groups.

Principal component analysis

A Principal Component Analysis (PCA) was per-
formed to assess the differences in fatty acid composition
among the three maturity stages (immature, pre-spawn-
ers, and spawners) of Sardinella aurita (Fig. 1). The first
two components of the model accounted for 84.8% of the
variance. The first component explained 68.3% of the
variance and grouped DHA, total n-3 PUFAs, C18:0, and
C20:2 n-6 on one side, opposite oleic acid (C18:1 n-9),
total MUFAs, and EPA. The first component seems to
differentiate distinctly between pre-spawners and spawn-
ers. The difference appears to arise mainly because EPA,
which is abundant in pre-spawners, and DHA, which is
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Fig. 1: Plots of scores and loadings of the PCA of round sardinella (Sardinella aurita) fatty acid composition corresponding to
sexual maturity stage of the specimens: immature (red), pre-spawners (green), and spawners (blue).

abundant in spawners, are in opposite positions in the
PCA. The second component explained 16.5% of the var-
iance, which is mainly determined by ARA (C20:4 n-6),
n-6 PUFAs, and various SFAs, which were present in
opposite coordinates to palmitic acid (C16:0) and C22:1.
Pre-spawners and spawners occupied central positions
in the second component, whereas the immature group
seemed to be more affected by this component.

Discussion

Total fatty acid content and profile of round sardinella
in relation to reproduction, feeding and environmental
conditions

This study provides novel information on the lipid
composition among immature, pre-spawners and spawn-
ers specimens of round sardinella in the NW Mediterra-
nean, highlighting, in particular, variations in fish lipid
content, which is known to fluctuate due to environmen-
tal conditions, dietary patterns, reproductive status and
seasonality (Zlatanos & Laskaridis, 2007; Linder et al.,
2010; Lloret et al., 2014; Tasbozan & Gokge, 2017). The
results reveal that pre-spawners had a higher fat content
than spawners, in line with the reproductive strategy of
round sardinella, which accumulates energy reserves
prior to spawning and expends them during spawning
(Albo-Puigserver et al., 2017). In other words, spawners
exhibit a reduction of fat content in their muscles as they
allocate the energy-rich lipids to their gonads to ensure
the survival of their offspring (McBride et al., 2015). Our
investigation was limited to a specific period (from May
to September), and, therefore, further year-round investi-
gations are required, considering that the quantity of fatty
acids may fluctuate significantly throughout the year due
to various factors such as environmental conditions, feed-
ing habits, and reproductive cycle.
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The feeding behaviour and environmental conditions
of round sardinella are thought to be linked with their
fatty acid content and fatty acid composition. Spawn-
ing of round sardinella in the NW Mediterranean occurs
during the highest seasonal water temperature, which is
associated with low phytoplankton availability, minimal
chlorophyll a values, and an increased presence of zoo-
plankton (Calbet et al., 2001). Previous research has in-
dicated that round sardinella is an opportunistic predator
with a diverse diet, comprising of copepods, fish eggs,
diatoms, chaetognatha, decapods, and salpidae (Tsikli-
ras et al., 2005; Bayhan et al., 2015; Albo-Puigserver et
al., 2019). Most of these phytoplankton and zooplankton
groups are rich in lipids and essential fatty acids (Persson
& Vrede, 2006; Brett et al., 2009; Hartwich et al., 2013),
which contribute to the overall health of round sardinella.
The results of our study are in line with previous research
on the trophic ecology of round sardinella in the Med-
iterranean. During the summer, they feed mainly on co-
pepods and cladocerans (Tsikliras et al., 2005; Madkour,
2012; Bayhan et al., 2015; Ablo-Puigserver et al., 2019),
which is consistent with high DHA levels, as DHA content
is known to be almost twice that of EPA in most copepod
species (Kattner & Hagen, 2009). It is also consistent with
the idea that cladocerans accumulate EPA almost exclu-
sively, whereas copepods predominantly accumulate DHA
(Farkas, 1979). Several fatty acids and their ratios may be
employed to compare dietary changes within a population
over time (Dalsgaard et al., 2003; Parrish, 2009; Pethy-
bridge et al., 2014; Biton-Porsmoguer et al., 2020). Prior
to our study, no data existed regarding the concentrations
of fatty acids in round sardinella on the NW Mediterra-
nean, yet the data and results provided here might prove
valuable for future research on biological, fisheries and nu-
tritional aspects of species, such as round sardinella, whose
range and abundance is increasing due to sea warming.

Environmental conditions, particularly the increasing
water temperatures due to climate change, are fundamen-
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tal to the status of the Mediterranean round sardinella.
Several studies, including those of Hixson & Arts (2016)
and Holm et al. (2022), have explored the potential im-
pacts of increasing water temperature on the production
of n-3 PUFAs in phytoplankton. Any changes in the
quantity of EPA and DHA in phytoplankton can disrupt
the marine food chain, affecting the entire ecosystem’s
balance (Jin et al., 2020). In particular, sea warming
could lead to a significant decline in EPA levels, which
have a negative correlation with temperature (Holm et
al., 2022). The correlation between planktonic EPA and
temperature indicates a potential reduction in EPA pro-
duction by plankton at the base of the food chain in re-
sponse to rising ocean temperatures (Holm et al., 2022).
This could result in restricted availability of omega-3 fat-
ty acids across the food chain. Moreover, elevated water
temperatures may cause stratification, which limits the
nutrient intake of phytoplankton, resulting in a decline
in their populations, leading to a further lowering of lipid
content and PUFA levels (Kang, 2011). Although sam-
pling took place in 2022, which was a year with the high-
est SST anomaly observed in the Mediterranean Sea in
recent decades (Estaque et al., 2023), we were unable to
assess the impact of sea warming on the fatty acid profile
and energy reserves of round sardinella due to the lack of
previous studies on fatty acid profiles in this region with
which to make comparisons.

There have, however, been previous investigations
in other areas of the Mediterranean Sea, for example in
the southern and eastern areas, which have examined the
total lipid content and fatty acid profile of round sard-
inella. For instance, Barakat et al. (2022) investigated the
chemical composition of round sardinella and observed
fluctuations in fat content over the course of a year, with
higher levels observed during autumn and lower levels in
summer, coinciding with the species’ spawning period. A
synthesis of findings on total lipid and fatty acid contents
from two studies conducted in Tunisia and Egypt and the

present study is presented in Table 3 (Rebah et al., 2010;
Abouel-Yazeed, 2013). It is important to remember that
these studies were conducted in different years, regions,
and months of the reproductive period of round sard-
inella. However, some general trends can be observed.
Studies such as those of Rebah et al. (2010) and Abouel
Yazeed (2013), which reported higher total lipid contents,
appear to have been conducted outside the spawning sea-
son, which could lead to higher lipid reserves in the mus-
cle. Conversely, during the spawning period, these lipid
reserves in the muscle are redirected towards gonadal
development to support offspring maturation which, in
turn, may help to explain our findings. While the total
SFA levels were similar between the studies, our study
exhibited notably lower total MUFA levels compared to
the others. Although EPA levels were similar, DHA levels
were higher in our study. However, further investigation
into any variations in total lipid content and fatty acid
profiles of round sardinella populations inhabiting waters
with differing temperature regimes would be required to
enhance our understanding of the various factors that af-
fect the fatty acid content of the species.

Comparison of total fatty acid content and profile of
round sardinella with those of other small pelagic fish
species in the NW Mediterranean

In the NW Mediterranean, round sardinella coexist
with sardine, and anchovy. These three SPF species have
larger populations and may compete due to their over-
lapping distribution in shallow waters (Palomera et al.,
2007), shared food resources (Ablo-Puigserver et al.,
2019; Bachiller et al.,, 2021), and similar reproductive
patterns (Palomera et al., 2007). In order to gain insight
into the dietary preferences, trophic interactions, poten-
tial competition for food resources, and to provide val-
uable information on the nutritional quality of these fish

Table 3. Total lipid (g/100g of wet weight) and fatty acid profiles (as % of total fatty acids) of round sardinella (Sardinella aurita)
in Gulf of Gabés (Tunisia) (Ben Rebah et al., 2010), in Alexandria Governorate (Egypt) (Abouel-Yazeed, 2013) and in N Catalan

Sea (this study).
Location Gulf of Gabés (Tunisia) Alexandn(‘i;tg;}:t\;ernorate N Catalan Sea (Spain)
Collection period February (prior to 2008) March 2012 May-September 2022
Reproductive period Non-spawning period Non-spawning period Spawning period
Fatty acid method Soxhlet method Folch method Folch method
Total lipid 9.33 10.27 1.43
Total SFA 37.5 27.92 35.73
Total MUFA 21.2 36.84 7.88
C20:5 n-3 (EPA) 11.0 2.57 7.73
C22:6 n-3 (DHA) 9.8 19.22 42.75
Total n-3 PUFA 25.0 23.64 52.26
Total n-6 PUFA 4.3 11.65 4.09
Total PUFA 31.6 35.29 56.35
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species as food sources for consumers, a comparison was
conducted between the fatty acid content and fatty acid
profile of sardine and anchovy in the NW Mediterranean
(Biton-Porsmoguer et al., 2020), and the results of round
sardinella from this study (Table 4). The comparison, it
should be pointed out, concerns specimens caught only
during the spawning season: sardine spawn in the au-
tumn/winter, anchovy in early spring/summer, and round
sardinella in late spring/summer (Tsikliras & Antonop-
oulou, 2006; Palomera et al., 2007; Ablo-Puigserver et
al., 2019). Notably, round sardinella have the highest lev-
els of total PUFAs, whereas sardines have higher levels
of SFA and MUFA than round sardinella, and anchovies
have higher EPA levels than round sardinella. The higher
total PUFA levels in round sardinella is primarily attrib-
uted to elevated levels of DHA present in the fish muscle,
compared to sardines and anchovies. This elevated PUFA
levels observed in round sardinella compared to the other
SPF highlight the increasing ecological and nutritional
relevance of this species within the NW Mediterranean
ecosystem. The lower PUFA levels observed in anchovy
and sardine in the NW Mediterranean may be attribut-
ed to the challenging environmental conditions present
in this region (Biton-Porsmoguer et al., 2020; Béez et
al., 2022). Round sardinella and other SPF contribute
to support various trophic levels within the ecosystem,
including predatory species such as swordfish (Xiphias
gladius), little tunny (Euthynnus alletteratus), Atlantic
bonito (Sarda sarda), and Atlantic bluefin tuna (Thunnus
thynnus) (Palomera et al., 2007; Navarro et al., 2017).

The importance of PUFAs for the health of humans and
oceans

The importance of PUFAs, particularly EPA and
DHA, in maintaining the well-being of both marine eco-
systems and human health is undeniable. The consump-

tion of EPA and DHA has a multitude of beneficial effects
on human health, from infancy to adulthood, improving
quality of life and reducing the risk factors associated
with premature death (Ruxton et al.,, 2004). DHA is the
primary PUFA component found in brain neurons, retinal
cells, testicles, and sperm, where it appears to play a cen-
tral role in the development and function of these organs
and systems and plays a crucial role in both prenatal and
postnatal brain development (Sidhu, 2003; Kidd, 2007
Mohanty et al., 2019). It is also vital for maintaining the
well-being of most vertebrates (Colombo et al., 2020).
EPA, on the other hand, is believed to be particularly
effective in regulating mood and behaviour, while also
demonstrating potential benefits in mitigating various
conditions, including dementia, Huntington’s disease,
depression, bipolar disorder, and schizophrenia (Kidd,
2007; Mohanty et al, 2019). Research suggests that a
combination of EPA and DHA is beneficial for several
clinical conditions, including the prevention and the re-
versal of cardiovascular disease, hypertension, asthma,
high cholesterol, diabetes, rheumatoid arthritis, cancer,
depression, dementia, and Alzheimer’s disease (Sidhu,
2003; Ruxton et al., 2004; Mohanty et al., 2019; Chen
etal., 2022).

Our study, in conjunction with previous research,
such as that of Mathieu-Resuge et al. (2023), supports the
notion that SPF are rich in essential fatty acids, making
them a favourable choice for consumers. Round sardinel-
la, characterised by its high PUFA levels and an expand-
ing population, emerges as a promising and sustainable
fishing alternative for fisheries in the NW Mediterranean.
By diversifying fishing practices with the incorporation
of warm-water fishes like round sardinella, small-pelagic
fisheries in the NW Mediterranean could enhance their
resilience and ecological sustainability. Interestingly, de-
spite its favourable fatty acid profile, round sardinella is
not commonly consumed in France and Spain, possibly
due to the historical abundance of other SPF species in

Table 4. Total lipid (g/100g of wet weight) and fatty acid profiles (as % of total fatty acids) during the spawning period for Eu-
ropean anchovy (Engraulis encrasicolus), sardine (Sardina pilchardus), and round sardinella (Sardinella aurita) in the northern
Catalan Sea (NW Mediterranean Sea) (Biton-Porsmoguer et al., 2020) and this study.

Species Sardina pilchardus

Engraulis encrasicolus

Sardinella aurita

Collection period

November-April 2019-2020

May-September 2022

Total lipid 1.78
Total SFA 46.33
Total MUFA 20.33
C20:5 n-3 (EPA) 7.88
C22:6 n-3 (DHA) 20.86
Total n-3 PUFA 30.13
Total n-6 PUFA 3.19
Total PUFA 33.32

2.46 1.43
33.52 35.73
15.59 7.88
14.13 7.73
32.02 42.75
47.53 52.26
3.37 4.09
50.90 56.35
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the region and to an ignorance of its gastronomic and cu-
linary potential. Furthermore, given that SPF account for
over a quarter of global landings (FAO, 2022), the sig-
nificance of these findings cannot be overstated, empha-
sizing the importance of leveraging sustainable fishing
practices to ensure the continued availability of nutritious
seafood resources.

In marine ecosystems, PUFAs contribute to the struc-
tural integrity of cell membranes in phytoplankton and
other marine organisms, enhancing their resilience to en-
vironmental stressors (de Carvalho & Caramujo, 2018;
Hernando et al., 2022). As these PUFAs are transferred
from primary producers to higher trophic levels through
consumption, they exert a significant influence on the
health and stability of entire marine ecosystems (Bell &
Tocher, 2009). Consequently, the health of marine eco-
systems directly affects the availability and quality of
PUFAs in seafood, highlighting the links between ocean
health and human health and well-being and emphasis-
ing the importance of preserving marine ecosystems as a
whole. Moreover, it is important to comprehend how en-
vironmental alterations can influence the nutritional com-
position of marine organisms is essential. For instance,
fluctuations in the fatty acid content and fatty acid profile
of phytoplankton can diminish the nutritional value of
marine species consumed by humans, potentially leading
to deficiencies of these essential PUFAs and increased
consumption of SFAs (Hixson & Arts, 2016; Jonasdottir,
2019; Jin et al., 2020). The study by Jin et al. (2020) pro-
vides valuable insights, indicating that short-term warm-
ing scenarios may decrease phytoplankton lipid content,
although prolonged exposure to warming conditions can
partially or fully restore this content. It is important to
continue monitoring the lipid content and fatty acid pro-
file of such marine species given their potential impact
on both marine ecosystems and human health. This em-
phasises the importance of mitigating climate change and
safeguarding marine ecosystems to preserve the nutri-
tional integrity of seafood resources, which are important
not only for the health of marine ecosystems, but also for
human health as well.

In the future, climate change-induced anomalies in
oceanic temperatures are expected to result in a signifi-
cant redistribution of species, especially with regard to
those adapted to warm waters, such as the round sardi-
nella. As warmer waters become more pervasive, the
spawning and habitat range of the round sardinella is
highly likely to continue to expand (Sabatés et al., 2006;
Maynou et al., 2020). Understanding the health benefits
associated with the consumption of these species, rich in
beneficial fatty acids and newly-arrived in the NW Med-
iterranean, becomes crucial. Additionally, it is essential
to implement sustainable fisheries management strategies
for their populations, such as size regulations, in order to
guarantee their preservation and the overall stability of
the ecosystem.
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Conclusion

This study highlights the importance of understanding
the fatty acid content and fatty acid profile of populations
of round sardinella, a small, warm-water pelagic fish that
has become more abundant in the NW Mediterranean
due to sea warming. It is important to point out that, the
present study represents the first investigation of the lipid
composition and fatty acid profile of the round sardinel-
la in the NW Mediterranean region. This is particular-
ly important given that populations of traditional, more
temperate SPF such as sardine and anchovy, have suf-
fered from impoverishment or depletion in the NW Med-
iterranean due to deteriorating environmental conditions
and fishing. It also highlights the high-quality nutritional
profile of round sardinella as a source of healthy PUFAs
both for their natural predators, as well as for humans.
In addition, it emphasises the potential consequences of
climate change on the nutritional composition of the spe-
cies, underscoring the importance of sustainable fishing
practices.
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