
Aquat. Living Resour. 2026, 39, 12
© R. Huard et al., Published by EDP Sciences, 2026
https://doi.org/10.1051/alr/2026005

Aquatic
Living
Resources
Special Issue - Small pelagic fish in changing social-ecological sy
stems

RESEARCH ARTICLE

Available online at:
www.alr-journal.org
Faster growth during their first year leads to increased oxidative
damage in wild European sardines

Raphaëlle Huard1,* , Karine Salin2 , Pablo Brosset3 , Maxime Olmos1 and Christophe Lebigre1

1 UMR DECOD (Ecosystem Dynamics and Sustainability), L’Institut Agro, Ifremer, INRAE, Plouzané, France
2 Laboratory of Environmental Marine Sciences, Université de Brest, Ifremer, CNRS, IRD, Plouzané, France
3 UMR DECOD (Ecosystem Dynamics and Sustainability), L’Institut Agro, Ifremer, INRAE, Rennes, France
Received 18 November 2025 / Accepted 16 April 2026
*Correspon

This is a
Handling Editor: Nicolas Bez
Abstract – Despite major advantages associated with rapid growth, the variation in body size among
individuals within a population remains remarkably large. Indeed, fast growth in itself might come at a cost
in terms of oxidative stress. In the Bay of Biscay, sardines (Sardina pilchardus) face growth-related issues:
body size at age 1 has declined substantially during the last decades, and sardines with higher growth during
their first year have lower survival rates. We therefore tested the hypothesis that 1-yr-old sardines with larger
body size exhibit higher levels of oxidative damage than their smaller conspecifics. To this end, we
measured protein (protein carbonyl) and lipid (malondialdehyde) oxidative damage in dorsal muscle
samples of sardines caught during five surveys conducted in the Bay of Biscay in spring and in autumn. We
categorized “large” and “small” 1-yr-old sardines within each survey based on their length distribution,
balancing their spatial coverage. As larger 1-yr-old sardines are more likely to be mature, which might
influence the relationship between growth and oxidative damage, we included sardines’ maturity stage in
our analyses. While there was no relationship between sardine body size and malondialdehyde levels, we
found that larger sardines had greater protein carbonyl content compared with smaller ones. Furthermore,
we found no evidence for the effect of maturity stage on either protein carbonyl or malondialdehyde levels.
Overall, the greater accumulation of protein oxidative damage in larger sardines, regardless of their maturity
stage, supports the hypothesis that faster growth might indeed lead to an oxidative cost in this wild fish
species.
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1 Introduction

Despite major advantages conferred by rapid growth, such
as higher survival rates for larval stages (Garrido et al., 2015)
or increased reproductive output (Barneche et al., 2018), the
growth variation among individuals in natural populations
remains remarkably large. Individuals that differ in growth
rates usually adopt different life-history strategies (Arendt,
1997). Indeed, the expression of a biological function is often
associated with costs leading to trade-offs when the higher
performance of one activity has negative consequences for
other traits (Garland et al., 2022; Monaghan et al., 2009). For
example, periods of accelerated growth are often associated
with shorter lifespans while individuals experiencing delayed
growth have longer lifespans (e.g., Lee et al., 2013). Such
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cost-driven trade-offs have deep physiological roots (Zera and
Harshman, 2001), and it is therefore necessary to identify
the physiological processes underpinning the variation in
individuals’ growth.

Oxidative stress has been proposed as a physiological cost
to individuals’ growth and as a mediator of trade-offs between
life-history traits (Dowling and Simmons, 2009; Monaghan
et al., 2009; Metcalfe and Alonso-Alvarez, 2010). Oxidative
stress mainly originates from the metabolism fueling the
physiological processes involved in growth, reproduction, and
survival. In mitochondria, the production of adenosine
triphosphate (ATP) generates potentially toxic by-products:
reactive oxygen species (ROS). ROS are highly reactive due to
their unpaired valence electron in radical species, such as
superoxide radical O2

•� or hydroxyl radical •OH, or owing to
their unstable bonds in non-radical species such as hydrogen
peroxide H2O2 (Halliwell and Gutteridge 2015). Yet, these
molecules can be quenched by several antioxidants such as
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superoxide dismutase or catalase enzymes (Lesser, 2006;
Birnie-Gauvin et al., 2017).When ROS accumulate beyond the
neutralizing capacity of antioxidants, they can alter biological
macromolecules, generating oxidative damage to lipids,
proteins, or DNA. Oxidative stress results from these processes
and is characterized by an imbalance between the production
of pro-oxidant molecules and their scavenging by antioxidants.

The greater expression of a biological trait can come with
an oxidative cost. In multiple taxa, a higher growth rate is
associated with increased oxidative damage (e.g., in birds,
Geiger et al., 2012; mammals, Christensen et al., 2016; fishes,
Smith et al., 2016), especially in challenging environmental
conditions (Marasco et al., 2017; Kim et al., 2019; Beauvieux
et al., 2022). A high investment in other biological functions
such as reproduction may also carry an oxidative cost in terms
of increased oxidative damage (Guerra et al., 2012; Noguera,
2017). Such an accumulation of oxidative damage can in turn
accelerate cellular senescence and alter organisms’ physiolog-
ical functions, which could ultimately compromise their
survival (Robert and Bronikowski, 2010; Lee et al., 2013;
Christensen et al., 2016). Therefore, besides being a marker of
cost, oxidative stress plays a key role in the expression of trade-
offs between growth and lifespan (Metcalfe and Monaghan,
2003). Intrinsic physiological mechanisms, such as oxidative
stress, that could shed light on processes at the core of life-
history trade-offs remain largely underexplored in wild fish
populations (Birnie-Gauvin et al., 2017; Brosset et al., 2021).

Small pelagic fish are fast-growing organisms of primary
ecological importance due to their intermediate position in
trophic networks (Pikitch et al., 2012). In addition, they
represent a marine resource of substantial economic value
(25% of global fish catches; FAO, 2024) and constitute high-
quality sources of proteins and micronutrients for human
consumption (Gladyshev et al., 2018; Robinson et al., 2022;
Mathieu-Resuge et al., 2023;Guillot et al., 2026). Around the
globe, multiple small pelagic fish populations have experi-
enced major declines in body size during the past decades
(Olafsdottir et al., 2016; Canales et al., 2018; Hay et al., 2019;
Saraux et al., 2019; Kamimura et al., 2021; Taboada et al.,
2024). Sardines (Sardina pilchardus) from the Bay of Biscay
are no exception, experiencing a sharp decline in length and
weight at age, especially for 1-yr-old individuals whose
average weight has halved since the mid-2000s (Doray et al.,
2018; Véron et al., 2020a). In addition, Boëns et al. (2021)
reported a consistent selective mortality in this population:
sardines growing faster during their first year have shorter
lifespans than slower-growing individuals. The disappearance
of large age 1 sardines occurred even at low fishing rates
(Boëns et al., 2023), suggesting other driving mechanisms.
Potential explanations for these size shrinkages are extrinsic
bottom-up processes such as a decline in food quantity or
quality (Bertrand et al., 2022; Grandrémy, 2023; Menu et al.,
2023). Yet, intrinsic physiological processes have thus far not
been investigated, even though increased cellular damage may
underpin the link between sardine growth at age 1 and their
survival (e.g., in other study systems: Lee et al., 2013;
Christensen et al., 2016). Therefore, we tested the hypothesis
that rapid growth in 1-yr-old sardines comes with an oxidative
damage cost. To this end, we used markers of oxidative
damage, as they measure the actual outcome of oxidative stress
and have been shown to reflect the oxidative cost of growth in
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several taxa (Costantini and Verhulst, 2009; Selman et al.,
2012; Smith et al., 2016). Hence, we expected that large 1-yr-
old sardines would have accumulated more oxidative damage
on proteins and lipids than their smaller conspecifics had. In
the Bay of Biscay, 1-yr-old sardines represent the only age
group that is partially mature; for instance, in 2024, 47% of
1-yr-old sardines were immature (ICES, 2024). At this age,
larger sardines are more likely to be mature than smaller
individuals (Véron et al., 2020b). Since variations in
reproductive investment can also influence oxidative damage
levels (Guerra et al., 2012; Noguera, 2017), we included
individuals’ maturity stage index in our analyses.

2 Material and methods

2.1 Sample collection

Sardines were caught in the Bay of Biscay on board the
research vessel Thalassa during the annual scientific surveys
“PELGAS” in spring (Doray et al., 2000) and “EVHOE” in
autumn (Laffargue et al., 1987), using pelagic and bottom
trawls, respectively. On board, sardines arrive dead or
moribund. At each fishing station (Fig. 1), five to ten
individuals of various sizes were selected. For each individual,
we recorded total body length (±1 mm) and total mass (±1 g).
Sex and maturity stages were determined through a
macroscopic examination of the gonads. Maturity stage was
assigned using the following scale: (1) immature, (2)
developing, (3) pre-spawning, (4) spawning, (5) partial
post-spawning, and (6) post-spawning (ICES, 2008). We
grouped sardines staged 2 or higher in one “mature” group.
The pair of otolith sagittae was removed, and the number of
growth rings was read under a binocular microscope to
determine each sardine’s age (ICES, 2019). Finally, we
dissected a piece of dorsal muscle and stored it on board at
�80°C. Once ashore, muscle samples were stored at � 70°C
until further analyses. A total of 106 1-yr-old sardines were
selected across four years: 22 sardines for each spring of 2021,
2022, and 2023; and 20 sardines for each autumn of 2020 and
2021. Within each survey, we selected half of the individuals
among the smallest and half among the largest sardines,
balancing the sampling among sites of the Bay of Biscay (see
supplementary material, Fig. S1).

2.2 Oxidative damage assays

We measured two markers of oxidative damage, protein
carbonyl and malondialdehyde levels, on dorsal muscle
samples. Frozen samples of sardine muscle were cryogenically
ground using a ball mill (Mixer Mill MM 400; Retsch). We
subsampled the resulting powder in separate tubes for further
oxidative damage assays and stored them at � 70°C.

Oxidation of protein amino acid side chains can lead to the
irreversible formation of carbonyl groups (Halliwell and
Gutteridge, 2015). Due to their high stability, protein carbonyl
measurements are good biomarkers of oxidative damage
accumulation on proteins (Monaghan et al., 2009). We assayed
oxidative damage to proteins using the Cayman Protein
Carbonyl Fluorometric Assay Kit on tissue homogenates (Ref.
701530; Cayman Chemical Company). The assay is based on
the reaction of these groups with a hydrazide to form a
of 9



Fig. 1. Location of the sampling stations across the Bay of Biscay,
n = 38.
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fluorescent hydrazone. We added ice-cold phosphate-buffered
saline (PBS) containing 1 mM EDTA to aliquots of sardine
muscle powder to lead to a concentration of 100 mg of tissue
per ml of buffer. We homogenized samples by vortexing before
centrifugation at 10,000 g at 4°C for 15 min. Aliquots of 14 ml
were collected from the supernatant and diluted by 10 using
Protein Carbonyl Sample Diluent 1X. Then, we followed the
manufacturer’s protocol to perform the assay, except that we
left tubes open at room temperature for 75 min instead of
30 min to obtain dry protein pellets. After the last
centrifugation, we transferred 100 ml of the supernatant to a
black microtiter plate, and we kept an aliquot of 80 ml of the
supernatant at � 70°C for further protein assay. We measured
fluorometry in a microplate reader (Infinite 200 PRO; TECAN)
using an excitation wavelength of 560 nm and an emission
wavelength of 590 nm. We assayed individuals in duplicates.
The technical repeatability of the protein carbonyl assay was
excellent (r = 0.940, F = 32.460, and P < 0.001, as defined by
Lessells and Boad, 1987).

Malondialdehyde is a by-product of lipid peroxidation
(Halliwell and Gutteridge, 2015). We measured the quantity of
malondialdehyde in sardine muscle using a colorimetric
ALDetect Lipid Peroxidation Assay Kit (BML-AK170; Enzo
Life Sciences). This assay is based on the reaction of
malondialdehyde with two molecules of N-methyl-2-phenyl-
indole, which, following acid heating, form a stable
chromophore. We followed the manufacturer’s assay proce-
dure for malondialdehyde quantification on tissue homoge-
nates (hydrochloric acid solvent procedure). Ice-cold PBS
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buffer was added to aliquots of sardine muscle powder to lead
to a concentration of 300 mg/ml. A volume of 10 ml of 0.5 M
butylated hydroxytoluene in acetonitrile was added per ml of
solution to prevent further oxidation. Samples were vortexed to
form a homogenate and centrifuged at 5000 g at 4°C for
10 min. Aliquots of 100 ml were collected from the
supernatant. One of them was kept at � 70°C for further
protein determination. A volume of 325 ml of BML-KI527
Reagent R1 diluted at 1:3 volumes in BML-KI533 Diluent was
added to each sample. Seventy-five microliters of 36.5%
hydrochloric acid was added to each sample before a 45°C
incubation for 60 min. Then, samples were centrifuged at
15,000 g for 10 min. Two hundred microliters of the
supernatant were collected and transferred to a microtiter
plate. We measured the absorbance at 586 nm using a
microplate spectrophotometer within the next hour (Thermo
Scientific Multiskan GO; Thermo Fisher Scientific). Individu-
als were assayed in triplicates (n = 41) or in duplicates (n = 65).
The repeatability of the malondialdehyde assay was also
excellent (r = 0.999, F = 2351.044, and P < 0.001).

Finally, we measured the protein concentration in
homogenates used for the quantification of oxidative damage
in proteins and in lipids using the Bradford method with the
bovine serum albumin as the standard (Bradford, 1976).
Homogenates were assayed in triplicates with again an
excellent repeatability (r = 0.988, F = 241.649, P< 0.001). We
found no difference in protein content between small and large
sardines. Using the same procedure as Mathieu-Resuge et al.,
(2024), we determined the polyunsaturated fatty acid (PUFA)
content of 63 sardines’ muscle samples and tested the
relationship between malondialdehyde content and PUFA
concentration (see supplementary material, Fig. S2 and
Tab. S1). As we did not observe any strong relationship
between these variables, we decided to normalize both protein
carbonyl and malondialdehyde contents per mg of protein.
Hence, we expressed protein carbonyl levels in pmol.mg�1 of
protein and malondialdehyde content in nmol.mg�1 of protein.

2.3 Statistical analyses

We performed assessments of oxidative damage markers
simultaneously in 2024 to prevent variation between
processing batches of the assay. Hence, muscle samples
were stored at �70°C for one to three years before being
assayed. To account for any potential biases in oxidative
damage levels induced by differences in storage time (Hõrak
and Cohen, 2010), we standardized the measured oxidative
damage concentrations within each survey. This method
results in a z-score obtained by subtracting the group mean
from the data point and dividing this result by the group
standard deviation. We performed all further analyses on the
obtained z-score values.

Pearson’s correlation coefficients between measures of
malondialdehyde and protein carbonyl were positive, but their
strength ranged from 0.440 to 0.833 between surveys (see
supplementary material, Tab. S2). Therefore, we undertook all
statistical analyses using the two markers of oxidative damage
separately. To test the hypothesis that large 1-yr-old sardines
have accumulated more oxidative damage than smaller ones,
we defined two size classes (small and large) within each
survey. We used the difference in mean total body length
of 9



Table 1. Size class definition within each survey; mean total body length of sardines in each size class is presented in mm as “mean (standard
deviation)”. Delta is the difference in mean total length between large and small individuals within a survey, in mm.

EVHOE 2020 PELGAS 2021 EVHOE 2021 PELGAS 2022 PELGAS 2023

Large 183 (4.76) 151 (6.63) 173 (5.87) 165 (16.35) 159 (8.89)

Small 162 (3.74) 121 (5.31) 146 (6.85) 124 (8.76) 140 (6.32)
Delta 21 30 27 41 19
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between large and small individuals, denoted delta (Tab. 1), as
a weight in our analyses to give more weight to surveys in
which the average length difference between large and small
aged 1 sardines was higher. Results were qualitatively similar
when we conducted analyses without the weights and based on
total body length measurements instead of size classes (see
supplementary material, Tabs. S5 and S6).

For each oxidative damage marker, we fitted linear mixed-
effects models using protein carbonyl or malondialdehyde
z-scores as the dependent variable and size class (two-level
factor: small or large), maturity stage (two-level factor:
immature or mature), and survey (five-level factor) as fixed
effects. Since the timing of the survey can affect sardines’ size
class, which can itself influence maturity stage, we tested the
first-order interaction between size class and survey, as well as
between size class and maturity stage (sample size of each
group is provided in Tabs. S3 and S4). However, we did not
attempt to test the interaction between maturity stage and
survey due to a strongly unbalanced factorial design. To
account for the non-independence of individuals sampled at
the same location, we included the sampling station identifier
as a random effect. We carried out stepwise backward model
selections using the x² statistic, i.e., we sequentially dropped
the least significant interactions and then fixed effects until
only significant explanatory variables remained. We carefully
checked the residuals of the final models fitted for
malondialdehyde and protein carbonyl levels to assess their
normality and variance homogeneity. All analyses were carried
out with R v.4.3.2 (R Core Team, 2025). Significant levels
were determined using a P-value threshold of 0.05.

3 Results

We found a significant effect of sardine size class on protein
carbonyl content (Fig. 2 and Tab. 2), with larger sardines having
consistently higher protein carbonyl levels than smaller ones
(estimatedmeandifferenceof0.533±0.181s.e.).Wedidnotfind
that maturity stage, nor the interaction between size class and
survey or between size class and maturity, significantly affects
sardines’ protein carbonyl levels (Tab. 2).

None of the explanatory variables (size class, maturity
stage, and survey) nor the interactions between size class and
survey or between size class and maturity stage was
significantly related to the variance in malondialdehyde
content. Although the most parsimonious model was the null
model (Fig. 3 and see supplementary material, Tab. S5a), the
interaction between sardines’ size class and survey tended to be
significant (see supplementary material, Tab. S5a: chi-square
test, x2 = 8.333, P = 0.080). This suggests that there might be
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some variation in the direction of the relationship between
sardine size and malondialdehyde. In particular, malondialde-
hyde tended to be higher in larger sardines in surveys in which
malondialdehyde levels strongly correlate with protein
carbonyl content (see supplementary material, Fig. S3).

4 Discussion

Our analyses show that large 1-yr-old sardines sampled in
four years and two seasons had greater protein carbonyl levels
than their smaller counterparts. This result is in line with our
hypothesis that sardines’ rapid growth at age 1 comes with an
oxidative cost. Only a few studies have attempted to address
this issue in wild fish (Birnie-Gauvin et al., 2017), but this
effect is consistent with several studies in other taxa showing
that higher growth is associated with increased oxidative
damage (e.g., in fish, Carney Almroth et al., 2010, 2012; birds,
Geiger et al., 2012; mammals, Christensen et al., 2016; meta-
analysis, Smith et al., 2016). At the sub-cellular level, this
increase in protein oxidative damage in larger sardines
suggests that the increased mitochondrial ATP production
necessary to support rapid growth might have generated more
ROS or diverted antioxidant systems, which resulted in an
accumulation of oxidative damage. Although this mechanism
of a high metabolic rate generating more oxidative stress is
commonly assumed and is generally reported (Alonso-Alvarez
et al., 2004; De Block and Stoks, 2008; Dowling and Simmons,
2009; Boël et al., 2022), conflicting results have been observed
in fish. For instance, it has been shown that wild brown trout
(Salmo trutta) with higher metabolic rates had lower levels of
ROS production (Salin et al., 2015). Therefore, it would be
highly relevant to determine whether wild fast-growing
sardines have more performant mitochondria and whether
they generate more ROS to further identify the mechanisms
underpinning the oxidative cost of growth. In addition, to have
a more comprehensive understanding of the oxidative balance
in this wild fish species, it would be of particular interest to
assess antioxidant enzyme activity on the same individuals
(Birnie-Gauvin et al., 2017).

We found no significant differences in malondialdehyde
content between large and small 1-yr-old sardines. This result
might be surprising given the positive correlation observed
between levels of malondialdehyde and protein carbonyl
(suggesting that both markers capture overall sardines’
oxidative damage) and the positive relationship between
protein carbonyl levels and sardine size at age 1. Such
inconsistency in the effect of growth depending on the marker
of oxidative damage has already been reported (Christensen
et al., 2016) and might stem from the molecule of
malondialdehyde itself. Indeed, this molecule is a reactive
of 9



Fig. 2. Differences in sardines’ protein carbonyl z-scores regarding
their size class. Sample sizes “n” within each group are specified
below each boxplot. Black triangles represent protein carbonyl values
predicted by the final model within each group.
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by-product of lipid peroxidation that can bind to protein amino
acid side chains or DNA, which contributes to its relatively
short-lived presence in cells (Halliwell and Gutteridge, 2015;
Demirci-Çekiç et al., 2022). This might explain why the
correlation between malondialdehyde– and protein carbonyl
varied from 0.440 to 0.833 depending on the survey and the
lack of a clear and consistent relationship between sardine size
and malondialdehyde content across surveys. Despite the
absence of a clear relationship between malondialdehyde and
PUFA concentration in our study, examining this aspect could
still be informative. Indeed, polyunsaturated fatty acids, due to
their multiple double bonds, are particularly prone to
peroxidation. Hence, differences in polyunsaturated fatty acid
composition among individuals, influenced by sardines’ diet or
metabolic strategies, could affect malondialdehyde levels
independently of size (Guo et al., 2019). This process might
effectively increase the variance in malondialdehyde levels
and limit our ability to identify the links between individuals’
growth and lipid oxidative damage. In sardines, fatty acid
composition of reserve lipids is particularly variable within the
Bay of Biscay (Bertrand et al., 2022), and membrane fatty acid
composition is strongly linked to sardine size (Mathieu-Resuge
et al., 2024). Therefore, identifying the oxidative damage
associated with individuals’ growth based on malondialdehyde
alone might be possible but might require larger datasets to
account for more confounding variables, such as malondialde-
hyde reactivity or muscle fatty acid composition.

Reproduction is a well-known driver of oxidative stress in
many species, with higher reproductive investment being
commonly associated with increased oxidative damage
(Guerra et al., 2012; Noguera, 2017;Kurhaluk and Tkachenko,
2021) and reduced antioxidant defenses (Alonso-Alvarez
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et al., 2004). In the Bay of Biscay, sardines’ reproductive
period has two peaks, in spring and in autumn (Véron et al.,
2020b), and we sampled sardines during these two reproduc-
tive periods. As we focused on 1-yr-old individuals, the only
age class comprising both mature and immature sardines
(ICES, 2024), and as larger sardines are more likely to be
mature (Véron et al., 2020b), the greater levels of oxidative
damage in larger sardines might have also stemmed from an
increased resource allocation to reproduction. Nevertheless,
our analyses revealed that neither sardines’ maturity stage nor
their interaction with size class had a significant influence on
protein carbonyl or malondialdehyde contents. Therefore, the
greater level of oxidative damage on proteins in larger sardines
is not due to individuals’ higher reproductive effort.

The relationship between increased oxidative costs and
individuals’ growth might not be direct, as poor environmental
conditions (e.g., increasing water temperatures or decreasing
food availability or quality) might lead to simultaneous
increases of oxidative stress (Marasco et al., 2017; Kim et al.,
2019; Beauvieux et al., 2022). Clearly, cause-and-effect
relationships are not possible to ascertain with this data
collected in the wild. The sardines that we sampled
experienced contrasting environments as they were caught
during two seasons and four years. Yet, we found no significant
interaction between sardines’ size class and survey meaning
that the increase in protein carbonyl in large age 1 sardines was
remarkably consistent. Moreover, we defined the “large” and
“small” categories within each survey and carefully balanced
the spatial distributions of the samples to limit the risk of
consistent environmental differences between large and small
sardines at a finer scale. Hence, it is unlikely that a joint
dependence to seasonal and/or yearly differences in environ-
mental factors underpins the increase in protein carbonyl with
sardine size at age 1.

An accumulation of oxidative damage might accelerate
cellular senescence (Stadtman and Levine, 2000) and affect
future individual survival (Yin and Chen, 2005; Geiger et al.,
2012; Christensen et al., 2016), although see Speakman et al.
(2015). A recent study found that larger 1-yr-old sardines in the
Bay of Biscay have a greater mortality (Boëns et al., 2021). As
our analyses show that such larger individuals also present
higher protein carbonyl content, it might be possible that the
accumulation of protein oxidative damage in larger 1-yr-old
sardines partly explains their increased mortality. Important
changes in environmental conditions occurred in the Bay of
Biscay over the last decades, but the sea surface temperature
only slightly increased (Chust et al., 2022), making it unlikely
to explain the increased mortality of large sardines (Boëns
et al., 2021). Yet, the average size of mesozooplankton, making
up the bulk of sardines’ diet (Bachiller, 2012), declined
substantially (Grandrémy, 2023), and a bioenergetic approach
indicates that declines in food quality may drive the decline in
growth of small pelagic fish (Menu et al., 2023). It is therefore
now important to extend this study to quantify directly the
effects of environmental factors on the variations in the
relationship between oxidative damage and individuals’ size.
Another possibility would be to undertake experimental tests
to disentangle the interplay between environmental factors,
individuals’ growth, oxidative damage levels, and survival.

To conclude, the greater accumulation of protein oxidative
damage in large individuals, regardless of their maturity stage,
of 9



Table 2. Linear mixed-effect model of protein carbonyl z-scores in response to size class and associated degrees of freedom (d.f.), estimates,
and standard errors (s.e.). The intercept was set to size class = small, maturity stage = immature, and survey = EVHOE 2020.

Term d.f. x² P-value Fixed effects Estimate s.e.

Final model
Intercept �0.213 0.163

Size class 1 8.678 0.003 Large 0.533 0.181
Dropped terms
Maturity stage 1 0.000 0.999 Mature �0.0002 0.227
Survey 4 0.563 0.967 EVHOE 2021 �0.207 0.473

PELGAS 2021 �0.084 0.455
PELGAS 2022 0.132 0.477
PELGAS 2023 0.031 0.471

Size class:Maturity stage 1 1.010 0.315 Large:Mature 0.386 0.384
Size class:Survey 4 1.210 0.877 Large:EVHOE 2021 �0.259 0.629

Large:PELGAS 2021 0.243 0.770
Large:PELGAS 2022 �0.030 0.747
Large:PELGAS 2023 �0.434 0.772

Fig. 3. Differences in sardines’ malondialdehyde z-scores regarding
their size class. Sample sizes “n” within each group are specified
below each boxplot. Black triangles represent malondialdehyde
values predicted by the final model within each group.
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supports the hypothesis that faster growth can have an
oxidative cost in this wild fish species. Thus, our study
provides insights into the potential physiological costs
associated with growth. Understanding these mechanisms is
particularly important in the context of ongoing global
warming, which may worsen the physiological constraints
faced by wild organisms. Indeed, size shrinkages have been
widely reported in numerous fish stocks over recent decades
(Baudron et al., 2014), with direct consequences for fisheries,
industries that rely on them, and food security (Quezada-
Escalona et al., 2025).
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