o-d fi
e fishes

Article

Sardine-Based Diet Mitigates Growth Depression at Low
Temperatures in Juvenile Meagre (Argyrosomus regius, Asso 1801)

Lav Bavéevié¢ I't, Slavica Colak (), Renata Bari¢ ?, Sini$a Petrovi¢ 31 and Tin Klanjscek **

check for
updates
Academic Editors: Simon Das and

Leo Nankervis

Received: 28 May 2025
Revised: 15 June 2025
Accepted: 17 June 2025
Published: 2 July 2025

Citation: Bavéevi¢, L.; Colak, S.;
Bari¢, R.; Petrovi¢, S.; Klanjscek, T.
Sardine-Based Diet Mitigates Growth
Depression at Low Temperatures in
Juvenile Meagre (Argyrosomus regius,
Asso 1801). Fishes 2025, 10, 314.
https:/ /doi.org/10.3390/fishes
10070314

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Ecology, Agronomy and Aquaculture, University of Zadar, Trg Kneza ViSeslava 9,
23000 Zadar, Croatia; Ibavcevic@unizd.hr (L.B.); scolak21@unizd.hr (S.C.)

Cromaris d.d., GaZeni¢ka Ulica 4b, 23000 Zadar, Croatia; renata.baric@cromaris.hr

Agricultural Department, Polytechnic of Rijeka, C. Huguesa 6, 52440 Pore¢, Croatia; spetrov@veleri.hr
Ruder Boskovi¢ Institute, Bijeni¢ka 54, 10000 Zagreb, Croatia

Correspondence: tin@irb.hr; Tel.: +385-1-4561111

These authors contributed equally to this work.

W N

*

Abstract

Low seawater temperatures are expected to depress fish growth in aquaculture. However,
recent evidence suggests diet composition may offer mitigation for some species. This study
evaluated the impact of different diets on juvenile meagre (Argyrosomus regius) in cage
farming at low seawater temperatures (average 15.19 °C), conditions known to typically
suppress meagre growth. Three replicated groups of fish (initial weight ~ 107 g) were fed
for six months either sardines (group A) or commercial pellets (groups B/C, with group C
moisturized). The results demonstrate that the nutritional profile of sardines effectively
mitigates cold-induced growth reduction in meagre. While pellet-fed meagre experienced
expected growth depression, sardine-fed meagre exhibited a doubled temperature growth
coefficient (TGC) and an 80% higher final average weight than the pellet groups (A: 346.13 g,
B:194.44 g, C: 188.93 g).

Keywords: feed; growth; cold water; nutritional habitat component; wet diet; carnivore
nutrition; diet composition

Key Contribution: Nutrition can allow continuous growth of farmed meagre during the
otherwise unproductive cold season, thus shortening the growth culturing cycle.

1. Introduction

Meagre (Argirosomus regius, Asso 1801) is a carnivorous fish [1] highly suited for aqua-
culture due to its high salinity and temperature tolerance, good adaptability to captivity,
and rapid growth rates up to 2.5 kg in two years [2]. Its promising market potential stems
from high flesh quality, good flavor, firm texture, and good processing yield [3,4]. Global
production in 2021 exceeded 43,000 metric tons [5].

Temperature fundamentally influences fish growth [6], and suboptimal temperatures
typically suppress growth, posing a significant challenge for cage aquaculture where fish
cannot avoid environmental fluctuations [7,8]. While meagre exhibits a broad temper-
ature tolerance (10-30 °C) [9] and experiences large temperature fluctuations in nature
(13.1-24.9 °C) [10], optimal growth occurs between 17 and 21 °C [11], with feeding consid-
erably reduced below 13 °C [12]. Increased incidence of health issues and potential losses
during winter periods with temperatures below 13 °C highlights the critical need for an
understanding of meagre’s nutritional requirements at these lower temperatures [13,14].
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Comprehensive understanding of meagre’s nutritional requirements necessary for
efficient cultivation is still developing. Building upon early growth studies in captivity [11],
recent decades have seen numerous rearing experiments aimed at determining these
basic needs. These investigations have explored protein and lipid requirements [15-19]
and the potential of vegetable materials as substitutes for fishmeal and fish oil [20-22].
Characteristically, many of these studies were short-term (up to six months) and focused
on juvenile fish. Some long-term research involving larger, commercial-sized fish has
also been conducted [2,23], including one industrial-scale feeding experiment [19]. These
findings collectively contributed to the formulation of commercial meagre feed, primarily
an extruded pellet designed to meet the fish’s needs.

Commercial meagre pellets, due to biochemical stability, are harder and less moist than
natural food, potentially reducing growth and disease resistance [24-26] and hindering
further formulation improvements due to data scarcity. While natural diet studies have
benefited other Mediterranean aquaculture species [27,28], meagre data are scarce, limited
to broodstock management [29] and a single fry report [30]. This data deficiency emphasizes
the necessity for further research into meagre nutrition, with the study of natural diets
offering a promising avenue for developing improved commercial feeds.

This study compared effects of natural and pellet-based diets on the growth perfor-
mance of juvenile meagre in cage farming conditions during low seawater temperatures
over six months. Surprisingly, we found a large positive effect of natural feed, suggesting
substantial potential for improving pellet formulations.

2. Materials and Methods
2.1. Fish Rearing and Experimental Design

Juvenile meagres, previously fed industrial food for juvenile meagre, were randomly
sourced from a single production cage located at the producer’s fish rearing plant in the
Middle Eastern Adriatic Sea (island of Ugljan, Croatia). Meagre were then distributed
into six floating cages (9 x 5 x 4 m) at the same facility. A total of 1100 meagres were
sequentially allocated to each cage, forming three experimental groups (2200 meagres in
two cages per group). The initial characteristics of each group were as follows:

e  Group A:20.35 cm =+ 0.207 total length, 106.30 g £ 3.12 wet weight;
e  Group B: 20.6 cm =£ 0.27 total length, 108.25 g £ 4.38 wet weight;
e  Group C:20.65 cm =£ 0.19 total length, 107.14 g £ 3.04 wet weight.

During the experiment, each group received a different diet (without adaptation):

e  Group A (diet S—sardines). All sardines (Sardina pilchardus, Walbaum, 1792) were
from a single haul, individually quick-frozen (IQF) on the same day. Before feeding,
sardines were thawed and cut into appropriately sized pieces;

o  Group B (diet P—commercial dry pellets). Commercial pellets, which were declared
for meagre farming;

e  Group C (diet MP—moisturized commercial pellets). Commercial pellets, sourced
identically to diet P, were sprayed with 10% water by weight to achieve 15% moisture,
and soaked for 30 min before feeding.

The MP diet was included to rule out moisture as the primary determinant of growth
variation. The experiment lasted for six months, from November 2015 to April 2016.
Seawater temperature and dissolved oxygen levels were measured daily, with oxygen
saturation consistently at 95% or above throughout the trial. Fish were fed by hand to
apparent satiation twice daily (at 8:00 and 15:00) six days a week during November and
December. During the colder months (January to April), feeding frequency was reduced
to once daily at 9:00. The total amount of feed distributed to each group was recorded
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throughout the experiment. Seawater temperature was measured daily at a depth of
2 m. Mortality rates during the experiment ranged from 7% to 9%, with no statistically
significant differences observed between the groups.

2.2. Determination of Somatic and Growth Indices
2.2.1. Morphometric Measurements

At the beginning of the experiment and monthly thereafter, the total length (L, in
centimeters) and wet weight (W, in grams) of 100 randomly selected fish per cage were
individually measured. Prior to these measurements, the fish were anesthetized using
benzocaine at a concentration of 30—40 mg/L (Aquacen benzocaine 200 mg/mL, Cenavisa,
Reus, Spain).

2.2.2. Fulton’s Condition Factor (K)

The measured length (L) and weight (W) were used to estimate fish robustness using
Fulton’s condition factor, K, according to Bagenal and Tesch [31]:

K=" 100
L

2.2.3. Somatic Indices

At the beginning and end of the six-month trial, a subsample of 20 fish per cage was
taken to determine somatic indices. These fish were euthanized in a melting ice bath,
individually weighed, and then dissected to remove the liver and viscera. The weights
of the liver (in grams) and viscera (in grams) were recorded for the calculation of the
hepatosomatic index (HSI) and viscerosomatic index (VSI) using the following formulas:

e  Hepatosomatic index (HSI):

liver wet weight
W

HSI = * 100;

e  Viscerosomatic index (VSI):

visceral wet weight

VSI = W

* 100.

2.2.4. Growth Parameters

Fish biomass within each cage was estimated based on the weight measurements of
the 100 sampled fish and the total number of fish present in the cage at the beginning and
end of the experiment, assuming a constant mortality rate. These biomass data, along
with the individual weight measurements, were used to calculate growth indices and feed
consumption parameters:

e  Thermal growth coefficient, TGC:

W21/3 _ W11/3

TGC = Txt !
where
e Wj =initial mean weight (g);
e W, =final mean weight (g);
o T =daily seawater temperature (°C);
e {=duration of the experiment (days).
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2.2.5. Feed Consumption Parameters:

The following parameters were calculated to assess feed consumption:
Daily feeding ratio, DFR:
AF (g/day)

DFR = 1
average biomass of fish per group * 100,

where AF is the dry matter of the administered feed per group:

100 — % moisture

AF (g) = feed weight (g) 100 ;

Total feed intake per fish (TFI):

TFI = AF (g) ;
number of fish per group

Gross energy intake per fish (GEI):

GEI = TFI (g/fish) * gross energy of feed (kJ/g).

2.3. Analytical Methods
2.3.1. Diet Composition Analysis:

The chemical composition of the experimental diets was determined in triplicate

following standard Association of Official Analytical Chemists (AOAC) procedures [32].

The specific methods employed were as follows:

Lipid content: lipids were extracted according to the method of Folch et al. [33]. The
total lipid content was then gravimetrically determined after solvent evaporation
using a Soxhlet apparatus (Ser 158, Velp Scientifica Srl. Usmate, Italy);

Protein content: protein content was determined using the Kjeldahl method; total
nitrogen content was measured and multiplied by a conversion factor of 6.25 to
estimate protein levels;

Water content: water content of the feed was determined by oven-drying of minced
feed at 105 °C until a constant weight was achieved, followed by reweighing;

Ash content: ash content was determined by combusting a 1 g homogenized feed
sample in a muffle furnace until a stable weight was obtained;

Carbohydrate content: carbohydrate content was calculated as the following remain-
ing fraction:

100 — (% lipid content + % protein content + % water content + % ash content);

Gross energy, GE: gross energy was calculated based on the determined macronutrient
content using the energy conversion factors provided by Steffens [34]: 23.9 k] /g for
protein, 39.8 k] /g for lipids, and 17.6 k] /g for carbohydrates.

2.3.2. Fatty Acid Composition Analysis:

The fatty acid composition of diets S and P, as well as the whole body of fish from

groups A, B, and C at the end of the experiment, was analyzed using gas chromatography

(GCQ). Although there is some potential for oxidation and/or leaching of lipids after moistur-

izing, due to the short soaking time and hydrophobic nature of the lipids, the composition

of the moisturized pellet (diet MP) was assumed to be the same as that of the pellet alone

(diet S) because the same pellets were used for both diets.
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Whole-body fish samples were pooled (n = 10 fish per group). Both diets and the
pooled fish samples were minced using a Grindomix GM 200 (Retsch Gmbh, Haan, Ger-
many) to ensure homogeneity. Lipids were extracted from 3 g of the homogenized samples
with petroleum ether after acid hydrolysis in 4 mol/dm? HCl. The extracted fatty acids
were converted into their corresponding methyl esters (FAMEs) through trans-esterification
with a methanolic solution of potassium hydroxide [35].

GC analyses [36] were performed on a Scion 436 GC instrument (Bruker, Billerica, MA,
USA) equipped with a flame ionization detector and a Famewax capillary column (30 m
length, 0.32 mm internal diameter, 0.25 um film thickness; Restek Famewax, Bellafonte, PA,
USA). Individual FAMEs were identified by comparing their retention times to those of
known standards (Marine Oil FAME Mix, Restek, USA). The content of each fatty acid was
expressed as a percentage of the total fatty acids.

2.4. Statistical Analysis

All statistical calculations were performed using TIBCO Statistica version 14.0.015
software (TIBCO Software Inc., Palo Alto, CA, USA). The results are presented as the
mean =+ standard error of the mean (SEM).

First, data were checked for normality and homogeneity. Data expressed as per-
centages were subjected to arcsine square root transformation to ensure assumptions of
normality and homogeneity were satisfied. Normality of the data was assessed using the
Kolmogorov-Smirnov test, while homogeneity in the variance of the data was assessed
using Cochran’s test, Hartley’s F-max test, and Bartlett’s test.

To determine statistically significant differences in growth data, TGC, TFI, and somatic
indices among the experimental groups, a one-way analysis of variance (ANOVA) was
performed. Where significant differences were identified by ANOVA, a post hoc Tukey’s
Honestly Significant Difference (HSD) test was applied for pairwise comparisons. The
significance level for all statistical tests was set at p < 0.05.

The relationship between the fatty acid profiles of the diets and the whole-body fatty
acid profiles of the fish at the end of the experiment was examined using Pearson linear
regression analysis. Following the regression analysis, the z-score of the residuals for
each fatty acid was calculated to identify any significant deviations from the predicted
linear relationship.

3. Results
3.1. Environmental Conditions and Diet Composition

During the six-month experimental period, the seawater temperature ranged between
18.7 °C and 13 °C, with an average temperature of 15.19 °C. Notably, 141 days the temper-
atures were below 17 °C, and 71 days they were below 14 °C (Figure 1). The proximate
compositions of the three experimental diets (S, P, and MP) are presented in Table 1. The
most significant difference observed between the diets was the higher water content in diet
S, which consisted of sardines. To facilitate a more direct comparison of nutrient content,
the proximate compositions were also recalculated and expressed on a dry matter basis in
Table 2. This recalculation revealed substantial differences in the proportions of the main
constituents between the sardine-based diet S and the artificial pelleted diets (P and MP).
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Figure 1. Average body weight (g/fish) of meagre in experimental groups A (sardine diet), B
(commercial pellets), and C (moisturized pellets) from October 2015 to June 2016. The dashed—dotted
line indicates the average seawater temperature (°C). Note the divergence in growth between group
A and groups B/C as temperatures dropped below 18 °C. Data are presented as means + SE.

Table 1. Proximate composition of diets (%). Diet S consisted of sardines, whereas diet P was com-
mercial pelleted feed and diet MP was obtained by adding water to diet P. Values are means 4+ SEM.

Diet S Diet P Diet MP
Moisture 72.6 £0.15 6.367 £ 0.10 15.01 £ 025
Crude protein 1727 £ 0.14 46.97 £ 0.27 42.66 £ 0.39
Crude lipid 6.65 = 0.21 16.05 = 0.05 14.58 = 0.18
Carbohydrates 0.21 = 0.01 21.24 £1.02 18.74 £1.13
Ash 3.36 £ 0.06 9.27 £ 0.30 8.42 +£0.13
Table 2. Proximate composition of diets expressed as a percentage of dry matter.
Diet S Diet P Diet MP F 4
Crude protein 628 +0.902 5023 +0.29° 50494025 157.56  0.000006
Crude lipid 2417 +£1.112 1717 +0.16° 1723 4+021P 42.67  0.000284
Carbohydrate ~ 0.76 £0.042 22,68 +0.05> 223640.21P 4051.42 0.000000
Ash 122340482 990+ 054" 9.90+£0076° 10.05 0.012137
GE (kJ/g feed) 24.51+0262 2256+0.11° 225940.03> 47243  0.000212
GP/GE (g/M]) 256067 223402b 224401° 29.202  0.000809

Data in the same row with different superscripts differ at p < 0.05 (ANOVA, Tukey’s test).

3.2. Growth and Somatic Indices

Growth and somatic indices are summarized in Table 3. Even though initial weights
were not significantly different, the final weight of fish in group A, receiving sardines (diet
S), exhibited a significantly higher final weight compared to groups B and C, which were
receiving the dry (diet P) and moisturized (diet MP) pelleted diets, respectively (Table 3, see
also Figure 1). The same pattern emerged for growth in length (Table 3, see also Figure 2),
and the condition factor (K) indicated better overall fitness at the end of the experiment
(Table 3).

The temperature growth coefficient (TGC) also revealed significantly superior results
for the sardine-fed group A (p < 0.05). HSI and VSI experienced significant drops during
the cold period, but the final hepatosomatic (HSI) and viscerosomatic (VSI) indices are
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practically the same with only group B showing a statistically detectable but very small
difference of 0.7%. In contrast, the different diets did not have a statistically significant
effect on the hepatosomatic index (HSI) or the viscerosomatic index (VSI).

Table 3. Effects of diets on growth and somatic indices of meagre. Fish of group A were fed with

sardines while groups B and C received pellets and moisturized pellets, respectively. Values are
means £ SEM.

Initial weight (g)
Final weight (g)
Init. lengths (cm)
Final length (cm)

Initial K
Final K

Initial HSI

Final HSI

Initial VSI

Final VSI
TGC

DEFR (ratio)
TFI (g/fish)
GEI (k] /fish)

Group A Group B Group C F p
106.30 + 3.12 2 108.25 + 4.38 2 107.14 + 3.04 2 0.07 0.929
346.13 + 17.39 2 194.44 + 7.45° 188.93 + 6.22P 67.8 <1 x107°
20.35 + 0.207 @ 20.6 + 0.272 20.65 + 0.19 2 0.56 0.573
30.01 + 0492 25.31 + 033" 25.07 +0.28P 42.17 <1 x 105
1.18 £0.012 117 +0.012 117 +0.012 1.2 0.309
1.22 +0.012 114 +0.11° 1.16 £ 0.01P 9.41 0.0001
2.83+0.142 2.81+0.172 293 +0.142 0.16 0.849
1.85+0.17 2 2.03 +0.092 217 +0.122 1.55 0.230
8.34 4+ 0512 8.38 +0.332 873 +0.312 0.272 0.764
6.70 £0.312 6.05+020b 6.92 4+ 0.142 3.996 0.030
0.808 + 0.003 2 0.359 + 0.003 P 0.358 + 0.021 P 386.5 0.0002
0.583 +£0.112 0.465 + 0.07 b 0.478 + 0.08 P 3.654 0.029
227.8 139.6 117.0
5584.3 3150.0 2642.1

Data in the same row with different superscripts differ at p < 0.05 (ANOVA, Tukey’s test). Acronyms: K (Fulton’s
condition factor), HSI (hepatosomatic index), VSI (viscerosomatic index), TGC (temperature growth coefficient),
DER (daily feeding ratio), TFI (total food intake per fish), GEI (gross energy intake per fish).

32
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[
e

22

20
10/23/2015 1211212015 1/31/2016 3121/2016 5(10/2016 6/29/2016
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Figure 2. Average length (cm) of meagre in experimental groups A (sardine diet), B (commercial
pellets), and C (moisturized pellets) from October 2015 to June 2016. Similar to weight gain (Figure 1),
group A shows a continued increase in length, while growth in groups B and C appears to slow down
during colder periods. Data are presented as means & SE.

3.3. Feed Consumption

The daily feed ratio (DFR) was slightly higher for group A compared to groups B and C.
However, the differences in feed consumption were most pronounced when considering the
total feed intake (TFI) and gross energy intake (GEI), with group A exhibiting considerably
higher values for both parameters.
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3.4. Fatty Acid Profiles

Table 4 contains the fatty acid profiles of diets S and P, as well as the whole-body fatty
acid compositions of fish from all groups at the end of the experiment. As diet MP was
simply diet P with added moisture, the fatty acid profile of MP is identical to that of P.

Table 4. Fatty acid composition (g/100 g total fatty acids) of diet S and P, and whole-body fatty acid
compositions of fish from groups A, B, and C at the end of the experiment.

Diet S Diet P Group A Group B Group C
C12:0 0.2 0.1 0.0 0.0 0.1
C14:0 12.3 3.3 7.3 2.8 3.2
C15:0 1.5 0.3 0.94 0.45 0.5
C16:0 29.2 13.5 23.2 18.7 19.8
Cl6:In7t 0.5 0.2 0.0 0.0 0.41
Cl16:1n7c 7.4 3.5 7.3 428 4.38
C17:0 1.6 0.4 0.94 0.6 0.69
C17:1 0.3 0.2 0.49 0.3 0.29
C18:0 7.8 3.6 6.1 49 4.81
C18:1n9¢ 9.8 30.4 17.69 32.1 33.78
C18:1n7 34 2.8 3.77 3.24 3.23
C18:2n6t 0.2 0.1 0.2 0.0 0.1
C18:2n6¢ 0.2 13.9 5.5 13.6 11.3
C18:3n6 0.1 0.1 0.01 0.34 0.0
C18:3n3 1.3 3.9 1.55 221 1.51
C18:4n3 1.6 1.1 1.2 0.4 0.22
C20:0 14 0.5 0.71 0.5 0.48
C20:1n9 1.4 2.4 1.09 2.12 2.98
C20:2n6 0.4 0.3 0.37 0.33 0.31
C21:0 0.2 0.0 0.0 0.0 0.0
C20:3n6 0 0.1 0.21 0.1 0.0
C20:4n6
(ARA) 0 0.6 0.8 0.99 0.28
C20:3n3 0.1 0.1 0.18 0.31 0.0
C20:4n3 0.6 0.5 0.64 0.49 0.23
C20:5n3
(EPA) 49 5.8 5.23 2.31 224
C22:0 0.3 0.2 0.0 0.0 0.3
C22:1n11 0.3 2 0.74 1.9 2.12
C22:1n9 0.3 0.4 0.12 0.69 0.72
C22:5n3 0.3 0.3 1.65 0.19 0.79
C24:0 0.7 1.1 0.0 0.0 0.4
C22:6n3
(DHA) 8.9 7.8 10.6 4.42 3.99
C24:1n9 1.3 0.4 1.2 0.82 0.89

While most fatty acids were present in similar quantities in both diets S and P, there
were some notable exceptions. Diet S contained a higher percentage of saturated fatty acids
C14:0 and C16:0 compared to diet P. Conversely, the monounsaturated fatty acid C18:1n9¢c
and the polyunsaturated fatty acid C18:2n6¢ were more abundant in diet P.

Pearson linear regression analysis revealed a strong positive correlation (r = 0.91)
between the fatty acid profile of diet S and the fatty acid profile of the related fish (group
A) at the end of the experiment. Z-score analysis of the residuals identified significant
differences (p < 0.05) only for the fatty acids C18:1n9¢c and C18:2n6c, where the observed
values in the fish deviated significantly from those predicted by the regression. Similarly,
strong positive correlations were found between the fatty acid profile of diet P and the fatty
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acid profiles of fish in groups B (r = 0.98) and C (r = 0.97). However, z-score analysis of the
residuals for diet P versus group B showed significant departures for C16:0, EPA, and DHA.
Comparable results were obtained for diet P versus group C, with significant differences
(p < 0.05) in the z-scores of residuals for C16:0, C18:2n6c, EPA, and DHA.

4. Discussion

Reduced yields are a common challenge in fish aquaculture during low water temper-
atures, primarily due to decreased feed uptake and growth, and a heightened risk of winter
syndrome. This is also true for meagre, which exhibit poor feeding and increased disease
susceptibility during winter-spring cultivation (December to May) [13], and even show neg-
ative growth below 17 °C with various feed formulations [37]. Consistently, the expected
growth slowdown occurred in our experiment with industrial pellet-based diets, even
when moisturized. Such suppressed growth at low seawater temperatures poses a serious
threat to successful meagre rearing in floating cages in the northwestern Mediterranean,
where sub-17 °C temperatures are common and prolonged during colder months.

However, contrary to the expected reduction, sardine-based feed resulted in signifi-
cantly superior yields across key metrics like growth in length and weight, feed and energy
intake (TFI and GEI), and growth efficiency (TGC). While the significant impact of feeding
and feed composition on farmed fish growth is well documented [16,38-41], our study is
the first to demonstrate that feed composition can effectively mitigate the typical growth
reduction in meagre during cold conditions.

Feed composition analysis suggests water content, carbohydrates, and lipids are
driving the difference in feed intake and growth. The sardine-based diet (S) had an almost
five-times-higher water content than even the moisturized pellet-based diet (MP), negligible
carbohydrates of about only 3% relative to both pellet-based diets, and a 40% higher lipid
fraction (Tables 1 and 2). Given that moisturizing the commercial pellets (MP) did not
improve growth (groups B and C, Table 3), the substantial difference in carbohydrate and
lipid content, rather than water content alone, likely drove the variations in feed intake and
growth rates during cold months. The slight reduction in growth on moisturized compared
to dry pellets is consistent with the possibility that a small fraction of fatty acids may have
been oxidized and/or leached from the pellets after adding water.

The high protein and lipid content of the sardine diet appears to be particularly fa-
vorable for growing meagre at low temperatures, aligning with prior research on meagre
protein [17,18,42,43] and lipid requirements [18,42]. The significantly higher condition
factor (K) in group A at the end of the experiment suggests better energy reserves, poten-
tially contributing to their resilience against stressors during this unfavorable period. This
finding challenges the hypothesis that K decreases with meagre growth [19] when a natural
diet is provided.

The doubled values of growth indicators (TGC) for the sardine diet (Table 3) further
underscore the superior growth rate and efficiency of the sardine-based diet at low tem-
peratures, supported by the 70% higher feed intake (TFI) and 94% greater energy intake
(GEI) compared to the pellet-fed groups. Notably, the sardine diet’s positive impact on
growth was evident throughout the 141 days where seawater temperatures were below
17 °C (Figures 1 and 2). This highlights the diet’s capacity to counteract the typical growth
limitations experienced below the 17 °C threshold reported in previous studies [29,44].

Our findings should be extrapolated to adult meagre with caution. Since meagre reach
adult sizes up to 103 kg [45], the fish in our study of around 0.3 kg should be considered
juvenile. The higher growth potential of juveniles necessitates protein-rich diets, potentially
amplifying the benefits of the sardine’s higher protein content.
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HSI, reflecting the relative size of the liver, and VSI, indicating the proportion of
visceral fat, are useful indicators of fish energy status, nutrient metabolism, and overall
physiological health. During the experimental period, a general trend of decreasing HSI
and VSI values was observed across all experimental groups. This common result of physi-
ological response to cold stress in poikilothermic animals reflects increased mobilization of
energy reserves (including liver glycogen and visceral lipids) to cope with the unfavorable
thermal conditions and maintain basic physiological functions.

The continuous and robust growth of group A throughout the experiment is particu-
larly noteworthy given the general decline observed in HSI and VSI indices. This further
suggests that the higher protein and lipid content of the sardine diet supported efficient
growth. While diet composition did not induce statistically significant changes in HSI and
VSI overall, the slightly lower final HSI in group A, despite its higher lipid intake, could be
attributed to the low carbohydrate content in the sardine diet. This aligns with observations
in other species [46].

Consistent with existing literature [18,19,47], we found a correlation between the fatty
acid profiles of fish and the diet. The fatty acid composition of group A reflected the
sardine diet (higher C14:0 and C16:0), while groups B and C mirrored the pellet diet (higher
C18:1n9¢ and C18:2n6c¢).

Notably, our findings diverge from the typical observation of lower EPA levels in fish
fed commercial diets [3,4,15], a trend we also observed for EPA and DHA in the pellet-fed
groups. Instead, the sardine-based diet resulted in higher EPA and DHA levels in the
fish than were present in the diet, indicating potential synergistic effects that promote the
uptake and/or retention of these valuable long-chain omega-3 fatty acids.

While this study demonstrates the superior growth of juvenile meagre on a sardine
diet at low temperatures, using whole sardines as a feed source in commercial aquaculture
raises economic and sustainability concerns. Sourcing and consistently providing wild-
caught sardines can be expensive and logistically challenging due to fluctuating availability,
complex storage, and their use for direct human consumption. Furthermore, relying
heavily on wild fish for feed raises significant long-term environmental sustainability
questions. Therefore, we suggest using sardines as a guiding principle for future pelleted
feed formulation research with the goal to reverse-engineer the nutritional advantages of
the sardine diet into cost-effective and sustainable pelleted formulations. The research
priorities should include the following:

e  Optimizing macronutrient ratios: determining the ideal high protein and lipid levels,
coupled with minimized carbohydrates, that mimic the sardine diet’s success in cold-
water meagre such as increasing the proportion of n-3 PUFA to above 35% [48] and /or
increasing dietary tryptophan to mitigate stress [49];

e  Enhancing essential fatty acid bioavailability: investigating how to achieve the superior
EPA and DHA deposition seen with sardines, potentially through specific lipid sources,
processing methods, or functional additives in pellets such as Fucus vesiculosus, shown
to promote feed efficiency [50];

e Improving pellet functionality: formulating pellets that retain high palatability and
are easily digestible even when fish appetite and metabolism are reduced in cold
temperatures;

e Improving sustainability: investigate alternative protein and lipid sources such as
plant-based proteins and animal by-products suggested by Matias et al. [51], which
replicate the sardine’s beneficial profile without relying on wild fisheries.
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5. Conclusions

In conclusion, this study demonstrated that a sardine-based diet significantly enhances
the growth performance of juvenile meagre in cage farming conditions at low seawater
temperatures that typically suppress growth. This finding contrasts with the limited success
of commercial pellet-based diets, even with moisturization, and highlights the potential of
natural feed sources to overcome the challenges of cold-water aquaculture for this species.
The superior growth, feed utilization, and condition factor observed in meagre fed sardines
suggest that the nutritional profile of this natural diet, particularly its high protein and
lipid content, is better suited to their requirements at lower temperatures. While our results
are confirmed only for juvenile meagre, further research into the specific components of
sardines responsible for these benefits could inform the development of more effective and
sustainable commercial feeds for meagre aquaculture, especially in regions experiencing
prolonged cold periods such as the northwestern Mediterranean.
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