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Abstract

Global fish oil production has plateaued while salmonid aquaculture expands, creating urgent demand for sustainable alternative lipid
sources. This study evaluated the effects of replacing dietary fish oil with canola oil, safflower oil, and their blends on growth perfor-
mance, feed utilization, condition indices, and muscle fatty acid composition in juvenile Black Sea trout, Salmo labrax Pallas, 1814.

Seven isonitrogenous and isolipidic diets (45% crude protein, 18% crude lipid) differing only in lipid source—fish oil (FO), saf-
flower oil (SO), canola oil (CO), and their 50:50 binary and equal ternary blends—were fed to triplicate groups of juvenile Black Sea
trout (initial weight 30.22 + 0.19 g) for 90 days. Growth performance, feed utilization, condition indices, and fatty acid compositions
of diets and white dorsal muscle were determined.

Growth performance and feed utilization did not differ significantly among treatments (P > 0.05), confirming that complete fish
oil replacement did not compromise growth performance. However, significant differences were observed in fat deposition rate,
viscerosomatic index, and hepatosomatic index (P < 0.05). Muscle fatty acid profiles closely mirrored dietary composition: saturat-
ed and n-3 long-chain polyunsaturated fatty acids (EPA, DHA) declined while monounsaturated and n-6 fatty acids increased with
increasing plant oil inclusion. The muscle n-3/n-6 ratio fell most sharply in the safflower oil group. Economic analysis revealed that
complete plant oil substitution reduced feed costs by 12%—13% compared to the fish oil control.

Both canola and safflower oils can effectively replace fish oil in Black Sea trout diets without compromising growth. Canola oil
emerges as the more broadly balanced substitute, while safflower oil’s strong n-6 enrichment restricts its suitability to blended or
finishing strategies.
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Introduction three decades, reaching over 90 million metric tons in

2022 and playing an increasingly pivotal role in meeting
Global aquaculture production has expanded at an av-  worldwide demand for animal protein (FAO 2022). With-
erage annual rate of approximately 5.3% over the past in this trajectory, salmonid aquaculture represents one of
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the most economically significant and nutritionally val-
ued sectors of the industry (Turchini et al. 2009). Sus-
taining this growth, however, is contingent upon securing
reliable and cost-effective sources of dietary ingredients,
most critically lipids, which supply both metabolic ener-
gy and physiologically essential fatty acids to farmed fish
(Tocher 2003; Turchini et al. 2011).

Historically, fish oil derived from forage fish species
has served as the primary lipid source in commercial sal-
monid feeds, owing to its high content of n-3 long-chain
polyunsaturated fatty acids (LC-PUFAs)—principally
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexae-
noic acid (DHA; 22:6n-3)—and its high energy density
(Tocher 2003; Rinchard et al. 2007). These fatty acids
are recognized as conditionally essential for salmonids,
supporting membrane fluidity, immune competence, 0s-
moregulation, neural development, and reproduction (Sar-
gent et al. 2002; Tocher 2010). However, global fish oil
production has remained relatively static over the past two
decades, constrained by the finite productivity of marine
forage fish stocks and increasing regulatory pressure (FAO
2022). Simultaneously, demand for fish oil in aquafeeds
has intensified with the rapid global expansion of salmo-
nid aquaculture, creating a structural supply-demand im-
balance that has driven sustained upward pressure on fish
oil prices and intensified the search for sustainable alterna-
tives (Tacon and Metian 2008; Tacon et al. 2011).

Plant-derived oils—including soybean, canola (rape-
seed), linseed, sunflower, palm, and safflower oils—have
been the subject of intensive research as partial or com-
plete fish oil replacements in aquafeeds over the past
two decades (Bell et al. 2001; Tocher 2003). These oils
offer several practical advantages; they are produced in
large volumes from terrestrial agriculture, are available
at considerably lower cost than fish oil, have stable and
predictable supply chains, and are free from contaminants
such as persistent organic pollutants (Gunstone 2011;
Shepherd and Jackson 2013). The principal nutritional
limitation of plant oils as fish oil substitutes is their lack
of EPA and DHA and their enrichment in n-6 PUFAs, par-
ticularly linoleic acid (18:2n-6), which can competitively
inhibit endogenous LC-PUFA biosynthesis (Tocher 2003;
Tocher et al. 2006). Consequently, complete plant oil sub-
stitution typically results in a marked reduction of EPA
and DHA in fish tissue, with potential implications for
the nutritional value of the product for human consumers
(EFSA 2012; Sprague et al. 2016).

Numerous studies have demonstrated that partial or
complete replacement of fish oil with canola or safflower
oil is compatible with normal growth performance in a
range of finfish species, including rainbow trout, Onco-
rhynchus mykiss (Walbaum, 1792) (see Acar and Turker
2018; Yildiz et al. 2018), Atlantic salmon, Salmo salar
Linnaeus, 1758 (see Davis and Devine 2023), gilthead sea
bream, Sparus aurata Linnaeus, 1758 (see Sanchez-Moya
et al. 2020), European sea bass, Dicentrarchus labrax
(Linnaeus, 1758) (see Verge-Mérida et al. 2022), and
brown trout, Salmo trutta Linnaeus, 1758 (see Arslan et

al. 2012). Canola oil is particularly notable for its mod-
erate n-3 content in the form of a-linolenic acid (18:3n-
3), its low SFA content, and its high oleic acid (18:1n-9)
content, which collectively confer a relatively favorable
fatty acid balance (Gunstone 2011; Shepherd and Jackson
2013). Safflower oil, conversely, is characterized by an
exceptionally high linoleic acid content (typically >70%
of total fatty acids), low SFA, and negligible n-3 fatty ac-
ids, making it a useful tool for studying the specific ef-
fects of dietary n-6 PUFA enrichment on fish metabolism
and tissue fatty acid composition (Altundag et al. 2014).

Black Sea trout, Salmo labrax Pallas, 1814, is an anad-
romous salmonid species endemic to the Black Sea basin
and its tributary rivers, including those along the north-
eastern coast of Turkey (Bascinar et al. 2010; Cakmak et
al. 2018; Ozel et al. 2018). This species has significant
economic importance for Turkish aquaculture and com-
mercial fishing and is one of the important rural liveli-
hood sources in the Black Sea coastal region (Cakmak et
al. 2018; Ozel et al. 2018 , Ozdemir et al. 2026). Despite
this economic significance, the nutritional biology and
dietary lipid requirements of Black Sea trout remain
comparatively understudied relative to commercially
dominant salmonid species such as Atlantic salmon and
rainbow trout. To date, only a limited number of investi-
gations have examined the effects of plant oil substitution
on growth performance and tissue fatty acid composition
in this species (Cakmak et al. 2018; Ozel et al. 2018),
and no published study has systematically evaluated the
simultaneous use of both canola and safflower oils—indi-
vidually and in binary and ternary combinations—as fish
oil replacements in Black Sea trout diets.

The present study was therefore designed to evaluate
the effects of replacing dietary fish oil with canola oil, saf-
flower oil, and their blends on the growth performance,
feed utilization efficiency, muscle proximate composition,
and muscle and diet fatty acid profiles of juvenile Black
Sea trout over a 90-day feeding trial. A secondary objec-
tive was to assess the economic implications of plant oil
substitution through a feed cost analysis. The results of
this study are intended to provide a scientific basis for the
development of more sustainable and economically viable
lipid nutrition strategies for Black Sea trout aquaculture.

Materials and methods

Experimental animals, housing, and acclimation.
Juvenile Black Sea trout (Salmo labrax) were obtained
from a certified commercial fish farm in Rize, Turkey, and
transported to the experimental facility at Sinop Univer-
sity, Turkey. The initial body weight (~30 g) reflects the
size of juvenile fish available from the supplying com-
mercial farm at the time of the trial, which were being
reared toward portion size (approximately 250-300 g); no
alternative size class was available from the source farm
during this period. The 90-day trial duration is consistent
with standard practice in comparative fish oil replacement
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feeding trials, which typically employ a 90-day period to
allow sufficient time for dietary lipid source effects on
growth, tissue composition, and organ indices to become
measurable. Fish underwent a 30-day acclimation period
in the experimental tanks under identical environmental
conditions to those employed during the trial. During ac-
climation, fish were fed twice daily to apparent satiation
using a commercial trout pellet diet containing approx-
imately 44% crude protein and 18% crude lipid (NRC
2011). No fish showing signs of illness or exhibiting ab-
normal behavior were observed during the trial period.
After 24 h of fasting, fish were weighed individually
to the nearest 0.1 g (initial mean body weight 30.22 +
0.19 g). Fish were randomly distributed into 21 circular
fiberglass tanks (300 L capacity, 25 fish per tank). Dietary
treatments were randomly assigned to tank positions
within the experimental system to minimize positional
effects on growth and feed intake. Each treatment was
designed with 3 replicates. Stocking density was main-
tained at levels reported to have no significant effect on
growth performance in salmon; initial stocking density
was approximately 2.5 kg - m™ (25 fish per 300 L tank),
increasing to approximately 6.8 kg - m™ by the end of the
trial. To perform the necessary analyses at the end of the
experiment, 5 fish samples were taken from each tank.
Filtered groundwater was supplied to all tanks at a
constant flow rate of 4.0 L - min™', with airstone diffus-
ers for oxygen supplementation. Water quality parame-
ters were monitored daily: temperature (15.7 + 0.06°C)
(Epinox DT-03 digital thermometer), dissolved oxygen
(7.55 £ 0.15 mg - L") (Oxyguard Handy Polaris brand

oxygen meter), and pH (7.81 £ 0.02) (Thermo Scientif-
ic Orion brand pH meter), all within optimal ranges for
Black Sea trout culture (Bas¢mar et al. 2010; Ozel et al.
2018). Total ammonia nitrogen and nitrite were mon-
itored daily using a colorimetric test kit and remained
below 0.025 mg - L™! and 0.10 mg - L', respectively.
Photoperiod followed the natural light cycle.

Diet formulation and feeding protocol. Seven isonitrog-
enous and isolipidic experimental diets (approximately
45% crude protein and 18% crude lipid) were formulated
to meet salmonid nutritional requirements (Tocher 2003;
Rinchard et al. 2007). The diets differed only in terms
of lipid source. Fish oil from fish meal (nearly 4%) was
taken into account when calculating the basic feed formu-
lation. The feed content is given in Table 1.

Three lipid sources were used: refined anchovy fish oil
(FO), food-grade cold-pressed safflower oil (SO; Cartha-
mus tinctorius), and food-grade refined canola oil (CO;
Brassica napus) (Suppl. material 1: table S1). Seven di-
etary lipid formulations were prepared: FO (100% fish
oil), SO (100% safflower oil), CO (100% canola oil), FO-
SO (50:50), FO-CO (50:50), SO-CO (50:50), and FO-SO-
CO (equal thirds). Total lipid inclusion was held constant
at 135 g - kg™!. The oil addition rates in the blended diets
were calculated to achieve the designated percentage of
total added lipid from each source after accounting for
the endogenous lipid contributed by fish meal (approxi-
mately 4% lipid, providing roughly 12 g lipid - kg™' diet).
For example, in the FO-SO diet, the target was 50% of the
added lipid from fish oil and 50% from safflower oil; after

Table 1. Formulation and proximate composition of the experimental diets of cultured juvenile Black Sea trout, Salmo labrax.

Ingredient FO SO CcO FO-SO FO-CO SO-CO FO-SO-CO
Content in absolute values [g - kg™']
Fish meal 300 300 300 300 300 300 300
Soybean meal 200 200 200 200 200 200 200
Corn gluten meal 180 180 180 180 180 180 180
Sunflower meal 70 70 70 70 70 70 70
Wheat flour 110 110 110 110 110 110 110
Fish oil 135 — — 46.95 46.95 — 17.60
Safflower oil — 135 — 88.05 — 67.50 58.70
Canola oil — — 135 — 88.05 67.50 58.70
Vitamin premix' 3 3 3 3 3 3 3
Mineral premix? 2 2 2 2 2 2
Proximate composition [%]
Crude protein 45.54 45.62 45.65 45.82 45.79 45.69 45.79
Crude lipid 18.25 18.42 18.29 18.24 18.33 18.26 18.28
Moisture 6.58 6.26 5.99 7.01 5.87 7.19 6.55
Ash 7.41 7.55 7.36 7.23 7.57 7.39 7.44
Gross energy [kJ - g”'] 2228 2228 2227 2235 2224 2233 2229

Values for proximate composition are means of triplicate analyses; standard errors are omitted here for brevity and are provided in the original dataset.
'Vitamin premix provided per kg of diet: vitamin A (retinyl acetate) 15 000 IU; vitamin D, (cholecalciferol) 3000 IU; vitamin E (dl-a-tocopheryl acetate)
150 mg; vitamin K, (menadione sodium bisulfite) 12 mg; vitamin B, (thiamine HCI) 15 mg; vitamin B, (riboflavin) 30 mg; vitamin B, (pyridoxine HCI)
20 mg; vitamin B, (cyanocobalamin) 0.05 mg; niacin 200 mg; pantothenic acid 60 mg; folic acid 6 mg; biotin 1.2 mg; choline chloride 600 mg; inositol
200 mg; vitamin C (L-ascorbyl-2-polyphosphate) 300 mg. *Mineral premix provided per kg of diet: iron (FeSO,-7H,0) 60 mg; zinc (ZnSO,-7H,0)
80 mg; manganese (MnSO, -H,0) 40 mg; copper (CuSO, 5H,0) 5 mg; cobalt (CoCl,-6H,0) 0.5 mg; iodine (KI) 1 mg; selenium (Na,SeO,) 0.3 mg;
magnesium (MgSO,-7H,0) 400 mg. FO (100% fish oil), SO (100% safflower oil), CO (100% canola oil), FO-SO (%50 fish 0il:%50 safflower oil), FO-
CO (%50 fish 0il:%50 canola oil), SO-CO (%50 safflower 0il:%50 canola oil), and FO-SO-CO (equal fish oil, safflower oil and canola oil).
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subtracting the fish meal lipid contribution, this required
46.95 g fish oil and 88.05 g safflower oil per kg diet. All
blended diets were formulated using this same principle
to ensure the intended proportional lipid contributions
from each source. Although discrete graded substitution
levels for a single plant oil (e.g., 25%, 50%, 75% CO)
were not tested, the FO-SO and FO-CO diets provided an
intermediate level of substitution (~65% plant oil on an
oil-mass basis), allowing partial assessment of dose-de-
pendent effects within the present seven-diet design.

Diets were manufactured using a standardized proto-
col: dry ingredients were mixed for 15 min, lipid blends
were added incrementally and mixed for 10 min, dis-
tilled water (35% w/w) was added, and diets were pel-
leted through a 3.0 mm die, dried at 55°C for 8 h, vac-
uum-sealed, and stored at —20°C. Proximate analysis
confirmed crude protein (45.54%—45.82%) and crude
lipid (18.24%—18.42%) across diets (Table 1).

Fish were hand-fed to apparent satiation twice daily
(09:00 and 15:00 h) for 90 days. Uneaten feed was col-
lected 30 min after each feeding, dried (105°C, 24 h), and
weighed to determine actual feed intake. Fish were fasted
for 24 h prior to each weighing event.

Growth performance and biometric indices. All fish
were batch-weighed at 15-day intervals to the nearest
0.1 g following a 24-h fast. Length measurements were
recorded at the beginning and end of the trial. Mortalities
were recorded daily and removed for correction of feed
conversion calculations. Growth performance and feed
utilization parameters were calculated using the follow-
ing equations:
Weight gain (W) [%]
W,=W,=W)- (100 - W)™
Specific growth rate (SGR) [% - day™']
SGR=(In W, —=In W) - (days - 100)!
Feed conversion ratio (FCR)
FCR=W,, - W,
Thermal growth coefficient (TGC) (Jobling 2003)
TGC = [(WF'"? — WI1®*) (T - £) '+] 1000-
Fat deposition rate (FDR) [%- day '] (Richard et al. 2006)
FDR = (In LC, = In LC)) - (days - 100)!
Survival rate (SR) [%]
SR=100"N, - N/

Protein efficiency ratio (PER)

PER=W_- W,
Hepatosomatic index (HSI) [%]
HSI=100 - W - W'
Viscerosomatic index (VSI) [%]
VSI=100-w, - w,'

W, is the final wet body weight [g]; ¥, is the initial wet
body weight [g]; W, is the weight of feed offered; T'is the
mean water temperature [°C]; ¢ is the trial duration [days];
LC, is the final whole-body lipid content; LC, is the initial
whole-body lipid content; N, is the final fish number; N,
is the initial fish number; W is the weight gain [g]; WV, is
the protein intake [g]; ¥, is the liver weight [g]; W, is the
body weight [g]; W, is the viscera weight [g].

At the start of the experiment, 30 fish were sacrificed by
rapid immersion in an overdose of buffered clove oil and
frozen at —80°C for initial whole-body proximate compo-
sition (AOAC 1995). At trial conclusion, five fish per rep-
licate tank (15 fish per dietary treatment) were sacrificed
by the same method. Livers and viscera were dissected
and weighed for HSI and VSI calculation. White dorsal
muscle was excised, vacuum-sealed, and stored at —80°C.

Proximate and fatty acid composition analysis. Proxi-
mate compositions of diets, initial whole-body samples, and
terminal muscle samples were determined in triplicate ac-
cording to AOAC methods (AOAC 1995). Moisture was de-
termined gravimetrically (105°C, 24 h). Crude protein (N X
6.25) was measured by the Kjeldahl method (Kjeltec 8400,
FOSS Analytical, Hillerad, Denmark). Crude lipid was ex-
tracted with petroleum ether using a Soxhlet system (Sox-
tec 2043, FOSS Analytical, Hillerod, Denmark). Ash was
determined by incineration at 550°C for 6 h. Gross energy
calculated using standard conversion factors (Tocher 2003).

Fatty acid analyses were conducted on the seven exper-
imental diets, dietary oil sources (fish oil, canola oil, and
safflower oil), and muscle samples obtained from fish at
the beginning and termination of the feeding trial. Analy-
ses were performed by the TUBITAK Marmara Research
Center (MAM, Gebze, Tiirkiye) through a contracted an-
alytical service. Fatty acid composition was determined
in the extracted lipid fraction following the [UPAC IID19
method, and individual fatty acids were quantified and
expressed as percentages of total fatty acids.

Economic analysis. Feed cost analysis was conducted for
all seven experimental diets using indicative ingredient
prices (USD - kg ): fish meal (1.80), soybean meal (0.55),
corn gluten meal (0.65), sunflower meal (0.35), wheat
flour (0.40), fish oil (2.20), safflower oil (1.15), canola oil
(1.05), vitamin premix (5.00), and mineral premix (3.00).
These values represent approximate 2024 global market
averages compiled from general commodity and indus-
try price trends reported in Tacon et al. (2011), Shepherd
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and Jackson (2013), and IFFO (2024) rather than direct
supplier quotations, and are intended to illustrate the rel-
ative cost structure of the experimental diets rather than
to provide region-specific or invoice-level costing; read-
ers applying this analysis to a specific production context
should substitute locally verified ingredient prices. Feed
cost per kilogram of diet (FCD) was calculated as the sum
of ingredient inclusion levels multiplied by unit prices,
divided by 1000. Feed cost per kilogram of fish produced
(FCPF) was calculated (Hurwitz et al. 2023):

FCPF =FCD * FCR
Relative cost saving (RCS) [%] was calculated as:
RCS =(FCD_FO -FCD _treatment) - (FCD_FO - 100)!

where FCD_FO is the feed cost per kilogram of the fish
oil (FO) diet, and FCD _treatment is the feed cost per ki-
logram of each experimental (treatment) diet.

Statistical analysis. All data are expressed as mean +
SEM (standard error of the mean). Normality was as-
sessed using the Shapiro—Wilk test and homogeneity of
variances using Levene’s test. Treatment effects were
evaluated by one-way ANOVA, the Kruskal-Wallis test
(when non-normal). Post-hoc comparisons were conduct-
ed using Tukey’s HSD or Tamhane’s T2 test. Significance
was set at P =0.05. All statistical computations were per-
formed using IBM SPSS Statistics, version 21.0 (IBM
Corp. 2012, Armonk, New York, USA).

Ethical Statement. All experimental procedures were ap-
proved by the Sinop University Animal Experiments Lo-
cal Ethics Committee (decision number 2015/11, 13 April
2015). Animal welfare principles of the 3Rs (Replacement,
Reduction, Refinement) were applied throughout the study.

Results

Growth performance, feed utilization, and condition
indices. All seven experimental diets were readily con-
sumed by Black Sea trout throughout the 90-day feeding
trial, with no feed refusal or aberrant feeding behavior
observed in any dietary group.

One-way ANOVA revealed no statistically significant
differences (P > 0.05) among dietary treatments in final
mean body weight, weight gain (W), specific growth rate
(SGR), feed conversion ratio (FCR), thermal growth co-
efficient (TGC), survival rate (SR), and protein efficien-
cy ratio (PER) (Table 2). The weight gain ranged from
163.69% (SO-CO) to 166.95% (FO), and SGR ranged
from 1.10% - day™! (FO-SO) to 1.11% - day' (SO). FCR
ranged from 1.11 (CO) to 1.17 (FO-CO). TGC ranged
from 0.86 to 0.87, SR from 90.00% to 96.00%, and PER
from 1.95 (FO, FO-SO) to 2.20 (SO-CO) (P> 0.05 for all).

Fat deposition rate (FDR) differed significantly among
dietary groups (P <0.05), ranging from 0.47% - day™' (FO)
to 0.61% - day ' (FO-CO). Viscerosomatic index (VSI)
and hepatosomatic index (HSI) also differed significant-
ly among groups (P < 0.05). Terminal VSI ranged from
9.75% (CO) to 12.94% (SO-CO), compared with an initial
value of 9.16%. HSI ranged from 1.63% (CO) to 2.16%
(SO-CO); the SO and CO groups recorded significantly
lower HSI (1.75% and 1.63%, respectively) than the FO
control (1.94%) and the SO-CO blend (2.16%) (Fig. 1).

Muscle proximate composition. Muscle protein and ash
contents did not differ significantly among dietary treat-
ments (P> 0.05; Table 3). Muscle moisture and lipid con-
tents differed significantly among treatments (P < 0.05).
The highest muscle lipid content was recorded in fish fed
the FO-CO diet (5.79 + 0.03%) and the FO-SO diet (5.74
+ 0.09%), and the lowest in fish fed the FO control diet
(5.12 £ 0.11%) and the SO-CO diet (5.16 + 0.08%).

Table 2. Growth performance, feed utilization, and condition indices of experimental cultured juvenile Black Sea trout, Salmo

labrax.
Parameter FO SO CcO FO-SO FO-CO SO-CO FO-SO-CO
Initial weight [g] 30.20 +0.48 30.21 £0.44 30.23 £ 0.52 30.23 £0.51 30.21 £0.54 30.23 £0.53 30.20 £ 0.55
Final weight [g] 81.67 £2.20 82.14 £ 1.86 81.77+1.62 81.69 +1.93 82.03 £3.22 81.74 £ 8.64 82.04 £2.06
Weight gain [%] 166.95+9.07 164.70+10.8 163.85+1.15 166.87 +£3.43 163.75+3.22 163.69+129 165.36+24.17
SGR 1.10 £ 0.04 1.11 £0.03 1.11 £0.01 1.10+£0.01 1.11 +£0.04 1.10 £0.09 1.11 £ 0.04
FCR 1.12+£0.02 1.13+£0.03 1.11 £ 0.01 1.13+0.01 1.17+0.11 1.16 £ 0.01 1.13+0.03
TGC 0.86 +0.03 0.87 £0.03 0.87 +£0.01 0.86+0.01 0.87 £ 0.04 0.86 +£0.08 0.87£0.04
FDR 0.47 £0.02° 0.50 £0.01% 0.57 +£0.01% 0.60 £ 0.02¢ 0.61 £0.01¢ 0.48 £ 0.02° 0.57£0.01%
PER 1.95+0.09 1.98 £0.05 2.01+£0.05 1.98 £0.02 2.04+£0.09 2.20+0.01 2.02+0.08
SR 94.00 +2.00 94.67 +£2.67 90.00 £ 1.15 96.00 +2.31 90.67 £ 1.76 90.00 £+ 6.00 92.00 + 8.00
Initial FO SO CcO FO-SO FO-CO SO-CO FO-SO-CO
VSI 9.16 £ 0.20 11.44+0.61®  10.53 £0.37* 9.75 £0.37¢ 10.48 £ 0.41* 12.33 £ 0.34% 12.94 +0.35° 12.90 + 0.63°
HSI 1.45+0.05 1.94 £ 0.07% 1.75+0.08* 1.63 +£0.07* 1.82£0.12% 1.95+0.07* 2.16 £0.11° 1.81£0.10®

Data are presented as mean + SEM (standard error of the mean). Different superscript letters within each row denote statistically significant differ-
ences among treatments (P < 0.05). SGR, specific growth rate; FCR, feed conversion ratio; FO (100% fish oil), SO (100% safflower oil), CO (100%
canola oil), FO-SO (%50 fish oil: %50 safflower oil), FO-CO (%50 fish oil: %50 canola oil), SO-CO (%50 safflower oil: %50 canola oil), and FO-
SO-CO (equal fish oil, safflower oil and canola oil). SGR: Specific growth rate, FCR: Feed conversion ratio, TGC: Thermal growth coefficient, FDR:
Fat deposition rate, PER: Protein efficiency ratio, SR: Survival rate, VSI: Viscerosomatic index, HSI: Hepatosomatic index.
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(A) Hepatosomatic index (B) Viscerosomatic index

il 1 S0-CO blend
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Hepatosomatic index [%]
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Figure 1. Hepatosomatic index (HSI) (A) and viscerosomatic index (VSI) (B) in experimentally cultured juvenile Black Sea trout,
Salmo labrax.

Table 3. Proximate composition of muscle from cultured juvenile Black Sea trout, Salmo labrax fed the experimental diets [%];
wet weight; mean + SEM (standard error of the mean).

Parameter FO SO co FO-SO FO-CO SO-CO FO-SO-CO
Protein 19.22 +£0.22 20.22+£0.34 19.28 £0.03 19.54 £0.10 19.10£0.10 19.85+0.29 19.35+£0.29
Lipid 5.12+0.112 5.22+0.05* 5.57+0.03% 5.74 £0.09° 5.79+£0.03° 5.16 £ 0.08* 5.59 +£0.42°
Ash 1.96 £ 0.03 1.98 £0.03 2.06 +0.03 2.00+0.03 2.06 +0.02 2.05+0.04 1.96 £0.08

Different superscript letters within a row denote statistically significant differences among treatments (P < 0.05). FO (100% fish oil), SO (100%
safflower oil), CO (100% canola oil), FO-SO (%50 fish oil: %50 safflower oil), FO-CO (%50 fish oil: %50 canola oil), SO-CO (%50 safflower oil:
%350 canola oil), and FO-SO-CO (equal fish oil, safflower oil and canola oil).

Fatty acid composition of experimental diets. The fatty  from 25.25% (FO) to 60.19% (SO). Linoleic acid (LA;
acid profiles of the seven experimental diets are presented ~ 18:2n-6) ranged from 7.39% (FO) to 56.28% (SO), and
in Table 4 and visualized in Fig. 2. Total saturated fatty  o-linolenic acid (LNA; 18:3n-3) ranged from 0.38%
acids (XSFA) ranged from 11.80% (CO) to 37.94% (FO), (SO) to 7.30% (CO). EPA (20:5n-3) ranged from 0.82%
with palmitic acid (16:0) the dominant contributor (7.39%  (FO-SO-CO) to 6.33% (FO), and DHA (22:6n-3) ranged
in CO to 22.77% in FO). Total monounsaturated fatty ac-  from 1.13% (FO-SO-CO) to 7.47% (FO); both EPA and
ids (EMUFA) ranged from 23.69% (SO) to 52.25% (CO), DHA were detectable, at levels of 1.07%-1.17% and
driven by oleic acid (18:1n-9; 17.98% in FO t0 49.94% in ~ 2.05%—2.16%, respectively, even in the 100% plant oil di-
CO). Total polyunsaturated fatty acids (XPUFA) ranged ets (SO, CO). Total n-3 fatty acids (Xn-3) were highest in

A. Major fatty acid classes B. EPA and DHA (detail)
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Figure 2. The fatty acid profiles of the seven diets across major fatty acid classes (SFA, MUFA, n-6 PUFA, n-3 PUFA, EPA, and
DHA) in experimentally cultured juvenile Black Sea trout, Salmo labrax.
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the FO diet (15.66%) and lowest in the SO diet (3.58%);
total n-6 fatty acids (Zn-6) were highest in the SO diet
(56.39%) and lowest in the FO diet (8.15%). The dietary
n-3/n-6 ratio ranged from 0.06 (SO) to 1.92 (FO) (Fig. 3).

Fatty acid composition of muscle tissue. The fatty acid
profiles of white dorsal muscle are presented in Table 5
(Fig. 4). Total muscle SFA ranged from 15.40% (CO)
to 23.51% (FO-SO). Total muscle MUFA ranged from
29.31% (FO-SO) to 52.83% (CO), with oleic acid rang-
ing from 24.95% (FO-SO) to 48.57% (CO). Total mus-
cle PUFA ranged from 22.69% (FO-CO) to 41.82% (SO)
(Suppl. material 1: table S2). Muscle LA ranged from
11.49% (FO) to 36.32% (SO). Muscle EPA ranged from
0.12% (SO) to 2.26% (FO), and muscle DHA ranged
from 0.67% (SO) to 7.10% (FO). Total muscle n-3 fat-
ty acids ranged from 1.41% (SO) to 11.39% (FO), and

total muscle n-6 fatty acids ranged from 12.15% (FO) to
38.48% (SO). The muscle n-3/n-6 ratio ranged from 0.04
(SO) to 0.94 (FO) (Fig. 3).

Economic analysis. Feed cost per kilogram of diet
(FCD), feed cost per kilogram of fish produced (FCPF),
and relative cost saving (RCS) are presented in Table 6
(Fig. 5). The highest FCD was recorded for the FO diet
(1.153 USD - kg™) and the lowest for the CO diet (0.998
USD - kg™, followed by SO (1.012 USD - kg™'); par-
tial replacement diets showed intermediate FCD values
(1.005-1.061 USD - kg!). The lowest FCPF was record-
ed for the CO diet (1.108 USD - kg™! per fish produced.
and the highest for the FO diet (1.292 USD - kg! per
fish produced). Relative cost savings compared with the
FO control were positive for all plant oil-containing diets,
ranging from +8.02% (FO-SO) to +13.46% (CO).

— = WHO threshold (0.2)
= Dietary n-3/n-6
= Muscle n-3/n-6

n-3/n-6 ratio

FO-sO

* = Meets WHO threshold (=0.2)
--- WHO recommended threshold = 0.2

FO-sO-CO

Dietary treatment

Figure 3. Dictary and muscle n-3/n-6 ratios in experimentally cultured juvenile Black Sea trout, Salmo labrax. The horizontal
dashed line at 0.2 indicates the WHO-recommended minimum threshold.
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Figure 4. The muscle fatty acid class composition (% of total fatty acids) in experimentally cultured juvenile Black Sea trout,

Salmo labrax.
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Table 4. Fatty acid composition of experimental diets (% of total fatty acids) fed to juvenile Black Sea trout, Salmo labrax.

Experimental diet

Fatty acids

FO SO CO FO-SO FO-CO SO-CO FO-SO-CO
Cl14:0 7.02 +£0.01f 0.91 +0.02* 0.89+0.01* 2.61 +£0.01¢ 2.46 +0.01¢ 0.98 £0.01° 1.87+0.01°
C15:0 1.00 £ 0.02° 0.15+0.01* 0.15+0.01* 0.38+0.01¢ 0.36+0.01¢ 0.17+0.01° 0.30+0.01¢
Cl16:0 22.77 +0.03" 8.87+0.02° 7.39+£0.02* 12.58 £0.02¢ 11.06 + 0.02¢ 8.89 +£0.02° 11.76 + 0.06¢
C18:0 4.82+0.03¢ 2.78 £0.02¢ 2.12+0.01° 3.29+£0.02¢ 2.70 £ 0.01% 2.67 +0.02° 3.24 +0.02¢
C20:0 0.89 £ 0.02f 0.49 +0.01* 0.58 £0.01% 0.62 £ 0.01< 0.63 £0.01% 0.56 £0.01° 0.67+0.01°¢
Y SFA 37.94+£0.09° 13.82 +0.04" 11.80 £ 0.01*  20.37 = 0.03¢ 18.13 £0.01°  13.96+0.02>  18.84 + 0.09°
Cl6:1 5.99+0.01¢ 0.71 +£0.01* 0.79 £0.01° 2.24+0.01¢ 2.24+0.01¢ 0.80+0.01° 1.51 +£0.02¢
C18:1n-9c 17.98 £0.02¢  22.44+0.01° 49.94+£0.03"  20.63+0.03> 38.48+0.02%  38.15+0.08¢  39.01+0.26°
C20:1 1.21 +£0.01f 0.26+0.01* 1.11+0.01¢ 0.55+0.01° 1.09+£0.01¢ 0.71+0.01¢ 0.84+0.01¢
C24:1 0.49+£0.01¢ 0.23£0.01° 0.19+0.01* 0.30 +0.01¢ 0.27+£0.01¢ 0.21+0.01° 0.27 +0.01¢
>MUFA 25.94+0.02°  23.69+0.01° 52.25+0.03c  23.86+0.03*  42.32+0.01°  40.00 +0.08°  41.82 +0.28¢
C18:2n-6 7.39 +0.02¢ 56.28 £0.04¢  20.58 +0.05¢ 39.30 + 0.02f 16.26 £0.03>  36.22+£0.08°  28.74+0.20¢
C18:3n-3 1.17+0.01¢ 0.38+0.01* 7.30+£0.01¢ 0.74+£0.01° 5.38+0.01" 3.31+0.01¢ 2.28+0.01¢
C20:2 1.44+0.01° 0.22+0.01* 0.28+0.01° 0.74 +£0.01¢ 0.79+0.01¢ 0.22+0.01° 0.25+0.01°
C20:5n-3 (EPA) 6.33+£0.01° 1.07+0.01° 1.17+0.01¢ 3.82+£0.01¢ 4.06+0.01¢ 0.84+0.01° 0.82+0.01*
C22:6n-3 (DHA) 7.47 £ 0.05f 2.05+£0.01¢ 2.16 £0.01¢ 5.36+0.03¢ 5.66 +0.02¢ 1.62 +0.03° 1.13+0.01*
Y PUFA 25.25+0.07° 60.19 +0.05°  31.84+£0.03" 50.84+£0.02°  33.09+0.01° 42.38+0.06° 33.56 £ 0.20°
>n-3 15.66 + 0.05¢ 3.58+0.01* 10.81 +0.02¢ 10.32 4 0.04¢ 15.49 £+ 0.02f 5.82+0.03¢ 443 +0.01°
>n-6 8.15+£0.02° 56.39+£0.04¢  20.76 + 0.04¢ 39.79 £ 0.02° 16.81£0.03>  36.35+£0.08°  28.88+0.19¢
>n-9 18.25+£0.01*  22.50+0.01° 50.17+0.05°  20.77+0.03> 38.72+0.01% 3828 +£0.08¢  39.22+0.26°
>n-3/3n-6 1.92+£0.01f 0.06 +0.01* 0.52 £ 0.024 0.26 +0.01°¢ 0.92 +0.02¢ 0.16 £0.01° 0.15+0.01°

Data are presented as mean + SEM (standard error of the mean). Different superscript letters within each row denote statistically significant differ-
ences among treatments (P < 0.05). FO (100% fish oil), SO (100% safflower oil), CO (100% canola oil), FO-SO (%50 fish oil: %50 safflower oil),
FO-CO (%50 fish oil: %50 canola oil), SO-CO (%50 satflower oil: %50 canola oil), and FO-SO-CO (equal fish oil, safflower oil and canola oil).
>'SFA: Total saturated fatty acids, ) MUFA: Total monounsaturated fatty acids, ) PUFA: Total polyunsaturated fatty acids. EPA: eicosapentaenoic
acid, DHA: docosahexaenoic acid, £n-3: Total n-3 fatty acids, Xn-6: Total n-6 fatty acids, Xn-9: Total n-9 fatty acids.

Table 5. Fatty acid compositions of fish muscle (% of total fatty acids) fed to juvenile Black Sea trout, Salmo labrax.

Experimental Diets

Fatty acids

Initial FO SO co FO-SO FO-CO SO-CO FO-SO-CO
C16:0 19.50+£0.26 13.91£0.01® 13.78+0.03¢ 9.99+0.01* 14.98+0.03" 14.38+0.01° 12.32+0.02° 10.94+0.02°
> SFA 30.54+0.15 22.18+0.02° 21.30+0.02¢ 15.40 £0.03* 23.51£0.04¢ 22.73+0.01" 18.89 £0.04° 17.09 +0.03"
Cl18:1n-9 31.18+0.35 40.75+0.08° 29.25+0.01° 48.57+0.02¢ 24.95+0.02° 41.60+0.05" 39.62+0.02¢ 33.74 +0.05°
>MUFA 38.32+0.34 45.99+0.17° 32.20+0.01° 52.83+0.066 29.31+0.02*° 47.06+0.04" 43.45+0.02¢ 37.36 £ 0.04¢
C18:2n-6 18.48+0.24 11.49+0.02° 36.32+0.012 17.31£0.03° 32.44+0.02f 14.92+0.03° 26.04+0.05¢ 29.65+0.03¢
C18:3n-3 1.15+0.02  0.89+0.01° 031+0.01* 3.05+0.012 0.68+£0.01> 228+0.01" 132+0.01¢ 1.98+0.01°

C20:5n-3 (EPA) 045+0.01 226+0.01# 0.12+0.01* 038+0.01° 0.66+0.01f 0.56+0.01¢ 0.20+0.01°® 0.61+0.01°
C22:6n-3 (DHA)  1.55+0.01 7.10+£0.032  0.67+0.01* 2.12+0.01° 3.27+0.03° 236+0.02¢ 1.12+£0.04> 3.73+0.04"

> PUFA 24.08+0.19 24.95+0.11" 41.82+0.038 26.28 £0.02 39.37+0.03¢ 22.69 +0.01* 32.28 +0.04¢ 40.64 + 0.06
>n-3 3.53+0.03 11.39+0.088 1.41+0.01* 596+0.01° 5.15+0.02° 5.74+0.03¢ 2.84+0.01° 6.79+0.01°
>n-6 19.194+0.22  12.15+0.02* 38.48+0.03¢ 18.59+0.04° 33.88+0.017 15.62+0.02° 27.70+0.04* 31.58 +0.04°
>n-9 31.63+030 40.93+0.07° 29.44+0.01° 4891+0.038 25.18+0.02* 41.92+0.04" 39.90+0.04¢ 33.93+0.04°
n-3/n-6 0.18+0.01  0.94+0.01# 0.04+0.01* 032+0.01° 0.15+0.01° 037+0.01' 0.10+£0.01° 0.22+0.01¢

*Data are presented as mean + SEM (standard error of the mean). Different superscript letters within each row denote statistically significant differ-
ences among treatments (P < 0.05). FO (100% fish oil), SO (100% safflower oil), CO (100% canola oil), FO-SO (%50 fish oil: %50 safflower oil),
FO-CO (%50 fish oil: %50 canola oil), SO-CO (%50 safflower oil: %50 canola oil), and FO-SO-CO (equal fish oil, safflower oil and canola oil).
> SFA: Total saturated fatty acids, ) MUFA: Total monounsaturated fatty acids, ) PUFA: Total polyunsaturated fatty acids. EPA: eicosapentaenoic
acid, DHA: docosahexaenoic acid, £n-3: Total n-3 fatty acids, Xn-6: Total n-6 fatty acids, Xn-9: Total n-9 fatty acids.

Table 6. Feed cost and economic indices of the experimental diets fed to juvenile Black Sea trout, Salmo labrax.

Parameter FO SO CcO FO-SO FO-CO SO-CO FO-SO-CO
FCD [USD kg™ feed] 1.153 1.012 0.998 1.061 1.052 1.005 1.024
FCR 1.12 1.13 1.11 1.13 1.17 1.16 1.13
FCPF [USD kg™ fish] 1.2919 1.1432 1.1080 1.1989 1.2311 1.1658 1.1576
RCS [%] vs. FO 0.00 +12.29 +13.46 +8.02 +8.78 +12.87 +11.19

FCD: feed cost per kg of diet; FCR: feed conversion ratio (from Table 2); FCPF: feed cost per kg of fish produced; RCS: relative cost saving com-
pared with the FO control diet. FO (100% fish oil), SO (100% safflower oil), CO (100% canola oil), FO-SO (%50 fish oil: %50 safflower oil), FO-CO
(%50 fish oil: %50 canola oil), SO-CO (%50 safflower oil: %50 canola oil), and FO-SO-CO (equal fish oil, safflower oil and canola oil).
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Figure 5. Economic analysis of experimental diets: (A) feed cost per kilogram of fish produced; (B) relative cost savings [%] com-
pared with the fish oil control (FO) in experimentally cultured juvenile Black Sea trout, Sa/mo labrax.

Discussion

A recent meta-analysis of 328 studies confirmed that the
effects of plant oil substitution on growth and lipid me-
tabolism are species-specific and dose-dependent across
major cultured fish (Qian et al. 2024). Numerous stud-
ies have demonstrated the potential to replace significant
amounts of dietary fish oil with plant oils (canola, saf-
flower, soybean, sunflower, linseed, corn, sesame, pea-
nut, hazelnut, and olive oils) in the diets of various fish
species such as brown trout (Arslan et al. 2012), Caspian
trout (Sajedkhanian et al. 2021), bull trout (Twibell et al.
2016), brook charr (Dupont-Cyr et al. 2022), Arctic charr
(Dupont-Cyr et al. 2022), rainbow trout (Acar and Turk-
er 2018; Yildiz et al. 2018), Atlantic salmon (Torstensen
et al. 2004; Davis and Devine 2023) gilthead sea bream
(Sanchez-Moya et al. 2020), and European sea bass
(Verge-Meérida et al. 2022), without negatively affecting
the growth performance or feed conversion efficiency.
More recent work continues to support this pattern: Song
et al. (2024) reported no significant differences in growth
rate, condition factor, or yield when fish oil was fully re-
placed by canola oil in triploid rainbow trout, while Berge
et al. (2023) directly compared EPA and DHA utilization
efficiency between Atlantic salmon and rainbow trout
fed rapeseed oil-substituted diets, and Davis and Devine
(2023) reviewed canola oil’s suitability as a long-chain
omega-3 source across the Atlantic salmon life cycle. The
results of this study are consistent with these findings. In
this study, replacing fish oil with varying ratios of cano-
la and safflower oils did not negatively affect the growth
performance of Black Sea trout. Arslan et al. (2012) re-
ported that the highest growth performance in juvenile
brown trout was achieved with a diet containing a blend
of linseed and soybean oils. Similarly, our study found
that safflower and canola oils can be used at levels up to
100% in Black Sea trout diets without negatively affect-
ing growth performance or feed conversion. Comparable
results have also been observed in studies with other fish
species. Dernekbasi et al. (2015) replaced up to 50% of

fish oil with safflower oil and up to 66% with a blend of
safflower and canola oils in rainbow trout diets, observing
no significant effect on growth. Similarly, Blanchard et
al. (2008) replaced 50% of cod liver oil with safflower
oil in the diet of Eurasian perch without noting any neg-
ative effects on growth. Izquierdo et al. (2003) reported
that replacing up to 60% of fish oil with various plant oil
sources (such as soybean, rapeseed, and linseed oils or
a mixture of these) did not compromise growth perfor-
mance, feed utilization efficiency, or flesh quality in dif-
ferent fish species including sea bream and European sea
bass. These findings align with the results of the present
study regarding fish growth.

Black Sea trout (Salmo labrax) is an anadromous sal-
monid species that naturally migrates between freshwater
rivers and the marine Black Sea environment, where it
has access to marine prey rich in n-3 long-chain poly-
unsaturated fatty acids (Turchini et al. 2009; Cakmak et
al. 2018). This evolutionary life history may have shaped
its lipid metabolism and essential fatty acid requirements
differently from purely freshwater species (such as brown
trout) or strictly marine species (such as gilthead sea
bream). Juvenile Black Sea trout, like other salmonids,
are believed to have a limited capacity for endogenous
LC-PUFA biosynthesis from 18-carbon precursors, but
direct evidence for this species is lacking (Tocher 2003;
Tocher et al. 2006). This capacity is governed by the
fatty acyl desaturase (fads2) and elongase (elovl) gene
repertoire, which in salmonids has been shaped by a ge-
nome-wide duplication event (4R) distinct from that of
most other teleosts, potentially conferring a broader en-
zymatic toolkit for LC-PUFA biosynthesis than in strictly
marine species (Monroig et al. 2022).

The presently reported results suggest that despite this
anadromous life history, juvenile Black Sea trout show
similar patterns of dietary fatty acid deposition and tis-
sue lipid composition as other salmonids. The observa-
tion that muscle fatty acid profiles closely tracked dietary
composition—with n-3 LC-PUFA levels declining as
plant oil inclusion increased—indicates that this species,
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like Atlantic salmon and rainbow trout, relies heavily on
dietary supply to meet its essential fatty acid requirements
(Bell et al. 2001; Torstensen et al. 2004). However, the
measurable EPA and DHA levels observed in muscle tis-
sue of 100% plant oil-fed fish, and the significantly higher
levels in canola oil-fed compared to safflower oil-fed fish,
raise the possibility that S. labrax possesses some capaci-
ty to elongate and desaturate 18:3n-3 to longer-chain n-3
PUFA. This is a hypothesis generated by the present data
rather than a previously documented capacity in this spe-
cies; it is nonetheless consistent with reports that other
salmonids fed vegetable-oil-based diets exhibit increased
expression of hepatic LC-PUFA biosynthesis genes
(Betancor et al. 2016), and it warrants direct investigation
using stable isotope tracer studies, as discussed below.

In the presently reported study, replacing fish oil with
varying levels of safflower and canola oils had no signif-
icant effect on the FCR, which ranged from 1.11 to 1.17.
These FCR values are consistent with those reported by
Bascinar et al. (2010) for the growth performance of brook
trout and Black Sea trout under cultured conditions. Ozel
et al. (2018) investigated the effects of soybean oil and
linseed oil mixtures (67%—33%, 50%—50%, 33%—67%)
on the growth performance and fat metabolism of Black
Sea trout and reported FCR values ranging from 1.02
to 1.30, which are comparable to those observed in the
present study. Similarly, the FCR values observed in this
study are comparable to those reported by Arslan et al.
(2012) in their research on replacing fish oil with various
plant oils in brown trout diets. These findings suggest that
canola oil and safflower oil can completely replace fish
oil in the diet of Black Sea trout without adversely affect-
ing growth performance and feed conversion efficiency.

It is also worth noting that gross energy content was
nearly identical across all seven diets (22.24-22.35kJ - g'!;
Table 1), despite their markedly different lipid sources.
This near-isoenergetic formulation indicates that the ab-
sence of treatment effects on growth, feed conversion, and
survival cannot be attributed to differences in dietary ener-
gy density, and that any differences in organ indices or fatty
acid composition reported below are more plausibly linked
to the specific fatty acid profile of each lipid source rather
than to a confounding difference in total energy supply.

Growth performance did not differ among dietary
treatments, yet organ indices and muscle fatty acid com-
position did, and this dissociation is the central finding
of the present study: it shows that growth alone cannot
be relied upon to judge whether a lipid source is an ad-
equate fish oil substitute in Black Sea trout. Canola and
safflower oil, tested individually and in binary and ter-
nary combination, were each able to fully replace added
fish oil without a growth penalty, but the oil blends did
not always produce intermediate physiological respons-
es, particularly with respect to hepatic lipid metabolism.
This has a direct bearing on commercial feed formula-
tion, where blends rather than single oils are the norm.

Three findings deserve particular attention. First, fat
deposition rate, viscerosomatic index, and hepatosomatic

index diverged significantly among treatments despite uni-
form weight gain, feed conversion, and survival, indicating
that dietary lipid source altered the partitioning of absorbed
lipid among somatic, visceral, and hepatic compartments
without altering whole-body growth trajectory. Second,
hepatosomatic index was significantly higher in fish fed the
SO-CO blend (2.16%) than in fish that were fed the single
plant oils, CO (1.63%) and SO (1.75%), while the fish oil
control (1.94%) and other blend groups (FO-SO: 1.82%;
FO-CO: 1.95%; FO-SO-CO: 1.81%) were statistically in-
termediate and did not differ significantly from either the
single oils or the SO-CO blend. This pattern is not explained
by total plant oil inclusion alone, since SO-CO itself con-
tained no fish oil, yet produced the numerically highest HSI
among all treatments. Third, the dietary and muscle n-3/n-6
ratios collapsed by more than an order of magnitude in the
SO group relative to FO (0.06 versus 1.92 in the diet; 0.04
versus 0.94 in muscle), a shift considerably larger than the
corresponding shift in the CO group, even though both oils
achieved 100% substitution of added fish oil.

Our results agree with the wider literature in showing
that growth performance and feed conversion in salmo-
nids are generally unaffected by partial or complete re-
placement of fish oil with canola or safflower oil (Izquier-
do et al. 2003; Blanchard et al. 2008; Arslan et al. 2012;
Dernekbasi et al. 2015). Where the present findings go
beyond this established pattern is in the organ-index and
fatty-acid-ratio results described above, neither of which
has previously been documented for Black Sea trout; the
HSI pattern observed in the SO-CO group specifically has
not been reported for any safflower-canola combination
in any salmonid.

Non-additive blend effects. The present findings reveal
three observations that challenge the assumption that
blended diets behave as simple linear intermediates be-
tween their single-oil components. First, the hepatoso-
matic index in the SO-CO group (2.16%) was significant-
ly higher than in either the CO (1.63%) or SO (1.75%)
single-oil groups, and this elevation was not explained by
total plant oil content, fish oil presence, or dietary ener-
gy density (Table 2). Second, muscle ZSFA in the FO-SO
group (23.51%) exceeded both its FO (22.18%) and SO
(21.30%) parents, while muscle XMUFA in the FO-CO
group (47.06%) fell short of the proportional mixing pre-
diction (50.5%) derived from its FO (45.99%) and CO
(52.83%) parents. Third, these deviations occurred despite
dietary fatty acid class values in the blended diets being
closely predicted by simple linear mixing of the parent
oils, confirming that the non-additivity arises at the level
of tissue lipid metabolism rather than at feed formulation.

The elevated hepatosomatic index in the SO-CO group
relative to either single-oil diet cannot be explained mech-
anistically with the present dataset, since no hepatic gene
expression, enzyme activity, or lipid transport protein
data were collected in this study. As a direction for future
work only, we note that the intermediate n-6/n-3 ratio of
the SO-CO blend (dietary n-3/n-6 = 0.16) could plausibly
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influence hepatic lipogenic gene expression (e.g., sreb-
plc, fas, acc) and/or hepatic lipid export capacity (e.g.,
apoB100, mtp), both of which are known in salmonids
to respond to dietary fatty acid composition (Bell et al.
2001; Bell et al. 2002; Tocher 2003). This is an untested
hypothesis, not a conclusion drawn from the present data.
Non-additive hepatic responses to blended vegetable oils
have been reported in other salmonids (Tocher et al. 2001;
Tocher et al. 2003), which lends the hypothesis biological
plausibility but does not confirm it for S. labrax. Direct
testing would require hepatic gene expression analysis in
fish fed the FO, SO, CO, and SO-CO diets specifically.

The non-additive deviations in muscle fatty acid class
values observed in the blended groups further suggest
that competition between fatty acid classes for incorpora-
tion into tissue lipids is not simply proportional to dietary
supply. The elevated ZSFA in FO-SO relative to both par-
ents, and the reduced XMUFA in FO-CO relative to its
proportional prediction, imply that the presence of two
lipid sources simultaneously may alter the relative rates
of fatty acid incorporation, oxidation, or selective reten-
tion at the tissue level. This observation aligns with the
concept of “fatty acid sparing” described in other salmo-
nids (Turchini et al. 2011), where the presence of certain
fatty acids can influence the metabolic fate of others, but
extends this concept to blended oils.

The lower hepatosomatic index in the CO and SO
groups relative to FO is likely attributable to reduced he-
patic lipid storage in fish fed diets lacking the saturated
fatty acid load of fish oil, consistent with reports that high
dietary SFA promotes hepatic lipid accumulation in sal-
monids whereas high MUFA or PUFA intake favors lipid
export or oxidation over storage (Bell et al. 2001; Bell
et al. 2002). This mechanism, however, would predict a
monotonic decline in HSI as plant oil inclusion increases,
which is not consistent with the full pattern observed: al-
though the SO-CO blend recorded the numerically high-
est mean HSI (2.16%), post-hoc comparisons showed
this value differed significantly only from the CO and
SO groups themselves (1.63% and 1.75%, respectively),
while FO (1.94%), FO-SO (1.82%), FO-CO (1.95%),
and FO-SO-CO (1.81%) all overlapped statistically with
both the SO-CO and the single-plant-oil groups (Table 2).
The clearest statistically supported contrast is therefore
that the two single-plant-oil diets produced significantly
lower HSI than their corresponding 50:50 blend with the
other plant oil, while the fish oil control and other blends
occupied an intermediate position that did not differ sig-
nificantly from either extreme.

Plant oils typically contain higher levels of n-6 PUFAs
than fish oil, which is primarily rich in n-3 PUFAs, such
as EPA and DHA, along with LCMUFAs. In recent years,
plant oils have been increasingly recognized as alterna-
tive lipid sources in fish diets. Consequently, research in
aquaculture has intensified to replace fish oil with var-
ious plant-derived ingredients. Turchini et al. (2019)
reported that certain combinations of lipid sources may
be more effective than fish oil in terms of n-3 LC-PUFA

bioavailability and efficiency in different fish species. In
this study, the highest amount of SFA was observed in
the FO diet (37.94%), which contained 100% fish oil.
The higher SFA content in fish oil, compared to safflower
and canola oils, resulted in greater total amount of SFA
in the experimental diets. The diets with the lowest to-
tal SFA content were those containing only safflower and
canola oils (13.82% in the SO diet, 11.80% in the CO
diet, and 13.96% in the SO-CO diet). The highest mus-
cle SFA values were recorded in the FO-SO (23.51%),
FO-CO (22.73%), and FO (22.18%) groups, broadly re-
flecting the higher dietary SFA load supplied by fish oil in
these treatments. This pattern was not, however, uniform
across every fish-oil-containing diet: the FO-SO-CO
group, which also included a fish oil component (17.6 g -
kg™"), recorded a comparatively low muscle SFA value
(17.09%), lower than several diets containing no fish
oil at all (SO: 21.30%; SO-CO: 18.89%). This indicates
that the proportion and combination of plant oils blended
with fish oil, rather than the simple presence or absence
of fish oil, determines muscle SFA outcome once more
than one plant oil is involved. Similar results have been
reported for several fish species in other studies (Bell et
al. 2001, 2002, 2003; Blanchard et al. 2008; Ozel et al.
2018), where certain plant oils (e.g., canola, soybean, lin-
seed oil) were used as replacements for fish oil. Ozel et
al. (2018) reported that the highest SFA content (22.93%)
in the feed was observed in the fish oil-containing feed.
Accordingly, SFA levels in fish muscle were higher in
fish fed the fish oil-containing feed, whereas those fed the
soybean and linseed oil mixture had lower SFA levels.
Similarly, Dernekbasi et al. (2015) found that the highest
total SFA level (30.98%) was in the feed containing 100%
fish oil, with total SFA levels decreasing as the proportion
of safflower oil increased. Our study, along with others,
suggests that the total SFA content of the lipid blend, rath-
er than the presence of fish oil per se, determines total
SFA in the feed and muscle.

In this study, the highest MUFA content (52.25%) was
observed in the CO diet, which contained 100% canola oil,
while the lowest content (23.69%) was found in the diet
containing 100% safflower oil. Among the monounsaturat-
ed fatty acids, oleic acid was the most dominant, reaching
49.94% of total fatty acids in the CO diet. This is consistent
with the inherently high oleic acid content of neat canola
oil, commonly reported at around 60%—62% of total fatty
acids in the oil itself (Gunstone 2011); the somewhat lower
value observed here in the formulated CO diet (49.94%)
reflects the dilution of canola oil’s fatty acid profile by the
other, oleic-acid-poor basal ingredients common to all ex-
perimental diets. The dietary composition influenced the
fatty acid profile of the fish muscle, with higher oleic acid
(48.57%) and MUFA (52.83%) values observed in fish fed
the 100% canola oil diet, while lower values were found in
fish fed safflower oil-containing diets. Similarly, Y1ldiz et
al. (2018) reported that using cottonseed oil and canola oil
as replacements for fish oil in rainbow trout feed resulted
in the highest oleic acid (49.9%) and MUFA (56.1%) levels
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in the canola oil diet. By the end of their study, the highest
oleic acid (45.7%) and MUFA (53.7%) levels in the fish
fillet were observed in fish fed the 100% canola oil diet.
Similar results have been reported in other studies using
canola oil (Twibell et al. 2016; Mock et al. 2021; Azcuy
et al. 2025). It was observed that as the proportion of plant
oils replaced fish oil in the experimental diets, the total
amount of n-6 PUFA increased, while the total amount of
n-3 PUFA decreased. Due to its high linoleic acid content,
feeds containing safflower oil had higher total n-6 PUFA
levels. Dernekbasi et al. (2015) found that the highest to-
tal PUFA and n-6 PUFA levels in rainbow trout feed were
achieved by replacing 50% of fish oil with safflower oil.
Similar findings have been reported in other studies using
safflower oil in the diets (Altundag et al. 2014; Ustaoglu
Tiril et al. 2016).

Linoleic acid is the predominant fatty acid in the n-6
fatty acid group. In this study, the amount of linoleic acid
was higher in fish muscle fed diets containing safflow-
er oil. The highest level of linoleic acid was observed
in the group fed the diet containing 100% safflower oil
(36.32%), while the lowest level was found in the group
fed the 100% fish oil diet (11.49%). Ozel et al. (2018)
reported that the highest linoleic acid content in Black
Sea trout muscle (26.96%) was observed in the group
fed a diet containing 67%—33% soybean and linseed oils.
Similarly, Dernekbasi et al. (2015) and Dernekbast and
Karatas (2020) determined that the linoleic acid and to-
tal n-6 levels in rainbow trout muscle increased as the
proportion of safflower oil in the diets increased. Many
studies have reported that as the amount of plant oil (e.g.,
soybean oil, linseed oil, hazelnut oil, canola oil, palm oil,
cotton seed oil, etc.) used to replace fish oil increases, the
linoleic acid and total n-6 content in both the feed and fish
meat also increase (Arslan et al. 2012; Dernekbasi et al.
2015; Yildiz et al. 2018; Sajedkhanian et al. 2021). These
results are consistent with our findings.

This dose-dependent relationship between dietary and
tissue n-3 LC-PUFA content has recently been confirmed
quantitatively across cultured fish species through me-
ta-analysis (Wu et al. 2024). EPA and DHA are essential
fatty acids for fish survival and growth. Fish feeds con-
taining fish oil are typically rich in these fatty acids, which
are also found in the tissues of fish fed such diets. In con-
trast, fish fed diets containing plant oils instead of fish oil
have lower levels of EPA and DHA, as reported in several
studies (Arslan et al. 2012; Dernekbasi et al. 2015; Ustaog-
lu Tiril et al. 2016; Yildiz et al. 2018; Sajedkhanian et al.
2021). Numerous studies on the replacement of fish oil
have demonstrated that various plant oils, including soy-
bean, rapeseed, linseed, corn, and palm oils, can serve as
substitutes. However, when plant oil inclusion exceeds
50% of the diet, a significant accumulation of 18:2n-6 and
a reduction in EPA and DHA levels in fish tissue occurs
(Torstensen et al. 2000; Bell et al. 2001; Bell et al. 2003;
Torstensen et al. 2004). Similar results were obtained in
this study, where fish feeds containing fish oil had higher
levels of EPA and DHA, while these fatty acids decreased

as the proportion of plant oil in the feed increased. This
pattern has also been confirmed very recently in rainbow
trout, where canola oil-fed fish showed elevated fillet
MUFA and n-6 PUFA at the expense of EPA and DHA rela-
tive to fish oil-fed fish (Azcuy et al. 2025). In two different
studies on rainbow trout using safflower oil and canola oil,
it was reported that as the amount of safflower and canola
oil increased, EPA and DHA levels in fish tissue decreased,
with the lowest levels observed in fish fed the diet contain-
ing the highest proportion of safflower oil (Blanchard et al.
2008; Dernekbasi et al. 2021). A study on Black Sea trout
revealed that fish fed diets containing vegetable oils exhib-
ited the lowest concentrations of EPA and DHA in muscle
tissue, whereas the highest levels were detected in those
fed a fish oil-based diet (Cakmak et al. 2018). The findings
of this study are consistent with those of other studies that
used plant oils (Arslan et al. 2012; Cakmak et al. 2018;
Yildiz et al. 2018; Dernekbast et al. 2021; Sajedkhanian
etal. 2021).

This appears to be the first study in Black Sea trout to
test canola and safflower oil simultaneously, both individu-
ally and in binary and ternary combination, and the first to
pair the resulting fatty acid data with a feed-cost analysis
for this species. Prior work on alternative lipid sources in
Black Sea trout has been limited, and neither the organ-in-
dex pattern nor the magnitude of the n-3/n-6 shifts report-
ed here has previously been documented for this species,
consistent with how little is known about its dietary lipid
requirements relative to Atlantic salmon and rainbow trout.

The fatty acid profiles of the partial-substitution diets
(FO-SO, FO-CO, SO-CO, and FO-SO-CO) provide addi-
tional resolution on how blending modulates the dietary and
muscle fatty acid supply, a dimension not addressed by the
single-oil comparisons discussed above. It should be noted
that the binary blends were not formulated on a 50:50 weight
basis but reflect the oil quantities required to supply 50% of
total dietary lipid from each source after accounting for the
fixed fish meal lipid contribution (FO-SO: 46.95 g fish oil
and 88.05 g safflower oil per kg diet; FO-CO: 46.95 g fish
oil and 88.05 g canola oil per kg diet). When this actual oil-
mass ratio (approximately 35:65, fish oil to plant oil) is used
to predict dietary fatty acid values by weighted linear mix-
ing of the parent single-oil diets, the predictions match the
observed values closely: dietary linoleic acid in FO-SO is
predicted at 39.28% against an observed 39.30%, and di-
etary oleic acid in FO-CO is predicted at 38.83% against
an observed 38.48%. This close agreement confirms that
dietary fatty acid composition in the blended diets is ex-
plained almost entirely by simple proportional mixing of the
parent oils, with no evidence of any interactive or non-addi-
tive effect at the level of feed formulation itself.

In contrast to the close agreement found at the level of
dietary fatty acid classes, muscle fatty acid composition
in the blended-oil groups deviated more noticeably from
the values predicted by simple proportional mixing of the
parent single-oil groups. Using the same oil-mass weight-
ing applied above, muscle XSFA in the FO-SO group is
predicted at 21.6% from its FO (22.18%) and SO (21.30%)
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parents, yet the observed value (23.51%) exceeds both par-
ents, rather than falling between them; conversely, muscle
~MUFA in the FO-CO group is predicted at 50.5% from its
FO (45.99%) and CO (52.83%) parents, yet the observed
value (47.06%) falls short of this prediction. These two de-
viations, in opposite directions, indicate that muscle-level
handling of blended dietary fatty acids does not simply
mirror the proportional mixing seen in the diet itself, re-
inforcing the inference drawn above from the hepatoso-
matic index that blended-oil diets can elicit tissue-level re-
sponses not predictable from their single-oil components
considered separately. The n-3/n-6 ratios of the blended
diets further illustrate the dominant role of safflower oil in
driving n-3 depletion. The FO-CO blend (dietary n-3/n-6
=0.92; muscle = 0.37) maintained a ratio more than three-
fold higher than FO-SO (dietary 0.26; muscle 0.15), de-
spite both diets replacing the same 65% of dietary lipid
with a single plant oil. This difference arises because cano-
la oil contributes a-linolenic acid (7.30% of total fatty ac-
ids) in addition to oleic acid, whereas safflower oil contrib-
utes almost exclusively linoleic acid (56.28%). The ternary
blend (FO-SO-CO; dietary n-3/n-6 = 0.15; muscle = 0.22)
underscores this pattern: its dietary ratio sits closer to the
safflower-dominated end of the gradient than a three-way
average would predict. Together with the muscle SFA and
MUFA deviations described above, this indicates that the
safflower oil fraction of a blend, specifically, rather than
the total plant oil fraction, is the principal determinant of
n-3/n-6 depletion in Black Sea trout muscle.

The contrast in dietary and muscle n-3/n-6 ratios be-
tween the SO and CO groups is the result with the clear-
est practical relevance for product quality, and it follows
directly and quantitatively from the divergent fatty acid
composition of the two oils rather than from any differ-
ence in fish physiology: canola oil retains a meaningful
proportion of a-linolenic acid (7.30% of total dietary fatty
acids) whereas safflower oil does not (0.38%), and this
single compositional difference, propagated through diet
into muscle, is sufficient to explain why CO-fed fish main-
tained a muscle n-3/n-6 ratio roughly eight-fold higher
than SO-fed fish despite both diets containing zero added
fish oil. This is consistent with prior demonstrations that
muscle fatty acid composition in salmonids tracks dietary
fatty acid supply closely (Torstensen et al. 2000, 2004;
Bell et al. 2001), but the present comparison isolates the
specific contribution of the a-linolenic acid difference
between two plant oils rather than the more commonly
studied fish oil-versus-plant oil contrast.

The observed changes in muscle n-3/n-6 ratio have
direct implications for human nutrition and product mar-
keting. The World Health Organization recommends a
dietary n-3/n-6 ratio of approximately 0.2 or higher for
optimal cardiovascular health and anti-inflammatory bal-
ance (WHO 2008; Simopoulos 2016). The physiological
basis for this recommendation lies in the shared enzymatic
pathways of n-3 and n-6 fatty acids: EPA and DHA are
precursors of anti-inflammatory and pro-resolving eico-
sanoids and docosanoids, whereas linoleic acid-derived

arachidonic acid gives rise to more pro-inflammato-
ry signaling molecules, so a low dietary n-3/n-6 ratio is
thought to shift this balance toward a pro-inflammatory
state (Calder 2015; Simopoulos 2016). In this study, the
FO group (muscle n-3/n-6 = 0.94), the CO group (0.32),
and the FO-CO group (0.37) all met or exceeded this
threshold, whereas the SO group (0.04) and the remaining
blended groups (FO-SO: 0.15; SO-CO: 0.10; FO-SO-CO:
0.22) fell below or only marginally met this value. Nota-
bly, every diet containing canola oil—whether as the sole
lipid source (CO) or in combination with fish oil (FO-
CO)—satisfied the WHO threshold, whereas no diet con-
taining safflower oil without fish oil did so. This suggests
that long-term feeding of safflower oil, particularly as a
sole substitute, may compromise the functional food status
of Black Sea trout fillets, potentially reducing consumer
appeal in markets that value omega-3 content (Sprague
et al. 2016; Turchini et al. 2019), and further reinforces
canola oil as the more nutritionally reliable plant-based
option among those tested. From a product marketing and
consumer acceptance standpoint, muscle n-3/n-6 ratio and
absolute EPA+DHA content are increasingly used as label
claims and premium-positioning criteria for farmed fish in
export markets (Sprague et al. 2016); regulatory frame-
works such as the EU’s nutrition and health claims regula-
tion (EC 1924/2006) permit “source of omega-3” or “high
omega-3” labeling only above defined EPA+DHA thresh-
olds, so a fillet’s absolute EPA+DHA content, not only its
n-3/n-6 ratio, can determine whether it qualifies for such
marketing claims in key export destinations; a fillet failing
to meet the WHO-referenced threshold may therefore face
reduced marketability irrespective of its acceptable growth
and feed conversion performance, underscoring that fil-
let nutritional quality and growth performance should be
evaluated as independent, not interchangeable, criteria
when selecting a fish oil substitute. It is worth noting, how-
ever, that this nutritional trade-off may be partly offset by
a quality trade-off in the opposite direction: because EPA
and DHA are more susceptible to lipid peroxidation than
the MUFA- and n-6-enriched fatty acid profile of plant-oil-
fed fish, fillets from the CO and SO groups may, in prin-
ciple, exhibit greater oxidative stability during storage and
processing, even as their omega-3 content declines. This
possibility was not directly assessed in the present study
(see Limitations) and would need to be confirmed through
fillet shelf-life and peroxide value analyses.

From a commercial perspective, this nutritional trade-off
should be weighed against the cost savings when selecting
lipid sources for grow-out diets. While safflower oil offers a
12.29% estimated cost saving, the resulting product would
have substantially lower nutritional value for human con-
sumers compared to fish oil- or canola oil-fed fish. In con-
trast, canola oil provides a 13.46% estimated cost saving
while maintaining a muscle n-3/n-6 ratio (0.32) that meets
WHO recommendations and is eight-fold higher than saf-
flower oil-fed fish. This distinction is particularly relevant
for premium markets where rich in omega-3 claims are
used as marketing tools (EFSA 2012; FAO 2022).
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For producers targeting such markets, we recommend
a pre-harvest finishing strategy using fish oil or high-n-3
feed sources to restore muscle EPA and DHA levels. Based
on the depletion patterns observed in this 90-day study
and comparable findings in Atlantic salmon and rainbow
trout (Bell et al. 2003; Torstensen et al. 2005; Yildiz et
al. 2018), a finishing period of 4-6 weeks appears suffi-
cient to substantially restore muscle n-3 LC-PUFA levels,
though this specific timeline requires direct validation in
Black Sea trout. This two-phase feeding strategy—plant
oil grow-out followed by fish oil finishing—may offer an
optimal balance between production cost savings during
the grow-out phase and product quality at harvest. From
an operational standpoint, this strategy requires no spe-
cialized infrastructure beyond a temporary switch back
to a fish-oil-based diet in the final weeks before harvest,
making it readily implementable within existing commer-
cial production schedules; the main practical trade-off is
the partial loss of the feed-cost savings achieved during
grow-out, concentrated into a short pre-harvest window
rather than sustained throughout the production cycle.

The 100% CO and 100% SO diets, despite contain-
ing no added fish oil, still contained measurable EPA
(1.17% and 1.07% of total fatty acids, respectively) and
DHA (2.16% and 2.05%). Because fish meal was held
constant at 300 g kg ' across all seven diets, the most like-
ly explanation is that this residual EPA and DHA come
from the fish meal’s own lipid fraction rather than from
the labelled oil component. Whether the EPA and DHA
found in the muscle of CO- and SO-fed fish reflects pas-
sive accumulation of this fishmeal-derived fraction alone,
or some degree of endogenous elongation from the plant
oils themselves, cannot be resolved with the present data.
However, the dietary-to-muscle ALA/EPA+DHA trans-
fer pattern—with CO-fed fish maintaining substantially
higher muscle EPA (0.38%) and DHA (2.12%) than SO-
fed fish (0.12% and 0.67%, respectively)—suggests that
endogenous conversion may be occurring. Distinguishing
between passive retention and active biosynthesis would
require stable isotope tracer studies—a logical next step
to characterize the LC-PUFA biosynthetic capacity of S.
labrax, about which virtually nothing is currently known.

From an economic perspective, the relative cost sav-
ings estimated for complete substitution (+13.46% for
CO, +12.29% for SO) are consistent with the general price
advantage of plant oils over fish oil reported in the wider
literature, reflecting the volatility and finite supply of for-
age-fish-derived oil relative to the large-scale, geograph-
ically diversified production of canola and safflower oil
(Tacon et al. 2011; Shepherd and Jackson 2013). Beyond
the point estimates of cost saving reported here, it is also
relevant to note that fish oil prices have historically been
considerably more volatile than canola or safflower oil
prices: fish oil supply is concentrated in a small number
of forage-fishery regions and is therefore highly sensitive
to single-region shocks such as annual catch-quota adjust-
ments, whereas canola and safflower oil are produced from
geographically diversified, large-scale agricultural sources

with comparatively more gradual, seasonally driven price
movements (Shepherd and Jackson 2013; IFFO 2024). This
structural difference in price stability represents an addi-
tional, non-quantified advantage of plant oil substitution
that is not captured by the static cost comparison in Table 6.
Because these estimates are based on indicative rather than
supplier-verified prices, they should be interpreted as illus-
trating the likely direction and approximate scale of the cost
advantage rather than as a precise costing for any specific
production context; the feed conversion ratio itself, which
does not depend on price assumptions, was not compro-
mised by either oil. To assess the robustness of these cost
estimates to fish oil price fluctuations, we recalculated RCS
for the CO and SO diets under fish oil prices ranging from
—20% to +20% of the base price (2.20 USD - kg™), hold-
ing all other ingredient prices constant. Because the CO
and SO diets contain no added fish oil, their own feed cost
is unaffected by this parameter; only the FO control’s feed
cost, and therefore the denominator of the RCS calculation,
changes. Across this range, RCS for the CO diet varied
from approximately 8.8% (at —20% fish oil price) to 17.7%
(at +20%), and for the SO diet from approximately 7.5% to
16.6%, confirming that the direction and approximate mag-
nitude of the cost advantage is robust to plausible fish oil
price fluctuations (Suppl. material 1: table S3). Combined
with canola oil’s substantially better retention of the muscle
n-3/n-6 ratio relative to safflower oil, this cost pattern points
to canola oil specifically, rather than plant oil substitution in
general, as the more defensible single recommendation aris-
ing from this study; safflower oil’s cost advantage appears
comparable, but its effect on the muscle n-3/n-6 ratio is suf-
ficiently large that its use as a sole substitute, rather than
as one component of a blend or a short-duration treatment,
would require an explicit trade-off decision regarding prod-
uct nutritional quality that does not arise with canola oil.

Limitations of the study. Several limitations of the pres-
ent study should be acknowledged. First, while the growth
performance and fatty acid deposition data provide a ro-
bust basis for evaluating canola and safflower oils as fish
oil substitutes, the study did not include molecular anal-
yses (hepatic gene expression, enzyme activities, or fatty
acid desaturase/elongase assays) that would be required
to elucidate the mechanistic basis of the organ-index and
non-additive blend effects observed. Such analyses rep-
resent a logical next step for this species. Additionally,
this study did not assess intestinal histology, inflammato-
ry markers, or other indices of metabolic stress that have
been reported following complete or high-level plant oil
substitution in some fish species, including shortened in-
testinal folds in Atlantic salmon (Moldal et al. 2014) and
altered pro-inflammatory cytokine expression in gilthead
sea bream (Montero et al. 2010). Given that such effects
could occur independently of the growth, feed conver-
sion, and organ-index outcomes reported here, this rep-
resents an important gap in the present characterization
of canola and safflower oil as fish oil substitutes in Black
Sea trout. Second, the study did not assess oxidative sta-
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bility, sensory quality, or shelf-life of fillets from fish fed
the experimental diets, which are commercially relevant
parameters that may differ between fish oil- and plant oil-
fed fish due to differences in fatty acid unsaturation and
endogenous antioxidant content. Third, although three
replicate tanks per treatment (n = 3) are standard for this
type of feeding trial and were sufficient to detect statis-
tically significant differences in several parameters, the
limited replication reduces statistical power for detecting
more subtle treatment effects. Fourth, as noted above, the
feeding trial was conducted in 2015, and the economic
analysis uses approximate 2024 ingredient prices rather
than prices contemporaneous with the trial. Finally, the
study was conducted on juvenile fish under controlled
tank conditions over 90 days; extrapolation to commer-
cial-scale production, larger fish, or different environ-
mental conditions should be made with caution. These
limitations do not undermine the central conclusions of
the study but define the scope of inference and identify
priorities for future research.

Conclusions

This study indicates that canola oil is the more favorable
single substitute for fish oil in Black Sea trout grow-out
diets under the conditions tested, offering growth equiva-
lence, favorable hepatic profile, superior n-3/n-6 ratio re-
tention (0.32 vs. 0.04 in safflower oil-fed fish), and an es-
timated 13.46% feed cost saving. Safflower oil achieves
a comparable estimated cost saving (12.29%) but causes
a disproportionately large collapse in the muscle n-3/n-6
ratio, restricting its practical use to blended formulations
(<50% of added oil) or short-duration feeding strategies
rather than as a stand-alone replacement.

More broadly, we demonstrate that oil blends do not be-
have as linear intermediates between their single-oil com-
ponents—a finding that challenges a common assumption
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