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Simple Summary

Fish farming of Atlantic cod is important for preventing the decline of wild stocks, but
ensuring young fish are healthy and grow well remains a challenge, particularly concerning
early diet and preventing physical defects like skeletal anomalies. This study investigated
a new early feeding strategy for Atlantic cod larvae, aiming to see if specialized live
feeds (barnacle nauplii and plankton eggs) combined with two experimental dry feeds
could improve overall fish quality, focusing on growth, survival, organ development, and
skeletal anomalies. A control group (COM) and two experimental groups (D1 and D2)
were used, using different live feeds and dry feeds with different vegetable versus marine
fat composition. Although the control group showed slightly better final growth, the D1
feeding protocol resulted in dramatically healthier fish, reducing the occurrence of skeletal
anomalies from 91 percent (COM) down to 52 percent and significantly reducing severe
anomalies like scoliosis. This specialized diet also sped up the maturation and development
of internal organs, such as the digestive tract and liver, compared to the other groups. These
results highlight that optimizing early nutrition is crucial for producing high-quality cod
juveniles, offering valuable insights for the sustainable growth of the aquaculture industry.

Abstract

Early life nutrition is a critical factor influencing subsequent performance and quality,
including skeletal development, in farmed Atlantic cod (Gadus morhua). This study inves-
tigated the effects of a novel start-feed protocol utilizing barnacle nauplii and plankton
eggs and two experimental microdiets on larval survival, growth, skeletal anomalies, and
organ ontogeny. Atlantic cod larvae were reared using three feeding protocols (COM,
D1, and D2): COM used enriched rotifers and a commercial microdiet, while D1 and D2
protocols incorporated blue mussel eggs (Cryo-ut) and barnacle nauplii (Cryo-S, Cryo-L),
followed by inert microdiets that differed in their phospholipid (PL) source (D1 richer in
vegetable PL; D2 richer in marine PL). Larvae were sampled up to 66 days post hatching
(dph) for morphometric, skeletal anomaly, and histological analyses. Survival averaged
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21.3% and was unaffected by the diets. The control group had slightly higher standard
length and dry weight at 66 dph compared to the experimental groups. However, larvae
fed the D1 protocol exhibited a significantly lower overall prevalence of skeletal anomalies
(52%) compared to the control group (91%). Moreover, D1 showed a lower occurrence
of severe anomalies and a significantly reduced prevalence of scoliosis compared to both
D2 and COM groups. Histology showed that group D1 achieved an overall accelerated
organ ontogeny, with greater villi length and goblet cell abundance in the anterior intestine
at 66 dph. In conclusion, the novel D1 feeding protocol, incorporating barnacle nauplii
and a microdiet richer in vegetable phospholipids, enhanced larval quality by effectively
reducing skeletal anomalies and accelerating internal organ development.

Keywords: live feeds; barnacle nauplii; microdiets; hatchery feeding protocols

1. Introduction

Atlantic cod (Gadus morhua) is a very relevant species in the North Atlantic Ocean
fisheries and has contributed to the prosperity of several nations in this region [1]. The
decline in cod stocks in the late 1970s and the 1990s, particularly in Norway, and the
restrictions on fisheries [2] have spurred interest in cod farming [3]. Potential improvements
exist within the environment to which farmed Atlantic cod is exposed, especially during
early life stages. Nutrition during this stage has been shown to influence the later life
performance in various organisms, including teleost fish such as Atlantic cod [4-6].

Live feed has been widely used in fish larvae nutrition, valued for its ease of detection
due to movement and high digestibility, thus being more available and able to stimulate lar-
val feeding responses [7]. Although enriched rotifers and Artemia spp. have been the main
live prey used for fish larvae rearing [4,6,8], the inclusion of natural zooplankton, mainly
copepods, in larvae live feed protocols has resulted in better growth, survival, performance,
and quality, in particular for Atlantic cod larvae [4,9-12]. Several studies have investigated
the effects of the inclusion of natural zooplankton in Atlantic cod diets, which resulted in
higher growth rates and viability [13-15], resulting in long-term effects [4,10]. It has been
suggested that higher levels of taurine [14,16,17], iodine [13,16], and selenium [13,16], as
well as the polar lipid fraction and fatty acid composition [6] provided by natural zoo-
plankton, may be involved in the accelerated growth in fish larvae with optimal nutritional
conditions. Besides copepods (Copepoda, Arthropoda), barnacles (Cirripedia, Crustacea)
are also a potential live feed for marine larvae, having been tested with success in feeding
protocols for ballan wrasse (Labrus bergylta) [18,19] and other fish species (unpublished
results). Cirripedia nauplii are morphologically and nutritionally similar to the same life
stage from copepods [18,20-22], and in addition, it is possible to cryo-preserve, thaw, and
revitalize this plankton organism, allowing their use as moving live prey. Nutrient analyses
of large barnacle nauplii (Cryo-L; Semibalanus balanoides n1) and small barnacle nauplii
(Cryo-S; Balanus crenatus nl) have shown significantly higher levels of n-3 eicosapentaenoic
acid (EPA, 20:5n-3), iodine, and proline and lower levels of arachidonic acid (ARA, 20:4n-6),
compared to rotifers and Artemia spp. and docosahexaenoic acid (DHA, 22:6n-3) levels
similar to Artemia spp. and rotifers [18,19]. When comparing the fatty acid profile of
barnacles, copepods, Artemia spp. and rotifers, levels of ARA are similar between barnacles
and copepods, while EPA is the highest in barnacles, with the overall profile being similar
to copepods in later nauplii stages [18,22]. Moreover, both small and large barnacle nauplii
have higher contents of taurine and vanadium (V), manganese (Mn), cobalt (Co), zinc (Zn),
arsenic (As), selenium (Se), and calcium (Ca) when compared to rotifers [19].
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Larvae can be weaned with an inert formulated diet after a few weeks, shortening
the need for live feeds and providing a stable and better nutritionally balanced feed
composition [11,23]. However, it is extremely important to develop adequate inert diets,
bearing in mind a species’ nutritional needs, since the diet composition, digestibility,
and absorption have effects on appetite, growth, digestive tract maturation, and skeletal
development of marine larvae [8,23].

Besides the need to meet nutritional requirements, other characteristics influence
microparticulate diets” applicability. Small particle sizes may lead to high losses by
leaching water-soluble nutrients, compromising the nutritional value of feed and wa-
ter quality [11,24,25]. The successful use of microparticulate diets in combination with live
feed potentiates growth and survival while reducing the weaning period and production
costs [24]. The use of an extended co-feeding period with live feed has been proven to
increase acceptance of microdiets [8,26], and early introduction of microdiets in larval
feeding protocols can promote growth potential in the mid-term [23]. Still, excessive live
feed replacement may also lead to losses in growth potential [27].

Despite much progress on larvae nutritional requirements [8,11,28-30], there are still
many limitations regarding the knowledge on the larval optimal levels of nutrients, includ-
ing for Atlantic cod larvae. Nevertheless, formulated feeds should ensure a balanced amino
acid profile [31] and include hydrolyzed proteins [7] to ensure higher digestibility, prevent
skeletal anomalies, and improve survival [32]. Additionally, appropriate levels of essential
fatty acids (EFAs), which cannot be synthesized by the organism and must be obtained
through the diet, such as DHA and EPA, are known to be essential to guarantee normal
development, appropriate growth, and survival [8,24,26,32]. Furthermore, it has been
emphasized that at least some of these EFAs should be present in the form of dietary phos-
pholipids (PLs), since this is also what is described for natural zooplankton [3,8,28-30,33],
reducing the need for enrichment and therefore improving larval quality, including a nor-
mal inflation of the swim bladder [12]. PLs have cell structural functions and are involved
in dietary lipid utilization, thus being important for growth, gut maturation, and skeletal
development [8].

Nutritional requirements have significant effects on organ ontogeny and skeletal devel-
opment [8,33]. In fish with indirect development, such as Atlantic cod, larvae go through a
remodeling process from larval to juvenile characteristics, referred to as metamorphosis [33].
The success of these adaptations is greatly influenced by nutrition, which impacts digestive
ontogeny and, consequently, the possible occurrence of skeletal anomalies. Inappropriate
levels of EFAs, PLs, vitamins, and minerals influence larval development and quality, in-
cluding skeletal development and the occurrence of skeletal anomalies [8,29,34-36]. These
result from the interaction of various factors and have detrimental effects on welfare,
growth, survival, and, ultimately, product quality [8,10,37-39].

Therefore, the current study aimed to understand the potential of a novel start-feed
protocol with barnacle nauplii and plankton eggs, along with two experimental microdiets,
for survival, growth performance, skeletal anomalies, and organ ontogeny in Atlantic
cod larvae.

2. Materials and Methods
2.1. Ethics Statement

All fish handling and sampling protocols comply with guidelines under the Norwegian
Animal Welfare Act of 20 December 1974, No. 73, Sections 20-22, amended 19 June 2009,
and the Guidelines of the European Union Council [40].
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2.2. Cod Larvae Husbandry

Atlantic cod eggs were collected from a natural spawning broodstock population kept
at the National Cod Breeding Center in Tromse (Norway), transferred to Ode hatchery facil-
ities (Stadsbygd, Norway), and placed into incubators with a capacity of 600 L for 10 days
at 6.0 £ 0.5 °C. At 2 days post hatching (dph), 40,000 larvae were transferred to each of nine
400 L start-feeding tanks. The water parameters were monitored daily, maintaining oxygen
saturation above 90%, salinity at 35 psu, and temperature at 8.8 £ 0.2 °C until 30 dph,
followed by 10.8 £ 0.2 °C until 66 dph. Larvae were reared with a 24L:0D photoperiod
with algae paste (Nanochloropsis gaditana, AlgaSpring, Almere, The Netherlands) additions
from 2 to 47 dph.

2.3. Experimental Design and Diets

The experiment was run in triplicate with one control group and two experimental
feeding protocols, fed according to the timeline in Table 1. The control diet (COM) consisted
of rotifers enriched with Larviva Multigain (Biomar, Aarhus, Denmark), from 3 to 28 dph,
and Cryo-L, from 20 to 45 dph. A commercial inert diet (Gemma Micro, Skretting, Stavanger,
Norway) was introduced at 27 dph and co-fed with Cryo-L until 45 dph. From 46 dph
onwards, larvae were fed solely with the referred formulated diet. The two experimental
groups (D1 and D2) were also fed with enriched rotifers from 3 to 24 dph, blue mussel eggs
(Cryo-p; Mytilus edulis eggs) from 3 to 9 dph, Cryo-S from 10 to 25 dph, and Cryo-L from
20 to 45 dph. Two experimental formulated feeds (D1 and D2) were introduced at 27 dph,
co-fed with Cryo-L until 45 dph, and, after this, maintained on formulated microdiets for
the remainder of the trial (66 dph).

Table 1. Feeding protocols timeline where D1 and D2 refer to the experimental groups and COM to
the control group. dph—days post hatching.

dph 3 10

COM
Enriched rotifers

20 25 27 45 66
Cryo-L
Commercial microfeed feed

D1 and D2 groups
Enriched rotifers
Cryou —
Cryo-S
Cryo-L
D1/D2 microfeed
Note: Text in bold stand for the treatment groups; Different colours stand for different feed items

Small and large barnacle nauplii (Cryo-S, 200 um, and Cryo-L, 320 um) and blue
mussel eggs (Cryo-u, 60-70 um) were provided by Planktonic AS (Trondheim, Norway)
as CryoPlankton delivered in cryogenic dewars and ready to be fed after a preparation
process of thawing, rinsing, and revitalization. The experimental inert feeds D1 and D2
were provided by Sparos Lda (Olhao, Portugal).

The proximal compositions of the three inert diets applied during the experiment are
given in Table 2. The two experimental diets differed only in the proportion of phospho-
lipids (PL) from marine or vegetable origin. Diet D1 was richer in vegetable PL, while D2
was richer in marine PL. The main ingredients used in the inert diets D1 and D2 were squid
meal, krill meal, fish hydrolysate, lecithin, wheat gluten, and krill oil. In turn, the COM
inert diet had fish meal, hydrolyzed aquatic invertebrates, lecithin, wheat gluten, algae,
and fish oil as main ingredients.
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Table 2. Proximate composition, total phosphorus, DHA, EPA, and phospholipid (PL) levels of the
3 inert diets tested for weaning Atlantic cod larvae. D1 and D2 refer to the experimental groups and
COM to the control group.

D1 D2 COM

Protein (%DM) 63.0 62.5 58.3

Fat (%DM) 18.6 18.9 17.6

Ash (%DM) 104 10.1 13.4

Phosphorous (%DM) 14 14 1.6
EPA (%DM) 1.1 1.3 1

DHA (%DM) 1.4 1.3 1.3

Total PLs (%DM) 9.0 8.8 10.0

Marine PLs (% total PL) * 46 74 NA

Vegetable PLs (% total PL) * 54 26 NA

* Estimated based on analyzed composition of ingredients; NA—not available.

2.4. Sampling Procedure

Pooled samples of 30 whole larvae per tank were sampled randomly from each tank
at 3, 30, 50, and 66 dph to determine standard length (SL) and dry weight (DW), relative
growth rate (RGR), and feed conversion ratios (FCR). Sampled larvae were euthanized
with an overdose of tricaine mesylate (MSD, Rahway, NJ, USA) dissolved in seawater.
Larvae standard lengths were measured using a stereoscope (Leica, Wetzlar, Germany),
immediately washed with distilled water, placed in aluminum foil, and stored at —20 °C
until further analysis. Dry weight was determined by drying whole larvae samples to a
constant weight at 104 °C for 24 h [41]. For histological analysis, pools of 6 larvae per tank
were taken at 15, 30, and 66 dph, fixed, and stored in formaldehyde 4% until processed.
In addition, at 66 dph, 25 larvae from each tank were collected for skeleton anomaly
assessment. Larvae were washed two times in NaCl 0.9%, fixed in formaldehyde at 4%
overnight at 4 °C, rinsed in distilled water, washed in NaCl 0.9%, and preserved in 75%
ethanol for later processing.

2.5. Histological Procedures

Skeletal anomalies at 66 dph were identified using a modified double-staining pro-
cedure according to a previously described protocol [42]. Cartilaginous structures were
stained with Alcian Blue 8GX (Sigma-Aldrich, Louis, MI, USA), followed by the staining of
calcified structures with Alizarin Red S (Sigma-Aldrich, USA). This staining was performed
in combination with KOH and peroxide treatment to increase the transparency of soft
tissues and allow clear observation. The stained specimens were subsequently preserved
in glycerol and photographed in a stereomicroscope equipped with a digital camera.

The nomenclature and the characterization of the different types of anomalies were
performed according to Seele et al. [38], Gavaia et al. [42], and Deschamps et al. [43] (Table 3).

For histological analysis, samples were placed in distilled water for one hour to rinse
the formalin residuals and then dehydrated through a series of increasing concentrations
of ethanol 70%, 80%, and 100% for one hour each. After dehydration, fish were embedded
in a solution of methacrylate resin (Technovit 7100®, Heraeus Kulzer, Hanau, Germany)
and ethanol 100% (1:1) for one hour, and in methacrylate resin for 24 h. The final step was
the polymerization of the samples by embedding them in methacrylate resin and hard-
ener for 24 h. The polymerized blocks were cut into 5 um thick sections on a microtome
(Leica SM2000R, Wetzlar, Germany), stained with methylene blue (Sigma, Darmstadt, Ger-
many)/Azure II (Sigma, Germany)/Basic Fuchsin (Polysciences, Warrington, PA, USA) [44],
and examined with a light microscope (Zeiss AX10 Image A2, Oberkochen, Germany) with
%100 and x200 magnification. The image-analysis software Image ] 1.54 (NIH, Bethesda,
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MD, USA) was utilized to measure all the indices in the liver, anterior intestine, the eye, and
the gills, by using a modified version of the [45] technique. More precisely, six sections were
represented by six distinct microphotographs. For the calculation of any type of cell, a line
was manually drawn, and its length was calculated in pixels to determine cell abundance.
The pixels were converted into micrometers and then the number of cells was calculated
per 100 um of tissue length. Regarding the calculation of the area covered by lipid vacuoles
(ACLV) (%) in the posterior intestine and liver, six microphotographs from six different
areas were obtained, and the color gradients (brightness and saturation) were adjusted
to make lipid-vacuolized areas appear white. In the liver, any other tissues that could
be confused by the software (Image J) as lipid vacuoles (e.g., glycogen) were manually
excluded from the analysis according to [46]. Histological evaluation was carried out by
utilizing a Multiparametric Semi-Quantitative Scoring System (MSSS), adjusted from the
protocol in [47], in order to assess morphological indices, such as the length of the villi and
the abundance of goblet cells in the anterior intestine, the ACLV in the posterior intestine
and the liver, as well as pathological indices such as fusion, clubbing, and edema in the gills.
This MSSS consisted of a 1-5 score, corresponding to absent, scarce, moderate, abundant,
or highly abundant, according to the analyzed structure.

Table 3. List of considered skeletal anomalies in Atlantic cod larvae by region affected and type
of anomaly.

Regions Affected

A. Cranium

B. Cervical vertebra (vertebrae 1-2; short vertebra centra, prominent neural spines and absence of
articulations with ribs)

C. Abdominal vertebrae (vertebrae 3-19; vertebrae with wing-shaped transverse processes
(parapophyses) that all articulate with a rib)

D. Caudal vertebra (V20-V40; vertebra centra have haemal arches with prominent haemal spines
E. Caudal fin vertebrae (V41 to the last vertebra; characterized by broad neural and haemal spines,
providing sites of origin for muscles inserting on the fin rays—lepidotrichs—of the tail fin)

F Anal fin

G. Caudal fin

H. Dorsal fin

Type of Anomaly

* Scoliosis

* Lordosis

* Kyphosis

** Vertebral fusion

Vertebral body malformation

Malformed neural arch and/or spine

Malformed haemal arch and/or spine and/or rib
Malformed ray (deformed, absent, fused)

Malformed pterygiophores (deformed, absent, fused)
Malformed hypural (deformed, absent, fused)
Malformed epural (deformed, absent, fused)

* Jaw deformities

Reduced dental/malformed pre-maxillary and/or maxillary
Vertebral slipping

* Deformed or reduced operculum

* Severe anomaly; ** three or more sequential criteria are considered a severe anomaly.

2.6. Statistical Analysis

Data were first checked for normality and homogeneity of variance using the Shapiro-
Wilk W-test and Levene’s test, respectively. Outliers were removed from the analysis
according to results from Grubbs’ test. When necessary, data were transformed to meet the
assumptions of normality and homogeneity of variance. Significant differences between
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larval stages were determined using one-way ANOVA followed by Tukey’s multiple
comparison test. When normality and homogeneity of the data were not achieved, a non-
parametric Kruskal-Wallis test was applied. The level of significance for all statistical tests
was p < 0.05. All statistics were performed with R-statistical software (Version 4.2.2) with
specific packages including outliers, tidyverse (dplyr, tidyr, ggplot2), car, multcomp, psych,
base, and MASS.

The relative growth rate (RGR, % weight day_l) was calculated as RGR = (e — 1) x 100,
where e = exponential and g = (InWf — InWi) x t™!. Wf and Wi correspond to the final and
initial weights, respectively. The feed conversion ratio (FCR) was calculated as FCR = (Fi/Wg),
where Fi corresponds to feed intake (g) and Wg to the mean weight gain (g).

3. Results
3.1. Growth and Survival

Feeding regimes affected both length and dry weight from 30 dph, where larvae fed
diet D2 were significantly different from the control group (p = 0.02), whereas larvae from
group D1 showed no significant difference compared to the control or D2 group. From
50 dph, both dry weight (p = 0.01) and standard length (p = 0.03) became significantly
different compared to the control group (p < 0.05). However, at 66 dph, the different
protocols had no significant effect on the RGR and FCR. Survival was not affected by the
different feeding regimes and averaged 21.3% (Table 4).

Table 4. Growth performance of Atlantic cod larvae from the control group (COM) and two ex-
perimental groups (D1 and D2) at 3, 30, 50, and 66 dph. Values are presented as mean =+ standard
deviation. Different superscript letters indicate statistical differences (p < 0.05) between groups at the

same age.
dph Group Standard Length (cm) Dry Weight (mg) RGR (%/day) ! FCR Survival (%)

3 D1 0.45 + 0.03 0.06 + 0.01 - - -
D2 0.45 + 0.03 0.06 & 0.01 - - -
COM 0.44 + 0.03 0.06 + 0.01 - - -
30 D1 0.86 & 0.05 2P 0.54 4+ 0.39 @b 7.47 + 0.99 - -
D2 0.85 £+ 0.04 2 047 £0.172 7.57 +£1.20 - -
COM 0.88 +0.05b 0.54 +0.21b 6.78 + 0.86 - -
50 D1 1.38 + 0.06 2 3.42 +1.582 8.36 + 1.07 - -
D2 1.37 £ 0.052 313+ 1612 8.56 =+ 0.99 - -
COM 1.57 +0.04 479 +2.23b 8.64 + 0.67 - -

66 D1 262 +0.082 25.6 +11.72 9.61 +0.17 7.12 + 0.44 214 +37

D2 2.64 £ 0.08 273+ 1422 10.0 & 0.03 6.86 % 0.80 17.7 £1.2

COM 2.79 +£0.07b 349 +16.4b 9.75 + 0.08 540 £ 0.70 248 £ 0.6

1 Relative growth rate (RGR) values given refer to the interval between the initial and the present sampling points.

3.2. Skeletal Anomalies

Atlantic cod larvae presented a relatively high prevalence of skeletal anomalies, rang-
ing from 52 to 96% of larvae being affected by at least one skeletal anomaly. Among the
dietary treatments, D1 demonstrated the lowest prevalence of anomalies (52%), signifi-
cantly lower (p = 0.0444) than the prevalence observed in fish from the control group (91%)
(Figure 1a). The frequency of skeletal anomalies across various anatomical regions in all
experimental treatments is detailed in Figure 1b. Skeletal anomalies were mostly observed
in the vertebral structures, with low prevalence in cervical vertebrae but a high prevalence
in abdominal and caudal vertebrae. Notably, the prevalence of anomalies in the caudal
vertebrae was significantly superior (p = 0.0335) in fish from the control group (63%) when
compared to those in group D1 (25%). No anomalies were detected on dorsal or anal fins in
any of the groups.
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Figure 1. (a) Prevalence (%) of skeletal anomalies in Atlantic cod larvae; (b) frequency to region
affected at 66 dph. Different lowercase letters indicate significant statistical differences (p < 0.05)
between groups.

Considering the count of anomalies per individual, larvae from group D1 exhibited a
significantly greater (p = 0.015) proportion of individuals without skeletal anomalies (48%)
compared to the control group (9.3%). Furthermore, severe anomaly occurrence was 48%
lower in group D1 and 27% lower in group D2 when compared to the control group. The
criteria for severe anomalies included scoliosis, lordosis, kyphosis, malformed jaws, three
or more sequential vertebral fusions, deformed or reduced operculum, and the occurrence
of more than three anomalies per individual. In the specific case of scoliosis (Figure 2c),
larvae from the D1 group presented a 6.7% prevalence, significantly lower (p = 0.028) when
compared to group D2 (36%) and the control group (64%) (p < 0.001).

Figure 2. Examples of Atlantic cod larvae at 66 dph with (a,b) malformed vertebrae and (c) scoliosis.
Scale bar is 1 mm.

3.3. Organ Ontogeny

The scoring described in Table 5 is composed of five organs and different indices
adapted to each organ.
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Table 5. Scoring system for the histological evaluation of Atlantic cod larvae in anterior intestine,
posterior intestine, liver, eye, and gills, fed the three protocols. ACLV refers to an area covered with
lipid vacuoles, HCC refers to hypertrophic chloride cells.

Anterior Intestine Posterior Intestine Liver Eye
dph Group
Villi Length Goblet Cells ACLV ACLV Ontogeny
15 D1 3 - 4 2 3
D2 2 - 3 2 3
COM 2 - 4 2 3
30 D1 4 4 4 4
D2 3 - 4 4 3
COM 4 - 2 2 3
66 D1 5 5 4 4 3
D2 4 4 3 3 3
COM 4 4 4 4 3
Gills
Goblet cells Erythrocytes Edema Fusion Clubbing HCC
15 D1 3 2 1 1 1 1
D2 3 2 1 1 1 1
CcoOM 1 1 2 2 1 2
30 D1 3 2 1 1 1 1
D2 2 2 1 2 1 1
CcoOM 3 2 1 2 1 2
66 D1 3 3 1 1 1 1
D2 2 2 1 3 1 1
CcoOM 3 2 1 2 1 2

The histological evaluation was carried out using a Multiparametric Semi-Quantitative Scoring System (modified
from Pacorig et al. [47]). Scores of 1-5 correspond to absent, scarce, moderate, abundant, or highly abundant,
according to the analyzed structure.

Regarding the length of the villi on the anterior intestine (Figure 3), no significant
differences were observed at 15 dph. However, at 30 dph, the length was significantly
greater (p = 0.006) in D1 (119.5 um) compared to D2 (107.8 um). This trend continued at
66 dph, with significant differences between D1 (281.1 pm) and both the D2 (242.8 pum)
(p < 0.001) and control (231.8 um) groups (p < 0.001). Hence, this index score for group
D1 was consistently superior to that of the other groups (Table 5). Goblet cells in the
anterior intestine were only identified at 66 dph with a significantly higher abundance and
consequent score in group D1 compared to the control (p = 0.006) and D2 groups (p = 0.004).

On the other hand, in the posterior intestine (Figure 3) at 15 dph, group D2 exhibited a
lower ACLV than the remaining groups. However, this index was significantly higher in
the D1 group compared to the control group at 30 dph (p = 0.04) and the D2 group at 66
dph (p = 0.019).

The same index was evaluated in the liver (Figure 4) with a similar tendency at 15 dph
as in the posterior intestine, and there was a significantly higher count (p < 0.001) in D1
compared to the other groups at 30 dph, reflected in a higher score.

Considering the ontogeny of the gills (Figure 4), according to observations at 15 dph,
this organ was not apparent yet in the control group. However, the presence of erythrocytes
was observed in both experimental groups. At 30 dph, group D1 had a significantly higher
count of goblet cells compared to the control group (p = 0.045), whereas group D2 recorded
a significantly higher count (p = 0.018) of hypertrophic chloride cells (HCC) than group
D1. No edema or clubbing was observed in any of the groups. Moreover, fusion was
lower in group D1 at all sampling points, especially compared to the results from group D2
(p =0.003).
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Figure 3. Transverse sections of anterior intestine (1) and posterior intestine (2) in a 66 dph Atlantic
cod larvae from treatments D1 (a), D2 (b), and COM (c). LV, lipid vacuole. Scale bar is 100 pum.

Figure 4. Transverse sections of anterior liver (1) at 66 dph and gills (2) at 30 dph in Atlantic cod
larvae from groups D1 (a), D2 (b), and COM (c). LV, lipid vacuole. Scale bar is 100 um.
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Regarding eye ontogeny, the score was higher in group D1 at 30 dph due to a tendency
for better development of the pigment epithelium, photoreceptor layer, outer nuclear layer,
outer plexiform layer, and inner nuclear layer. Additionally, the inner plexiform layer was
significantly better developed (p = 0.019) in D1 compared to the D2 group at 30 dph.

4. Discussion

The effect of the feeding regime on growth, organ ontogeny, and skeleton anomalies of
Atlantic cod was evaluated in this study. There was no positive effect of the experimental
diets on growth, where the control group performed better after 30 dph, which could
be due to the different physical properties of the microdiets. The microdiets D1 and D2
were observed to sink faster to the bottom of the rearing tank compared to the commercial
control diet, which most likely affected availability. Standard length (SL) and dry weight
(DW) were in the same range or higher as observed previously for protocols with the
inclusion of natural zooplankton in the live feed phase [4,6,13,15,24,47,48]. For instance,
Koedijk et al. [4] reported a SL of 2.5 cm and a DW of 20-25 mg at 60 dph, and in Folkvord
et al. [6] zooplankton-fed larvae reached a DW of 30-35 mg at 65 dph. Also, in Vo et al. [48]
cod larvae reached a SL of 2.4-2.7 cm and a DW of 20-30 mg at 65 dph. In our study,
at 66 dph, cod attained 25-35 mg. These results are also higher than those of studies
with experimental protocols including rotifers and Artemia spp. [1,17], which showed
results of 2.2-2.5 cm SL/18-25 mg DW and 2.6-2.8 cm SL/25-30 mg DW, respectively, at
65 dph. Moreover, in studies with experimental microdiets with EFA being incorporated
in the PL or NL fraction [28,29] and different PL sources [30], SL was in the range of
2.3-2.6 cm SL/15-23 mg DW at 65 dph. Moreover, the RGR was also comparable to
previous studies with the inclusion of zooplankton [5,49] and microdiets with different
PL sources [30]. Finally, the survival observed in this study was comparable to that
reported in previous studies [4, 6 (average 26%), 15 (10-20%)] or higher [1 (4-8%), 28, 29
(12.2-15.7%), 17 (11-16%)]. Many types of zooplankton including copepods, barnacles,
ciliates, polychaeta, and lamellibranchs are known to be part of the natural diet of early life
stages of Atlantic cod [50-52], and the specific advantages of the use of copepods in cod
larvae rearing have been emphasized and proven valuable for larval development, growth,
and survival while providing the possibility of selecting different prey size [4,5,10,12-15,47].
In fact, prey size, distribution, and availability can limit the growth and development of
Atlantic cod. However, besides ethology, the most determinant factor has proven to
be the nutritional composition of the feed source used [13,48]. Therefore, the results
obtained here with the inclusion of barnacle nauplii are in accordance with previous
data from studies with natural zooplankton, which is supported by similarities in their
nutritional profile [18,19,22]. Another factor that affects growth and development is the
onset of the weaning phase and the establishment of a co-feeding period, which should
be adapted to the development of the digestive system, assuring ingestion and digestion
capacity [22,25,26,53,54]. Moreover, inert feeds should be attractive to the fish, taking into
account physical and chemical factors while ensuring a nutritional balance [8,23,25]. For
Atlantic cod larvae, some studies have tested experimental feeds with different sources
and inclusion levels of PLs and NLs [17,24,29,30]. Microdiets with higher inclusion of PLs
have been associated with better growth and survival of Atlantic cod larvae [29,48,54,55]
and other species [34,56-60]. Furthermore, it has been discussed that cod larvae and other
species better utilize fatty acids from the polar lipid fraction, having its dietary inclusion
as a requirement [8,28-30,34,61]. Cod larvae have high requirements of EPA and DHA
fatty acids, mostly in early development, which are more efficiently absorbed from dietary
PLs [29]. Another advantage of PL addition is their ability to contribute to the cohesiveness
of dietary microparticles, helping reduce the leaching of nutrients [62]. However, several
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studies have also demonstrated that not only quantity but also the origin of dietary PLs
influences growth performance, survival, digestive enzyme production, plasma lipid
profile, and lipoprotein metabolism [30,57,58,63,64]. In this study the different sources of
PLs between experimental microdiets had no clear effect on growth or survival, with both
groups being comparable to the control group. Results by Hansen et al. [62] suggested
that higher PL diets can have a clearer positive impact on growth when introduced earlier
and in co-feeding with Artemia spp. nauplii; however, the authors did not see benefits of
feeding a higher PL diet alone. Nevertheless, growth performance results in the present
study were higher than previously reported in cod larvae fed with diets supplemented
with PLs, early weaning, and co-feeding with Artemia spp. [28-30,48,65].

In addition, according to Kjersvik et al. [29], high-PL diets resulted in overall faster
ossification of the vertebral column in cod larvae, and fin rays were in a more advanced
stage of development at 45 dph in the group fed a higher PL diet when compared to a
higher NL diet. In the same study, no significant differences in the occurrence of skeletal
anomalies were observed. However, Cahu et al. [34] reported lower rates with the highest
dietary PLs and suggested that the anomaly rate is related to the proportion of PLs:NLs
in seabass (Dicentrarchus labrax). In the present study, group D1 exhibited a significantly
lower prevalence of skeletal anomalies, including severe anomalies, which may suggest
that its occurrence could also be related to dietary PL sources, as well as EFAs supplied as
dietary PLs [8,66]. This is in line with results from Hansen et al. [30], where Atlantic cod
fed with a diet richer in marine PLs had a higher abundance of swim bladder abnormalities
at 35 dph and skeletal anomalies at 75 dph. Furthermore, the authors also reported that
scoliosis occurrence was significantly lower in the vegetable PL group, in line with the
present study.

Besides skeletal development, histological analysis is considered a good tool to assess
the dietary impact on fish development [28,62]. In addition to a lower prevalence of
skeletal anomalies, fish from group D1 also showed an overall accelerated organ ontogeny
when compared to group D2 and the control. The delayed development of the gills and
anterior intestine at 15 dph in the control group could be attributed to the difference in the
live feed protocol used until then, with the addition of Cryo-p and Cryo-S. On the other
hand, the delay in development of the posterior intestine, liver, and eyes in the control
group, compared to D1 at later development stages, is likely due to beneficial effects of
the D1 microdiet and its combination with the live feed protocol applied. Notably, the
development index in the anterior intestine was also superior in the D1 group. When
comparing experimental groups, D1 had an improved ontogeny compared to D2, at 30 and
65 dph, which could be attributable to the use of a higher proportion of vegetable PLs than
marine phospholipids. It has been described that PL dietary levels positively influence
digestive system maturation [34], as well as sources, since their effects vary with their
components [8,28,30]. The results of Wold et al. [28] helped confirm the advantages of a
high-PL diet for cod larvae growth and development and suggested that liver structure was
the most sensitive to differences in lipid composition where hepatocyte size and nucleus
size were significantly larger in the diets with higher PLs, which could be connected to
higher metabolic activity and growth. On the other hand, that study recorded higher lipid
accumulation in hepatocytes in fish fed with diets with higher NLs, and even though
there were no significant differences in total lipid vacuolization in enterocytes, the authors
suggested that dietary PL composition can affect it during earlier phases of cod larvae
ontogeny. Hence, these authors suggest marine PLs are more beneficial, which is in
apparent opposition to the tendency observed in the present study. However, not only
the source but also the composition of fatty acids of each lipid class has effects on growth
and development [8,28-30], and different sources have different compositions. So, the
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apparently contradicting results may be due both to the different proportions of marine and
vegetable phospholipids used in the different studies, and to their composition in essential
fatty acids. However, the present study only tested three microdiets with different fatty
acid and phospholipid compositions. Clearly more studies are needed to refine the optimal
nutritional composition of cod larval microdiets in terms of fatty acid and phospholipid,
but also other nutrients such as amino acids, vitamins, and minerals. Moreover, it should be
tested if an early introduction of microdiets, and/or longer co-feeding with cryoplankton,
may bring performance and quality benefits to cod larvae.

5. Conclusions

In conclusion, our results highlight the potential of optimizing feeding protocols for
Atlantic cod larvae and the positive effects this may have on larval and juvenile quality.
Both novel live feed products and novel formulated diets bring clear benefits. In the present
study, the D1 group, combining Cryo-y, Cryo-S, Cryo-L, and rotifers as live feeds, with
the subsequent introduction of microdiet D1, led to cod larvae with a lower prevalence of
skeletal anomalies, including severe anomalies, and had a positive effect on organ ontogeny.
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Abbreviations

The following abbreviations are used in this manuscript:

dph Days post hatching
EPA Eicosapentaenoic acid
ARA Arachidonic acid
Cryo-S  Small barnacle nauplii
EFAs Essential fatty acids
DHA Docosahexaenoic acid
PLs Phospholipids

CcOM Control group
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D1 Experimental group 1

D2 Experimental group 2

Cryo-L  Large barnacle nauplii

Cryo-u  Blue mussel eggs

SL Standard length

DwW Dry weight

RGR Relative growth rate

FCR Feed conversion ratio

ACLV  Area covered by lipid vacuoles
MSSSs  Multiparametric Semi-Quantitative Scoring System
HCC Hypertrophic chloride cells

References

1.

10.

11.

12.

13.

14.

15.

16.

Puvanendran, V.; Swain, T.; Tveiten, H.; Hansen, @.].; Mortensen, A. Optimizing Intensive Culture Protocols for Atlantic Cod
(Gadus morhua) Larvae. Aquacult. Int. 2023, 31, 3457-3472. [CrossRef]

ICES Advice. Report of the ICES Advisory Committee on Fishery Management and Advisory Committee on Ecosystems.
Evaluation 2004, 1, 1544.

Puvanendran, V.; Mortensen, A.; Johansen, L.; Kettunen, A.; Hansen, @.].; Henriksen, E.; Heide, M. Development of Cod Farming
in Norway: Past and Current Biological and Market Status and Future Prospects and Directions. Rev. Aquac. 2022, 14, 308-342.
[CrossRef]

Koedijk, R.M.; Folkvord, A.; Foss, A.; Pittman, K.; Stefansson, 5.0.; Handeland, S.; Imsland, A.K. The Influence of First-feeding
Diet on the Atlantic Cod Gadus morhua Phenotype: Survival, Development and Long-term Consequences for Growth. |. Fish Biol.
2010, 77, 1-19. [CrossRef]

Katan, T.; Nash, G.W.; Rise, M.L.; Hall, ].R.; Fernandes, ] M.O.; Boyce, D.; Johnsen, C.A.; Gamperl, A K. A Little Goes a Long
Way: Improved Growth in Atlantic Cod (Gadus morhua) Fed Small Amounts of Wild Zooplankton. Aquaculture 2016, 451, 271-282.
[CrossRef]

Folkvord, A.; Koedijk, R.; Grahl-Nielsen, O.; Meier, S.; Rydland Olsen, B.; Blom, G.; Otterlei, E.; Imsland, A K. You Are What You
Eat? Differences in Lipid Composition of Cod Larvae Reared on Natural Zooplankton and Enriched Rotifers. Aquacult. Nutr.
2018, 24, 224-235. [CrossRef]

Conceicao, L.; Aragao, C.; Rennestad, 1. Proteins. In Larval Fish Nutrition; Holt, G.J., Ed.; Wiley: Hoboken, NJ, USA, 2011;
pp. 83-116. [CrossRef]

Hamre, K.; Ytifera, M.; Rennestad, I.; Boglione, C.; Conceicao, L.E.C.; Izquierdo, M. Fish Larval Nutrition and Feed Formulation:
Knowledge Gaps and Bottlenecks for Advances in Larval Rearing. Rev. Aquac. 2013, 5, 526-S58. [CrossRef]

Stettrup, J.G.; Shields, R.; Gillespie, M.; Gara, M.B.; Sargent, ].R.; Bell, ].G.; Henderson, R.J. The Production and Use of Copepods
in Larval Rearing of Halibut, Turbot and Cod. Bull. Aquac. Assoc. Can. 1998, 4, 41-45.

Imsland, A.K,; Foss, A.; Koedijk, R.; Folkvord, A.; Stefansson, S.O.; Jonassen, T.M. Short- and Long-Term Differences in Growth,
Feed Conversion Efficiency and Deformities in Juvenile Atlantic Cod (Gadus morhua) Startfed on Rotifers or Zooplankton. Aquac.
Res. 2006, 37, 1015-1027. [CrossRef]

Hamre, K. Nutrition in Cod (Gadus morhua) Larvae and Juveniles. ICES J. Mar. Sci. 2006, 63, 267-274. [CrossRef]

Conceigao, L.E.C.; Yufera, M.; Makridis, P.; Morais, S.; Dinis, M.T. Live Feeds for Early Stages of Fish Rearing. Aquac. Res. 2010,
41, 613-640. [CrossRef]

Busch, K.E.T; Falk-Petersen, L.-B.; Peruzzi, S.; Rist, N.A.; Hamre, K. Natural Zooplankton as Larval Feed in Intensive Rearing
Systems for Juvenile Production of Atlantic Cod (Gadus morhua L.): Farmed Cod Larvae Fed Natural Zooplankton. Aquac. Res.
2010, 41, 1727-1740. [CrossRef]

Penglase, S.; Edvardsen, R.B.; Furmanek, T.; Rennestad, I.; Karlsen, &.; Van Der Meeren, T.; Hamre, K. Diet Affects the Redox
System in Developing Atlantic Cod (Gadus morhua) Larvae. Redox Biol. 2015, 5, 308-318. [CrossRef] [PubMed]

Qie, G.; Galloway, T.; Serey, M.; Holmvaag Hansen, M.; Norheim, L.A.; Halseth, C.K.; Almli, M.; Berg, M.; Gagnat, M.R.; Wold,
P-A.; et al. Effect of Cultivated Copepods (Acartia tonsa) in First-Feeding of Atlantic Cod (Gadus morhua) and Ballan Wrasse
(Labrus bergylta) Larvae. Aquacult. Nutr. 2017, 23, 3-17. [CrossRef]

Rise, M.L.; Hall, ].R.; Nash, G.W,; Xue, X.; Booman, M.; Katan, T.; Gamperl, A K. Transcriptome Profiling Reveals That Feeding
Wild Zooplankton to Larval Atlantic Cod (Gadus morhua) Influences Suites of Genes Involved in Oxidation-Reduction, Mitosis,
and Selenium Homeostasis. BMC Genom. 2015, 16, 1016. [CrossRef] [PubMed]


https://doi.org/10.1007/s10499-023-01133-4
https://doi.org/10.1111/raq.12599
https://doi.org/10.1111/j.1095-8649.2010.02652.x
https://doi.org/10.1016/j.aquaculture.2015.09.014
https://doi.org/10.1111/anu.12550
https://doi.org/10.1002/9780470959862.ch3
https://doi.org/10.1111/j.1753-5131.2012.01086.x
https://doi.org/10.1111/j.1365-2109.2006.01523.x
https://doi.org/10.1016/j.icesjms.2005.11.011
https://doi.org/10.1111/j.1365-2109.2009.02242.x
https://doi.org/10.1111/j.1365-2109.2009.02450.x
https://doi.org/10.1016/j.redox.2015.06.003
https://www.ncbi.nlm.nih.gov/pubmed/26099546
https://doi.org/10.1111/anu.12352
https://doi.org/10.1186/s12864-015-2120-1
https://www.ncbi.nlm.nih.gov/pubmed/26610852

Animals 2025, 15, 2985 15 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Karlsen, &.; Van Der Meeren, T.; Rennestad, I.; Mangor-Jensen, A.; Galloway, T.F,; Kjersvik, E.; Hamre, K. Copepods Enhance
Nutritional Status, Growth and Development in Atlantic Cod (Gadus morhua L.) Larvae—Can We Identify the Underlying Factors?
Peer] 2015, 3, €902. [CrossRef]

Malzahn, A.M.; Ribi¢i¢, D.; Hansen, B.H.; Sarno, A.; Kjersvik, E.; Aase, A.S.N.; Musialak, L.A.; Garcia-Calvo, L.; Hagemann, A.
First Feed Matters: The First Diet of Larval Fish Programmes Growth, Survival, and Metabolism of Larval Ballan Wrasse (Labrus
bergylta). Aquaculture 2022, 561, 738586. [CrossRef]

Etayo, A.; Lie, KK.; Bjelland, R.M.; Hordvik, I.; @vergard, A.-C.; Seele, J. The Thymus and T-Cell Ontogeny in Ballan Wrasse
(Labrus bergylta) Is Nutritionally Modelled. Front. Immunol. 2023, 14, 1166785. [CrossRef]

Hoeg, ].T.; Meller, O.S. When Similar Beginnings Lead to Different Ends: Constraints and Diversity in Cirripede Larval
Development. Invertebr. Reprod. Dev. 2006, 49, 125-142. [CrossRef]

Hoeg, ].T.; Deutsch, J.; Chan, B.K.K.; Semmler Le, H. “Crustacea”: Cirripedia. In Evolutionary Developmental Biology of Invertebrates
4; Wanninger, A., Ed.; Springer Vienna: Vienna, Austria, 2015; pp. 153-181. [CrossRef]

Calvo, L.G. Effects of Different Live Feeding Regimes on the Development and Lipid Composition of Ballan Wrasse (Labrus
bergylta) Larvae. Master’s Thesis, NTNU, Trondheim, Norway, 2024.

Engrola, S.; Figueira, L.; Conceigao, L.E.C.; Gavaia, PJ.; Ribeiro, L.; Dinis, M.T. Co-Feeding in Senegalese Sole Larvae with Inert
Diet from Mouth Opening Promotes Growth at Weaning. Aquaculture 2009, 288, 264-272. [CrossRef]

Fletcher, R.C.; Roy, W.; Davie, A.; Taylor, ]J.; Robertson, D.; Migaud, H. Evaluation of New Microparticulate Diets for Early
Weaning of Atlantic Cod (Gadus morhua): Implications on Larval Performances and Tank Hygiene. Aquaculture 2007, 263, 35-51.
[CrossRef]

Estévez, A.; Papandroulakis, N.; Wille, M.; Sorgeloos, P. Early Life Stages and Weaning. In Organic Aquaculture; Lembo, G., Mente,
E., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 79-102. [CrossRef]

Rosenlund, G.; Stoss, J.; Talbot, C. Co-Feeding Marine Fish Larvae with Inert and Live Diets. Aquaculture 1997, 155, 183-191.
[CrossRef]

Engrola, S.; Dinis, M.T.; Conceigao, L.E.C. Senegalese Sole Larvae Growth and Protein Utilization Is Depressed When Co-Fed
High Levels of Inert Diet and Artemia Since First Feeding: Co-Fed High Levels of Inert Diet since First Feeding. Aquac. Nutr.
2010, 16, 457-465. [CrossRef]

Wold, P.A.; Hoehne-Reitan, K.; Cahu, C.L.; Infante, ].Z.; Rainuzzo, J.; Kjersvik, E. Comparison of Dietary Phospholipids and
Neutral Lipids: Effects on Gut, Liver and Pancreas Histology in Atlantic Cod (Gadus morhua L.) Larvae. Aquac. Nutr. 2009, 15,
73-84. [CrossRef]

Kjersvik, E.; Olsen, C.; Wold, P.-A.; Hoehne-Reitan, K.; Cahu, C.L.; Rainuzzo, J.; Olsen, A.L; Qie, G.; Olsen, Y. Comparison of
Dietary Phospholipids and Neutral Lipids on Skeletal Development and Fatty Acid Composition in Atlantic Cod (Gadus morhua).
Aquaculture 2009, 294, 246-255. [CrossRef]

Hansen, @.].; Puvanendran, V.; Jestensen, J.P.; Ous, C. Effects of Dietary Levels and Ratio of Phosphatidylcholine and Phos-
phatidylinositol on the Growth, Survival and Deformity Levels of Atlantic Cod Larvae and Early Juveniles: Dietary PC and PI on
Cod Larval Performance. Aquac. Res. 2011, 42, 1026-1033. [CrossRef]

Aragao, C.; Conceigao, L.E.C.; Martins, D.; Rennestad, I.; Gomes, E.; Dinis, M.T. A Balanced Dietary Amino Acid Profile Improves
Amino Acid Retention in Post-Larval Senegalese Sole (Solea senegalensis). Aquaculture 2004, 233, 293-304. [CrossRef]

Valente, L.M.P.; Moutou, K.A.; Conceicao, L.E.C.; Engrola, S.; Fernandes, ].M.O.; Johnston, I.A. What Determines Growth Potential
and Juvenile Quality of Farmed Fish Species? Rev. Aquac. 2013, 5, S168-5193. [CrossRef]

Kjorsvik, E.; Galloway, T.E; Estevez, A.; Seele, @.; Moren, M. Effects of Larval Nutrition on Development. In Larval Fish Nutrition;
Holt, GJ., Ed.; Wiley: Hoboken, NJ, USA, 2011; pp. 219-248. [CrossRef]

Cahu, C.L.; Infante, ]J.L.Z.; Barbosa, V. Effect of Dietary Phospholipid Level and Phospholipid:Neutral Lipid Value on the
Development of Sea Bass (Dicentrarchus labrax) Larvae Fed a Compound Diet. Br. J. Nutr. 2003, 90, 21-28. [CrossRef]

Boglione, C.; Gavaia, P.; Koumoundouros, G.; Gisbert, E.; Moren, M.; Fontagné, S.; Witten, P.E. Skeletal Anomalies in Reared
European Fish Larvae and Juveniles. Part 1: Normal and Anomalous Skeletogenic Processes. Rev. Aquac. 2013, 5, S599-5120.
[CrossRef]

El Kertaoui, N.; Lund, I.; Assogba, H.; Dominguez, D.; Izquierdo, M.S.; Baekelandt, S.; Cornet, V.; Mandiki, S.N.M.; Montero, D.;
Kestemont, P. Key Nutritional Factors and Interactions during Larval Development of Pikeperch (Sander lucioperca). Sci. Rep.
2019, 9, 7074. [CrossRef]

Hamre, K.; Penglase, S.J.; Rasinger, ].D.; Skjeerven, K.H.; Olsvik, P.A. Ontogeny of Redox Regulation in Atlantic Cod (Gadus
morhua) Larvae. Free Radic. Biol. Med. 2014, 73, 337-348. [CrossRef]

Seele, J.; Haugen, T.; Karlsen, &.; Van Der Meeren, T.; Baeverfjord, G.; Hamre, K.; Ronnestad, I.; Moren, M.; Lie, K.K. Ossification
of Atlantic Cod (Gadus morhua)-Developmental Stages Revisited. Aquaculture 2017, 468, 524-533. [CrossRef]


https://doi.org/10.7717/peerj.902
https://doi.org/10.1016/j.aquaculture.2022.738586
https://doi.org/10.3389/fimmu.2023.1166785
https://doi.org/10.1080/07924259.2006.9652204
https://doi.org/10.1007/978-3-7091-1853-5_5
https://doi.org/10.1016/j.aquaculture.2008.12.010
https://doi.org/10.1016/j.aquaculture.2006.09.019
https://doi.org/10.1007/978-3-030-05603-2_5
https://doi.org/10.1016/S0044-8486(97)00116-6
https://doi.org/10.1111/j.1365-2095.2009.00682.x
https://doi.org/10.1111/j.1365-2095.2008.00569.x
https://doi.org/10.1016/j.aquaculture.2009.06.012
https://doi.org/10.1111/j.1365-2109.2010.02685.x
https://doi.org/10.1016/j.aquaculture.2003.08.007
https://doi.org/10.1111/raq.12020
https://doi.org/10.1002/9780470959862.ch7
https://doi.org/10.1079/BJN2003880
https://doi.org/10.1111/raq.12015
https://doi.org/10.1038/s41598-019-43491-1
https://doi.org/10.1016/j.freeradbiomed.2014.05.017
https://doi.org/10.1016/j.aquaculture.2016.11.004

Animals 2025, 15, 2985 16 of 17

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Loufi, K,; Sfakianakis, D.G.; Karapanagiotis, S.; Tsele, N.; Makridis, P. The Effect of Copepod Acartia tonsa During the First Days
of Larval Rearing in Skeleton Ontogeny and Skeletal Deformities in Greater Amberjack (Seriola dumerili Risso, 1810). Aquaculture
2024, 579, 740169. [CrossRef]

Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the Protection of Animals Used
for Scientific Purposes. Available online: https:/ /eur-lex.europa.eu/eli/dir/2010/63/0j/eng (accessed on 6 October 2025).

ISO 6496:1999; Animal Feeding Stuffs. Determination of Moisture and Other Volatile Matter Content. International Organization
for Standardization: Geneva, Switzerland, 1999.

Gavaia, PJ.; Dinis, M.T.; Cancela, M.L. Osteological Development and Abnormalities of the Vertebral Column and Caudal
Skeleton in Larval and Juvenile Stages of Hatchery-Reared Senegal Sole (Solea senegalensis). Aquaculture 2002, 211, 305-323.
[CrossRef]

Deschamps, M.H.; Kacem, A.; Ventura, R.; Courty, G.; Haffray, P.; Meunier, E]J.; Sire, ].-Y. Assessment of “Discreet” Vertebral
Abnormalities, Bone Mineralization and Bone Compactness in Farmed Rainbow Trout. Aquaculture 2008, 279, 11-17. [CrossRef]
Bennett, H.S.; Wyrick, A.D.; Lee, S.W.; McNeil, ].H. Science and Art in Preparing Tissues Embedded in Plastic for Light Microscopy,
with Special Reference to Glycol Methacrylate, Glass Knives and Simple Stains. Stain Technol. 1976, 51, 71-97. [CrossRef] [PubMed]
Escaffre, A.-M.; Kaushik, S.; Mambrini, M. Morphometric Evaluation of Changes in the Digestive Tract of Rainbow Trout
(Oncorhynchus mykiss) Due to Fish Meal Replacement with Soy Protein Concentrate. Aquaculture 2007, 273, 127-138. [CrossRef]
Papadakis, I.E.; Zaiss, M.M.; Kyriakou, Y.; Georgiou, G.; Divanach, P.; Mylonas, C.C. Histological Evaluation of the Elimination of
Artemia Nauplii from Larval Rearing Protocols on the Digestive System Ontogeny of Shi Drum (Umbrina cirrosa L.). Aquaculture
2009, 286, 45-52. [CrossRef]

Pacorig, V.; Galeotti, M.; Beraldo, P. Multiparametric Semi-Quantitative Scoring System for the Histological Evaluation of Marine
Fish Larval and Juvenile Quality. Aquac. Rep. 2022, 26, 101285. [CrossRef]

Vo, T.A.; Galloway, T.E; Arukwe, A.; Edvardsen, R.B.; Hamre, K.; Karlsen, &.; Rennestad, I.; Kjorsvik, E. Effect of Diet on
Molecular Relationships between Atlantic Cod Larval Muscle Growth Dynamics, Metabolism, and Antioxidant Defense System.
Front. Mar. Sci. 2022, 9, 814022. [CrossRef]

Wold, P-A.; Hoehne-Reitan, K.; Cahu, C.L.; Infante, ].Z.; Rainuzzo, J.; Kjersvik, E. Phospholipids vs. Neutral Lipids: Effects on
Digestive Enzymes in Atlantic Cod (Gadus morhua) Larvae. Aquaculture 2007, 272, 502-513. [CrossRef]

Rocha, G.S.; Katan, T.; Parrish, C.C.; Kurt Gamperl, A. Effects of Wild Zooplankton Versus Enriched Rotifers and Artemia on the
Biochemical Composition of Atlantic Cod (Gadus Morhua) Larvae. Aquaculture 2017, 479, 100-113. [CrossRef]

Wiborg, K.F. Investigations on Cod Larvae in the Coastal Waters of Northern Norway. Fisk. Skr. Ser. Havundersoekelser 1948, 9,
1-27.

Last, ].M. The Food of Three Species of Gadoid Larvae in the Eastern English Channel and Southern North Sea. Mar. Biol. 1978,
48,377-386. [CrossRef]

Fortier, L.; Harris, R. Optimal Foraging and Density-Dependent Competition in Marine Fish Larvae. Mar. Ecol. Prog. Ser. 1989, 51,
19-33. [CrossRef]

Pedersen, T.; Falk-Petersen, I.B. Morphological Changes During Metamorphosis in Cod (Gadus morhua L.), with Particular
Reference to the Development of the Stomach and Pyloric Caeca. J. Fish Biol. 1992, 41, 449-461. [CrossRef]

Morrison, C.M. Histology of the Atlantic Cod, Gadus Morhua: An Atlas; Eleutheroembryo and Larva = Atlas d’histologie de La Morue
Franche, Gadus Morhua; Eleuthéro—Embryon et Larve; Canadian Special Publications of Fisheries and Aquatic Sciences; NRC Research
Press: Ottawa, ON, Canada, 1993.

Niu, J.; Liu, Y.J.; Tian, L.X,; Mai, K.S.; Yang, H.].; Ye, C.X.; Zhu, Y. Effects of Dietary Phospholipid Level in Cobia (Rachycentron
canadum) Larvae: Growth, Survival, Plasma Lipids and Enzymes of Lipid Metabolism. Fish Physiol Biochem 2008, 34, 9-17.
[CrossRef] [PubMed]

Marthinsen, J.L.; Reitan, K.I.; Olsen, R.E.; Li, K.; Nunes, B.; Bjerklund, R.H.; Kjersvik, E. Influence of Dietary Phospholipid Level
and Bile Salt Supplementation on Larval Performance of Atlantic Cod (Gadus morhua L.). Aquacult. Int. 2025, 33, 560. [CrossRef]
Kanazawa, A.; Teshima, S.; Inamori, S. Effects of Dietary Phospholipids on Growth of The Larval Red Sea Bream and Knife Jaw.
Mem. Fac. Fish. 1983, 32, 109-114.

Kanazawa, A.; Teshima, S.; Skamoto, M. Effects of Dietary Lipids, Fatty Acids, and Phospholipids on Growth and Survival of
Prawn (Penaeus japonicus) larvae. Aquaculture 1985, 50, 39—49. [CrossRef]

Leifson, RM.; Homme, ].M.; Lie, @.; Myklebust, R.; Strem, T. Three Different Lipid Sources in Formulated Start-Feeds for
Turbot (Scophthalmus maximus L.) Larvae-Effect on Growth and Mitochondrial Alteration in Enterocytes: Lipids in Formulated
Start-Feeds for Turbot Larvae. Aquac. Nutr. 2003, 9, 33—42. [CrossRef]

Taylor, ].F.; Martinez-Rubio, L.; Del Pozo, J.; Walton, ].M.; Tinch, A.E.; Migaud, H.; Tocher, D.R. Influence of Dietary Phospholipid
on Early Development and Performance of Atlantic Salmon (Salmo salar). Aquaculture 2015, 448, 262-272. [CrossRef]

Hansen, @.].; Puvanendran, V.; Jostensen, J.P.; Falk-Petersen, L.-B. Early Introduction of an Inert Diet and Unenriched Artemia
Enhances Growth and Quality of Atlantic Cod (Gadus morhua) Larvae. Aquacult. Nutr. 2018, 24, 102-111. [CrossRef]


https://doi.org/10.1016/j.aquaculture.2023.740169
https://eur-lex.europa.eu/eli/dir/2010/63/oj/eng
https://doi.org/10.1016/S0044-8486(02)00167-9
https://doi.org/10.1016/j.aquaculture.2008.03.036
https://doi.org/10.3109/10520297609116677
https://www.ncbi.nlm.nih.gov/pubmed/59421
https://doi.org/10.1016/j.aquaculture.2007.09.028
https://doi.org/10.1016/j.aquaculture.2008.08.028
https://doi.org/10.1016/j.aqrep.2022.101285
https://doi.org/10.3389/fmars.2022.814022
https://doi.org/10.1016/j.aquaculture.2007.06.034
https://doi.org/10.1016/j.aquaculture.2017.05.025
https://doi.org/10.1007/BF00391643
https://doi.org/10.3354/meps051019
https://doi.org/10.1111/j.1095-8649.1992.tb02673.x
https://doi.org/10.1007/s10695-007-9140-y
https://www.ncbi.nlm.nih.gov/pubmed/18649018
https://doi.org/10.1007/s10499-025-02236-w
https://doi.org/10.1016/0044-8486(85)90151-6
https://doi.org/10.1046/j.1365-2095.2003.00225.x
https://doi.org/10.1016/j.aquaculture.2015.06.012
https://doi.org/10.1111/anu.12538

Animals 2025, 15, 2985 17 of 17

63. Cahu, C.; Zambonino Infante, J. Substitution of Live Food by Formulated Diets in Marine Fish Larvae. Aquaculture 2001, 200,
161-180. [CrossRef]

64. Azarm, HM.; Kenari, A.A.; Hedayati, M. Effect of Dietary Phospholipid Sources and Levels on Growth Performance, Enzymes
Activity, Cholecystokinin and Lipoprotein Fractions of Rainbow Trout (Oncorhynchus mykiss) Fry. Aquac. Res. 2013, 44, 634—644.
[CrossRef]

65. Baskerville-Bridges, B.; Kling, L.J. Early Weaning of Atlantic Cod (Gadus morhua) Larvae onto a Microparticulate Diet. Aquaculture
2000, 189, 109-117. [CrossRef]

66. Cahu, C.L,; Gisbert, E.; Villeneuve, L.A.N.; Morais, S.; Hamza, N.; Wold, P-A.; Zambonino Infante, J.L. Influence of Dietary
Phospholipids on Early Ontogenesis of Fish. Aquac. Res. 2009, 40, 989-999. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0044-8486(01)00699-8
https://doi.org/10.1111/j.1365-2109.2011.03068.x
https://doi.org/10.1016/S0044-8486(00)00356-2
https://doi.org/10.1111/j.1365-2109.2009.02190.x

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Cod Larvae Husbandry 
	Experimental Design and Diets 
	Sampling Procedure 
	Histological Procedures 
	Statistical Analysis 

	Results 
	Growth and Survival 
	Skeletal Anomalies 
	Organ Ontogeny 

	Discussion 
	Conclusions 
	References

