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Abstract: Studies have shown negative short-term effects of early weaning (EW) in finfish larvae
but information on long-term effects of EW on growth and subsequent economic loss is lacking. We
evaluated the short- and long-term effects of EW and late weaning (LW) on Atlantic cod. Cod larvae
were fed with enriched rotifers from 2 to 35 days post-hatch (dph) and weaning carried out from
21 to 35 dph (EW) or with enriched rotifers from 2 to 29 dph followed by enriched Artemia nauplii
from 25 to 56 dph and weaning carried out from 45 to 56 dph (LW). At 190 dph, 50 fish from each
tank were tagged with an electronic tag and were transferred to sea cages at 10 months old. At the
end of 30 months post-hatch, the weight of the fish was recorded. Our results showed a significant
short-term effect of the weaning method on the growth of Atlantic cod at 65 dph, but no significant
difference at 90 and 190 dph. However, fish from LW showed a significantly higher body weight
compared to fish from EW at 30 months post-hatch. A cost analysis indicated substantial benefit for
commercial cod farming by using LW and we recommend using LW to gain sizable financial benefit.

Keywords: early and late weaning; long-term effect; Artemia nauplii; Atlantic cod

Key Contribution: First study to evaluate long term effects of EW and LW in marine finfish species
which showed the importance of the timing of weaning and of using Artemia in the feeding regime
of the Atlantic cod larvae. Cost analysis showed that using EW; farmers tend to lose about 1.7 million
USD in a sea cage farm initially stocked with 1.125 million cod juveniles.

1. Introduction

Most marine finfish larvae have a smaller mouth opening compared to salmonids and
require smaller diets during start-feeding [1]. Further, they possess neither enzymes nor
developed alimentary canal to digest formulated feed [2,3]. Thus, marine finfish larvae,
including Atlantic cod (Gadus morhua L.), require live feed during the first feeding stage
to ensure better growth and survival. While differences exist in larviculture production
protocols among different marine finfish species, rotifers and Artemia are the most common
cultured live feed organisms due to their smaller size and relatively easy production,
especially Artemia [4]. Although easy to produce, the production of live feed is labour
intensive as it requires daily production. On the other hand, the production cost of the dry
diet is relatively lower than the live feed cost, and it is easy to store the dry diet in cold
rooms for many months [1]. To maintain better nutritional quality, the cultured live feed
must be fed with enrichment diets prior to being given to the larvae [4]. However, rotifers,
and especially Artemia, catabolize these enrichment fatty acids, which presents challenges
in maintaining consistent levels and proportion of the HUFA’s (DHA, EPA, ARA) in live
feed [5]. In addition, differences in body composition between different batches of these live
feed make it difficult to administer standard enrichment regimes and procedures [4]. This
variability in live feed nutritional quality often results in unpredictable growth, survival,
and quality of the juveniles. Due to these practical and economic disadvantages of live
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feed compared to dry diet, fish farmers tend to wean the larvae into dry feed at the earliest
possible age [1]. Given the advantages of using dry diet, many studies were undertaken
in recent years to wean different marine finfish larvae earlier than the usual times used in
existing protocols, aiming to reduce the dependency on live feed [6–9].

Atlantic cod has been an important commercial groundfish species for centuries in
North Atlantic countries such as Norway, Scotland, Iceland, Canada, Faroe Islands, and
USA [10]. With declining wild Atlantic cod stocks in the 1980s and late 1990s in Norway
and North America, efforts to commercially culture this species were undertaken at those
times and cod was considered as the next “new species” for aquaculture in these countries.
During this time, basic Atlantic cod larviculture protocols were developed and this resulted
in improved performance of the larvae [10]. However, several biological problems still
existed, such as poor-quality juveniles, variable growth and survival during larval and early
juvenile stages, early maturation, and poor understanding of nutritional requirements of
all life stages [11]. Around 2010, an increase in wild cod stock quota and economic turmoil
in European countries made market prices of cod plummet, thus making the commercial
cod farming unprofitable [12].

While commercial production of cod juveniles slowly vanished in Norway from 2010
onwards, the National Cod Breeding Program in Norway continued to work on selective
breeding of cod and produced the 6th generation of cod in 2022. Selection for faster
growth traits and increased disease resistance has improved the growth and survival
of cod through slaughter [13–15]. The program has also made several improvements
in husbandry protocols. These husbandry protocols include improvements in live feed
production methods, live feed nutrition, weaning diet formulations and nutrition, and
broodstock management [16–20]. Interest in cod farming has been rekindled in Norway in
2018 mainly due to higher market prices and supported by the biological improvement
that has been achieved through the cod breeding program [13–20]. Currently, cod farming
is undertaken only in Norway and 7–8 companies are involved with each playing different
roles such as production of egg and juveniles, sea cage farming, and marketing. The
companies are aiming to produce more than 50,000 tonnes by 2025 [21].

While early weaning reduces the dependency on the live feed and could possibly
reduce the cost of juvenile production, the long-term effects of early and late weaning have
never been studied in Atlantic cod. Most of the Artemia reduction studies carried out on
cod followed the larval and juvenile performance [6,8,22] but did not follow them through
to harvest size. The main aim of this study was to see if we could reduce, or even eliminate,
the use of Artemia nauplii from the cod larval diet. We hypothesized that use of Artemia
as live feed in the diet of larval cod could be eliminated without negatively affecting the
short-term and long-term growth and survival. We have also evaluated short- (1–180 days
post-hatch) and long-term (at 30 months post-hatch) effects of early and late weaning of
cod larvae to formulated diets from hatching through slaughtering on growth, survival,
and quality.

2. Materials and Methods
2.1. Gamete Collection and Egg Incubation

Cultured adult Atlantic cod originated from the 2010 year class (2nd generation)
were transferred from the sea cages of the Centre for Marine Aquaculture (CMA) at
Røsnes (69◦48′0′ ′ N 19◦16′0′ ′ E) to the land facility of CMA in Kraknes, Tromsø, Nor-
way (69◦45′21.9′ ′ N 19◦01′33.7′ ′ E), in January 2013. They were kept in 25 m3 circular
tanks with ambient water supply at 250 L min−1 and a temperature of 3.5 ± 0.5 ◦C. In late
March, gametes were collected by hand stripping and were fertilized using the standard dry
fertilization method [23]. Briefly, after stripping, eggs and sperm were mixed in a beaker at
a ratio of 5:1, respectively. Then, 500 mL of sea water was added to the gamete mixture and
was gently mixed and allowed 5 min for fertilization. After 5 min, the fertilized eggs were
washed with sea water to remove excess sperm. The fertilized eggs were incubated in 25 L
upwelling incubators at 4 ◦C with gentle aeration in a flow-through water system.
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2.2. Larval Rearing

Larvae hatched in 21–22 days (≈90◦ days). At 2 days post-hatch (dph), newly hatched
larvae (15,000) were transferred to six 190 L circular fiberglass tanks. The water temperature
was kept at 4 ◦C from 2 to 5 dph and gradually increased to 10 ◦C from 5 to 10 dph. Two
weaning regimes were used with three replicates (Figure 1). In the early weaning (EW)
regime, larvae were fed with enriched rotifers from 2 to 35 dph and weaning onto dry
feed started at 21 dph and completed at 35 dph (Table S1). For the late weaning (LW)
regime, larvae were fed with enriched rotifers from 2 to 29 dph, followed by enriched
Artemia from 25 to 56 dph and weaning onto dry feed started from 45 dph and completed at
56 dph (Table S2). Rotifers were enriched with a mixture of enrichment (0.25 g per million
rotifer) products: Multigain (Biomar AS, Myre, Norway), PhosphoNorse (Trofi, Tromsø,
Norway), Pavlova (Microalgae AS, Vigra, Norway), Chlorella (Pacific Trading Aquaculture
Ltd., Dublin, Ireland) for one hour prior to feeding. Artemia nauplii were enriched with
a mixture of Multigain, MicroNorse (Trofi, Tromsø, Norway), and PhosphoNorse at 36 h
post-hatch of the nauplii (see [20] for fatty acid profiles of live feed). Both enriched rotifers
and Artemia were stored at 4 ◦C and the feeding of live and dry feed was carried out
by an automated robot feeder (Storvik Aqua AS, Sunndalsøra, Norway). Prior to the
commencement of weaning, a co-feeding strategy was also employed where dry feed was
introduced to the larvae just before the rotifer or Artemia feeding from 15 to 20 dph (EW) or
38–45 dph (LW), respectively. In both regimes, during weaning, one live feed per day was
withdrawn every 2/3 days and replaced by formulated dry diet. During weaning and after
the completion of weaning, both groups were fed with the same dry diet. Different sizes of
AlgoNorse extra (Trofi, Tromsø, Norway) were used as weaning and post-weaning diet and
the nutrient content of the dry feed is given in Table 1. At 90 dph, the larval survival was
measured by counting the individuals from each tank. At, 90 dph, the number of fish kept
in each tank was standardized to 300 to minimize density related effects on growth [24].
At 190 dph, 50 fish from each tank were tagged intraperitoneally using Passive Integrated
Transponders (PIT, Sokymat SA, Valais, Switzerland) tags and reared in the same tank
until transferred to two sea cages (7.5 × 7.5 × 10 m) in February 2014. From the weaning
experiment, 150 of the fish were stocked in each of these two sea cages, along with 5000 fish
from the Atlantic cod breeding program, and 350 fish from another two experiments. All the
fish were individually PIT tagged, so that fish from different experiments can be identified
using a PIT tag reader. At the end of 30 months post-hatch (October 2015), all the fish from
the weaning experiment were killed and weight and deformities were recorded.
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Figure 1. Schematic diagram showing the experimental set-up. Numbers in the diagram represent
the age of the larvae. CF—co-feeding of live feed and dry diet. R—reduction in fish numbers to 300
in all tanks at 90 dph. TAG—inserting individual electronic tags into the abdominal cavity of each
juvenile at 190 dph. ST—sea cage transfer at 300 dph. S—slaughter at 910 dph.
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Table 1. Nutritional content and HUFA (highly unsaturated fatty acid) lipid classes of the
dry feed, Algonorse extra. DHA—Docosahexaenoic acid; EPA—Eicosapentaenoic acid; ARA—
Arachidonic acid; PL—Polar lipid; PC—Phosphatidylcholine; 2-LPC—Lysophosphatidylcholine,
PI—Phosphatidylinositol; PE—Phosphatidylethanolamine; PA—Phosphatidic acid.

Category Unit Amount

Protein % 58.9
Fat % 16.5
Ash % 9.4

Vit. A % 0.005
Vit. C % 0.073
Vit. D % 0.000015
Vit. E % 0.03

Taurine % 0.4
Energy Jkg−1 1605
DHA % fat 13.7
EPA % fat 7.0
ARA % fat 0.43

PL % fat 32.1
DHA % PL 22.9
EPA % PL 9.9
ARA % PL 0.54

Lipid classes in total lipid
PC % fat 18.8

2-LPC % fat 1.6
PI % fat 2.57
PE % fat 5.87
PA % fat 1.0

2.3. Data Collection and Analysis

Live feed samples were collected and kept frozen at −25 ◦C until further analysis
for free amino acids (FAA). FAA levels in live feed were analysed by high-pressure liquid
chromatography (HPLC) in a Pico-Tag Amino Acid Analysis System (Waters Alliance
2695 separation module, Milford, CT, USA). Samples were homogenized with internal
standard solution (norleucine) containing 0.05 M HCl [25]. The homogenized sample was
filtered and phenylisothiocyanate (PITC) was used for precolumn derivatization of FAAs
according to the procedures described by Cohen, Meys, Tarvin [26]. Reverse phase HPLC
equipped with a 30 cm Pico-Tag column, 2487 UV/Vis detector, and Empower software
was used for separation and detection of the resulting peaks (Waters, Milford, CT, USA).

At 2, 12, 22, 43 and 65 dph, 10 larvae from each tank (30 per treatment) were sampled
and anaesthetized with MS 222. The standard length of each larva was measured using a
stereo microscope (LeicaMZ125 stereoscope, Oslo, Norway) equipped with a micrometre in
the eye piece. The number of juveniles was counted in each tank at 90 dph. The total weight
of all surviving fish in each tank was also recorded and the average weight of a juvenile
was calculated. At 190 dph (during tagging), the weight of 50 fish (150 for treatment) from
each tank was recorded. During this time, the occurrence of skeletal deformities (externally
visible—lordosis, scoliosis, kyphosis, jaw deformity, head deformity, fused vertebrae) were
also recorded. After tagging, juveniles from all tanks were kept in a common tank until
transferred to two sea cages at 300 dph. At the end of the experiment (30 months post-hatch),
the rounded whole weight of individual fish and survival were recorded.

Differences between the treatments in FAA of live feed, growth, survival, and de-
formity at different life stages of cod were analysed using one-way ANOVA, and the
strength of one-way ANOVA was tested with an alpha test. Residuals were examined
for the assumption of independence, homogeneity, and normality by plotting a frequency
distribution of the data and visually compared to a normal distribution and used Levene’s
test of equality of error variance. The difference in growth (SL) between 2 and 65 dph was
analysed using t-test. The standard-length data of the larvae was rank transformed [27], and
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Bonferroni/Tukey post hoc pairwise multiple comparisons test was carried out. Significant
difference was set at 0.05.

3. Results

The FAA contents in enriched rotifers and Artemia are shown in Table 2. Among all
the FAA detected in the analysis, enriched Artemia had higher, or equal amount of FAA
compared to the rotifers except for citrulline. Artemia had significantly higher (p < 0.001)
taurine levels compared to rotifers (Table 2).

Table 2. Free fatty acid (FAA) content of enriched rotifers and Artemia. ND—Not detected. * denotes
significant difference at 0.05.

FAA (g. 100 g Sample −1) Rotifer Artemia

Creatinine 0.004 0.0035
Aspartic acid 0.0255 * 0.0475 *
Glutamic acid 0.065 * 0.074 *

Hydroxyproline ND 0.001
Serine 0.0435 * 0.0455 *

Asparagine 0.0345 * 0.04 *
Glycine 0.0235 * 0.029 *

Glutamine 0.0735 * 0.0685 *
3-amino-propanic acid 0.001 0.001

Taurine 0.011 * 0.0345 *
Histidine 0.017 * 0.023 *

4-amino-butanoic acid 0.001 0.001
Citrulline 0.004 * 0.001 *
Threonine 0.0285 * 0.041 *

Alanine 0.0565 * 0.0675 *
Carnosine ND ND
Arginine 0.057 * 0.088 *
Proline 0.03 * 0.044 *

Tyrosine 0.0315 * 0.05 *
Valine 0.034 * 0.0555 *

Methionine 0.021 * 0.0265 *
Cysteine ND ND

Isoleucine 0.0285 * 0.0475 *
Leucine 0.0635 * 0.086 *

Phenylalanine 0.041 * 0.052 *
Tryptophan 0.007 * 0.011 *
Ornithine 0.004 0.005

Lysine 0.0795 * 0.119 *

Overall, there was no significant effect (p < 0.268) of the treatment on standard length
of the larvae (Figure 2). However, post hoc comparison showed that larvae from EW
treatment were significantly larger at 12 and 22 dph than the LW group (p < 0.0001 for both
ages). The significant effect of treatment between the two groups of larvae disappeared at
43 dph (p < 0.316), and by 65 dph larvae from LW treatment became significantly larger
than the EW larvae (p < 0.0001). The growth difference in SL between 2 and 65 dph was
significantly higher for LW larvae than larvae from EW (p < 0.015).

At 90 dph, body weight was not significantly different between the treatment groups
(p < 0.466). Similarly, survival was also not significantly different (p < 0.524; LW—0.71 ± 0.15 g;
EW—0.62 ± 0.07 g; Figure 3A) between the two treatments and the average survival was
10.1 ± 1.6% and 9.2 ± 1.2% for LW and EW, respectively (Figure 3B).
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There were no significant differences (p < 0.185) in bodyweight during tagging at
190 dph between the two treatments with juveniles from EW averaging 23.9 g (SD = 0.68)
and LW averaging 25.1 g (SD = 3.2) (Figure 4A). No significant differences (p < 0.71) were
found in occurrence of skeletal deformities of fish from EW (10%) and LW (8.6%) at 190 dph
(Figure 4B).
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Figure 4. Average weight (A) and occurrence of skeletal deformities (B) of Atlantic cod juveniles
from EW and LW at 190 dph. Values are mean ± SD.

At 30 months, adult cod from LW were significantly heavier than the adult cod from
EW (p < 0.012). During this time cod from LW were 2.48 ± 0.17 kg, while fish from EW
were 2.01 ± 0.07 kg (Figure 5A). However, no significant differences were found in the
survival of cod during the sea cage phase (p < 0.13) with EW cod showing 74.67 ± 8.3%
and LW cod showing 85.3 ± 5.0% (Figure 5B).

The cost analysis for Artemia production is shown in Table 3. Our calculations indicate
that the production cost of Artemia nauplii to produce 1.125 million 25 g cod juveniles will
be USD 26,240, including labour, capital, and energy cost. Capital and running cost for
rotifer is not included because both weaning methods require rotifer, thus the cost will be
similar. The number of rotifers used in early and late weaning were 206 and 186 million,
respectively and this cost difference was negligible and was not included in the calculations.
Similarly, the weaning diet cost was also not included because both LW and EW protocols
used the same diet and similar amount. The profit analysis of stocking sea cages with LW
juvenile cod in comparison to stocking EW juveniles is shown in Table 4. With an average
of 0.47 kg difference between adult cod from EW and LW at 30 months post-hatch and with
80% survival in the sea cages (our data) and a gate price of USD 4 per kg round weight, the
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difference in profit margin for using juveniles from LW for cage farming would be USD
1.665 million.
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Table 3. Production cost of Artemia nauplii to produce 1.125 million cod juveniles with an assumption
of 15% survival of cod larvae from hatching to 25 g juveniles.

Categories

Number of Artemia needed (billion) 1.9
Number of Artemia cysts in 1 kg (million) 320
Amount of Artemia cyst needed (kg) 65
Price of Artemia cyst (USD/kg) 96
Total cost of Artemia cyst (USD) 6240
Artemia enrichment cost (USD) 3000
Artemia capital cost (tanks, equipments, energy, etc.; USD) 10,000
Total Artemia cost (USD) 19,240
Labour cost (2 persons for 1 month; USD) 7000
Total Artemia Production cost (USD) 26,240
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Table 4. Estimated profit of using LW protocol in comparison to EW protocol. It is assumed that the
survival of the cod juveniles to adult will be 80% in sea cages as shown in our results.

Categories

Average weight (kg) of adult cod from LW 2.48
Average weight (kg) of adult cod from EW 2.01
Average difference in weight (kg) 0.47
Number of fish at slaughter (80% survival) 900,000
Total weight gain using LW (kg) 423,000
Estimated gate price of the cod (USD) 4
Total price gain using LW (USD) 1,692,000
Total profit (minus Artemia production cost; USD) 1,665,760

4. Discussion

Larvae raised using the LW protocol using Artemia nauplii were significantly heavier at
65 dph and had a greater harvest weight compared to the larvae raised using EW protocol.
The major goal of weaning early is to reduce the dependency on live feed for marine finfish
larviculture (in Atlantic cod [6,8,22]; in Halibut [7]). Most of these above-mentioned studies
were mainly aiming to remove the Artemia nauplii from the diet of the larvae. While all
these studies were successful in reducing or eliminating the Artemia nauplii from the larval
diet, there were consequences of the reduction/elimination in Artemia nauplii with the
larvae showing suppressed growth and/or survival [6–8,22,28,29].

Bonaldo, Parma, Badiani, Serratore, Gatta [9] reported comparable survival and proper
metamorphosis but lower growth in common sole (Solea solea L.) when sole larvae were
weaned early at 13 dph. Early weaning, however, gave better tank hygiene in their study.
Mata-Sotres, Lazo, Baron-Sevilla [30] reported better growth but lower survival in to-
toaba (Totoaba macdonaldi) larvae in an early weaning regime compared to late weaning.
However, the authors indicated that higher cannibalism in the early weaning tanks was
responsible for the low survival. Similarly, Nhu, Dierckens, Nguyen, Hoang, Le, Tran, Nys,
Sorgeloos [31] reported better growth, but not survival, of cobia (Rachycentron canadum)
larvae in early weaning compared to late weaning larvae while Nguyen, Reinertsen, Wold,
Tran, Kjørsvik [32] reported reduced growth, survival rate, and gut maturation index in
early weaned cobia larvae. Nhu, Dierckens, Nguyen, Hoang, Le, Tran, Nys, Sorgeloos [31]
did not mention any cannibalism but cobia is a fast-growing cannibalistic species. Canni-
balistic fish are, in general, larger, and selectively prey on smaller fish. Further, cannibalistic
fish grow larger as they consume the smaller tank mates [33,34]. Thus, size selective mor-
tality could be the reason for the better growth in early weaning groups. So, in Mata-Sotres,
Lazo, Baron-Sevilla [30] study, the higher growth rate could have been caused by a combi-
nation of selective mortality of smaller fish and the better nutritious food that larger fish
received through eating smaller fish.

In our study, we employed a co-feeding strategy in both EW and LW treatments,
where the dry feed was introduced in small amounts to the larvae just before each live feed
feeding, so that they would become familiar with dry feed during the weaning process.
Further, this would also slowly induce gut and digestive enzyme development [35]. We
did not evaluate the success of the co-feeding in the current study; however, co-feeding
strategy, in general, provided better growth and survival in many finfish larvae (in sole
Solea senegalensis [35]; in Atlantic cod [20,22]). Pousão-Ferreira, Santos, Carvalho, Morais,
Narciso [36] showed that early weaning of gilthead seabream (Sparus aurata L.) larvae
resulted in lower growth and survival and concluded that complete replacement of live
feed is not possible with currently available microdiets. As in our study, they have also
suggested using combinations of microdiet and live prey and employing late weaning.

Studies have shown that early weaning impairs the development of internal gut
structures (brush border cells, microvilli, etc.) and digestive enzymes which subsequently
affects the growth, survival, and quality of the juveniles (in seabass [37]; in southern
flounder Paralichthys lethostigma [28]; in common sole [29]; in yellowtail kingfish Seriola
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lalandi [38]). Ma, Qin, Hutchinson, Chen, Song [38] suggested that timing of weaning
is important for proper development of digestive enzymes and early weaning would
affect growth and survival in yellowtail kingfish. Parma, Bonaldo, Massi, Yúfera, Martínez-
Rodríguez, Gatta [29] showed that early weaning of common sole larvae would significantly
affect the ontogeny of enzyme development and associated gene expression profiles, which
subsequently reduced the growth and survival. Faulk, Holt [28] reported decreased growth
and higher incidence of deformities in southern flounder along with reduced digestive
enzyme activities and absence of gastric digestion. We did not see any significant differences
in skeletal deformities of juveniles from EW and LW treatments. Guerreiro, de Vareilles,
Pousão-Ferreira, Rodrigues, Dinis, Ribeiro [39] in white seabream (Diplodus sargus) larvae,
reported lower growth and initial low enzyme activity but early maturation of brush border
cells. They also reported that the enzyme activities restored at later larval stages [39], but
long-term effects of these delays and lost growth opportunities are not known. In our study,
we did not investigate the enzyme activities. However, most of the published data on early
weaning indicates reduced enzyme activities in larval fish and subsequent reduction on
growth, survival, and quality.

Studies have suggested that including Artemia nauplii in the feed improved growth
and survival through increase the production of bombesin in gilthead seabream, S. aurata,
larvae [40–42] and in seabass, Dicentrarchus labrax, larvae [2]. Bombesin is a pituitary
neuropeptide hormone similar to gastrin releasing peptide which is produced in the
digestive system [43]. Thomdyke, Holmgren [44] reported the presence of bombesin in the
adult stages of Atlantic cod and rainbow trout, Oncohynchus mykiss. In mammals, bombesin
influences digestion by activating the peristaltic movement of the gut and the release of HCl
as well as increasing blood circulation to the gut wall [45]. Kolkovski, Koven, Tandler [40]
showed that production of bombesin was increased threefold in gilthead seabream larvae
that were fed exclusively with Artemia nauplii compared to the larvae fed only microdiet.
Hansen, Puvanendran, Jøstensen, Falk-Petersen [20] showed that Atlantic cod larvae co-fed
with Artemia nauplii and a microdiet had better growth and increased gut length and
foregut villus circumference compared to larvae fed with rotifers and microdiet. Similarly,
Curnow, King, Partridge, Kolkovski [46] showed that use of Artemia nauplii with microdiet
improved the growth and survival of barramundi (Lates calcarifer Bloch) larvae. In our
study, cod larvae in the LW treatment were fed with Artemia nauplii while larvae in the EW
were not. Although an increased presence of bombesin in larvae fed with Artemia nauplii
and in Atlantic cod adults has been shown by studies [40,44], and their role in digestion is
explained [43,44], the direct involvement of bombesin in growth and/or long-term effects
of Artemia (bombesin) nauplii on growth has not been established.

Two studies involving Atlantic cod larvae that were fed with copepods and rotifers
showed the importance of optimal live feed during the early larval stage which affected the
performance of the late juvenile [47] and adult [48] growth performance. Koedijk, Folkvord,
Foss, Pittman, Stefansson, Handeland, Imsland [47] showed that there is a critical period
at 22 dph in cod larval development and larvae require more nutritious feed than rotifers
beyond this stage. They suggested starting weaning beyond 22 dph (similar to EW in
our study) to satisfy the nutritional requirement of cod larvae. In our study, EW resulted
in no major differences in growth in cod juveniles compared to LW juveniles at 190 dph;
however, a major difference in growth was evident between adult cod from EW and LW at
30 months post-hatch. As in our study, both studies did not examine the effects of different
live feed on the digestive enzymes and peptide hormone. However, both studies support
our finding that optimal live feed during the early larval stages could have a long-term
effect on the growth of Atlantic cod.

In our study, the FAA in enriched rotifers was significantly lower compared to enriched
Artemia nauplii (Table 2). However, studies have shown that starving or unenriched Artemia
have lower levels of FAA compared to rotifers while Artemia enriched with algae has higher
FAA [49]. Artemia catabolizes the FAA and fatty acids at much faster rates than rotifers [50].
In our study, the Artemia and rotifers were kept at 4 ◦C until they were fed to the cod
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larvae and this lower storage temperature minimizes the catabolism of the nutrients [4].
Studies have shown that different FAAs promote the growth of the fish larvae and juveniles
through digestive enzyme modulation, osmotic regulation, and the maintenance of acid-
base balance ([51] and references therein). Thus, the significantly higher FAA levels in
enriched Artemia in our study could have been one of the reasons for the enhanced the
performance of the larvae in LW compared to the larvae in EW.

Taurine is a simple free amino acid (β-AA) and important for cysteinesulfinate de-
carboxylase (CSD) and cysteine dioxygenase (CDO) activity in fish [52]. These enzymes
promote growth in several teleosts [52], such as Japanese flounder [53], red sea bream [54],
and yellowtail [55]. Although most marine fish species have high levels of taurine, they
cannot naturally synthesize it [53]. Thus, it needs to be present or incorporated into the
feed of the marine finfish. Our results showed that enriched Artemia nauplii had three times
more taurine compared to enriched rotifers and similar results were reported by Aragão,
Conceição, Dinis, Fyhn [49]. Other studies showed copepods have more taurine compared
to Artemia and rotifers [56]. In our study, larvae from EW treatments received only rotifers
as live feed, while larvae from LW treatments received both rotifers and Artemia. Thus,
larvae from LW received higher amounts of taurine during the critical period (22 dph and
beyond, [47]), which would have provided the boost for an improved growth.

Considerable progress in the development of formulated larval feeds and feeding
protocols has been made over the past decades, with the goal to reduce the dependency
on live feed for marine finfish larviculture. However, most marine finfish still require
live feed for better quality, growth, and survival. In our study, our initial focus was to
determine if we could eliminate the Artemia nauplii from the feeding protocol of Atlantic
cod larvae without affecting the growth. Although it seems to be possible at juvenile stage
(no significant difference in growth at this stage), growth in sea cages showed a significant
difference in weight between the adults from the EW and LW treatments. A crude analysis
of the cost effectiveness of both methods revealed that cod farmers may lose a substantial
income (USD 1.665 million per million slaughtered cod) if they use EW juveniles instead of
LW juveniles. A similar cost estimation for Artemia production cost was also presented by
Sutherland [57] in his proposal for economic potential for production of Atlantic cod.

5. Conclusions

While the development of weaning microdiets needs to be continued until it meets
the nutritional and physical property requirements of the developing larvae, our results
showed that removing Artemia from the diet of Atlantic cod larvae and producing cod
juveniles with an early weaning regime will affect the long-term growth and significantly
reduce the slaughter weight. From a scientific point of view, the mechanisms behind these
growth differences should be understood and more focus should be given to understand
the role of bombesin and taurine. Based on our results, we recommend using a late weaning
method for cod larvae until better enrichment products and protocols for rotifers and better
weaning diet for larvae are developed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes8060312/s1, Table S1: Detailed feeding table of Atlantic
cod larvae from start feeding to end of weaning using late weaning strategy. Rotifer numbers are in
million and dry feed amount is in grams. Table S2: Detailed feeding table of Atlantic cod larvae from
start feeding to end of weaning using early weaning strategy. Rotifer numbers are in million and dry
feed amount is in grams.
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