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Abstract

Salmon louse (Lepeophtheirus salmonis) continues to be one of the greatest challenges
hampering the expansion of Norwegian salmon aquaculture, negatively affecting
production, fish welfare, and wild salmon populations. The efficiency of chemical and non-
medicinal delousing methods has decreased due to the ability of salmon louse to adapt and
develop resistances. Cleaner fish, which can feed on this ectoparasite, have been proposed
as a suitable alternative to traditional delousing. Among cleaner fish, ballan wrasse (Labrus
bergylta) is the most robust and efficient salmon louse grazer. However, it is less farmed
than other cleaner fish species, such as lumpfish (Cyclopterus lumpus). This incongruity

can be explained by the problems associated with the rearing of ballan wrasse.

One of the main challenges associated with ballan wrasse farming is feed intake and
nutrition during early larval stages, with lipids being one of the most important nutrients.
Like other marine pelagic fish species, ballan wrasse larvae are little developed and small
after hatch, and they rely on live feeds. The most extended feeding regimes for larval
ballan wrasse consist of rotifers followed by brine shrimp (Artemia sp.), both enriched in
lipids. However, these diets are not optimal, as demonstrated by the high mortalities,
incidence of deformities, and poor growth and development observed in larvae fed on
rotifers and Artemia. A novel live feed available in the market is copepods, which are part
of the natural diet of larval ballan wrasse, and their nutritional composition is thus
considered appropriate. The use of copepods in marine fish larvae improves survival,
development, stress tolerance, and growth. Cirripeds are also part of the natural diet of
ballan wrasse and are now commercially available as cryopreserved cirriped nauplii. In the
present work, copepods and cirripeds were evaluated as substitutes for rotifers and
Artemia in ballan wrasse. Four different diets were supplied from the onset of the
exogenous feeding phase (4 days post hatch, DPH) until weaning to formulated dry feed,
consisting of either rotifers or rotifer-replacers (copepods or experimental small cirripeds)
from 4 to 18 DPH, followed by either Artemia or Artemia-replacers (cryopreserved large

cirripeds) from 18 to 32 DPH. Survival, growth, and lipid composition were evaluated.

The results of the present study show that the first feeding diet affects the survival, growth,
and lipid composition of ballan wrasse early-stage larvae. The results confirm A. tonsa as
a suitable first feed for ballan wrasse leading to higher survival and better growth and
development than rotifers. We found that cirripeds are a favorable alternative to Artemia
and that the lipid composition of the diet impacts that of the larvae. The findings in the
present work also indicate that DHA levels in the diet are only directly correlated with DHA
content in ballan wrasse larvae for some types of diets (not Artemia) and that higher

DHA/EPA ratios in the feed are correlated with higher standard growth rate.



Sammendrag

Lakselus (Lepeophtheirus salmonis) utgjgr en av de stgrste utfordringene for utvidelsen av
norsk lakseoppdrett, og pavirker produksjonen, fiskevelferden og villaksbestandene
negativt. Effektiviteten til badde kjemiske og ikke-medisinske avlusingsmetoder har blitt
redusert pd grunn av lakselusens evne til 3 tilpasse seg og utvikle resistens. Rensefisk har
blitt foresldtt som et egnet alternativ til tradisjonell avlusing. Blant rensefisk er berggylt
(Labrus berggylta) den mest robuste og effektive. Imidlertid er berggylt mindre oppdrettet
enn andre rensefiskarter, som rognkjeks (Cyclopterus lumpus), noe som kan forklares med

utfordringene knyttet til oppdrett av berggylt.

En av hovedutfordringene ved berggylt-oppdrett er féropptak og ernzering i tidlige
larvestadier, hvor lipider er et av de viktigste naeringsstoffene. Som andre marine pelagiske
fiskearter er berggyltlarver sma og lite utviklede etter klekking, og de er avhengige av
levende for. De mest utbredte féringsregimene for berggyltlarver inkluderer rotatorier
etterfulgt av Artemia sp., begge anriket med lipider. Imidlertid er disse diettene ikke
optimale, noe som resulterer i hgy dgdelighet, deformiteter og darlig vekst og utvikling
hos larver som blir matet med rotatorier og Artemia. Et nytt levende fér som nd er
tilgjengelig pa markedet, er copepoder. Copepoder er en naturlig del av berggyltlarvenes
kosthold, og deres ernzeringsmessige sammensetning anses som passende. Bruk av
copepoder i marine fiskelarver forbedrer overlevelse, utvikling, stresstoleranse og vekst.
Cirripedia (rurnauplier) er ogsa en del av berggylts naturlige kosthold og er nd kommersielt
tilgjengelige som kryokonserverte rurnauplier. I dette arbeidet ble copepoder og
rurnauplier evaluert som erstatninger for rotatorier og Artemia i berggylt-oppdrett. Studien
omfattet fire ulike dietter gitt til berggyltlarver fra begynnelsen av den eksogene
foringsfasen (4 dager etter klekking, DPH) til avvenning med formulert tgrrfér. De ulike
diettene besto av rotatorier eller rotatorier-erstattere (copepoder eller eksperimentelle
sm& rurnauplier) fra 4 til 18 DPH, etterfulgt av Artemia eller Artemia-erstattere

(kryopreserverte store rurnauplier) fra 18 til 32 DPH.

Resultatene viser at den fgrste féringen har stor innvirkning pa overlevelse, vekst og
lipidsammensetning hos berggyltlarver. A. tonsa (copepod) ble bekreftet som et passende
forstefor for berggylt, da det fgrte til hgyere overlevelse og bedre vekst sammenlignet med
rotatorier. Vi fant ogsd at rurnauplier er et gunstig alternativ til Artemia, og at
lipidsammensetningen i dietten pavirker larvenes egen sammentsetning. Funnene
indikerer ogsa at DHA-nivaer i foret kun har en direkte korrelasjon med DHA-innholdet i
berggyltlarver for visse typer for (ikke Artemia). Videre er et hgyere DHA/EPA-forhold i
foret assosiert med bedre standardvekst hos larvene. Dette arbeidet gir verdifull innsikt i

foringspraksis for berggyltlarver og kan bidra til 8 optimalisere oppdrettet av denne arten.
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1 Introduction

1.1 Norwegian salmon aquaculture and its challenges

Aquaculture, which can be defined as the farming of aquatic organisms, including fish,
mollusks, crustaceans, and aquatic plants, is the world's fastest growing food sector
(Afewerki et al., 2022; Bostock et al., 2010; FAO, 2022; Tidwell & Allan, 2001; Troell et
al., 2014; Verdegem et al., 2023). Production in the European region is led by Norway,
which is also the second world’s largest exporter of aquatic animal products and a key
player in mariculture of finfish species in sea cages, especially Atlantic salmon (Salmo
salar) (FAO, 2022; Naylor et al., 2021).

NORWAY
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25 — N
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3 20 O
| o
04 1- 15 W
= 05 10
‘ 5
0 0
2000 2005 2010 2015 2020
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Figure 1.1. Contribution of aquaculture to total fisheries and aquaculture production
(excluding algae) by region, 2000-2020. Panel focusing on Norway. Modified from (FAO,
2022).

The history of Norwegian aquaculture began in the 1950s. The introduction of sea pens in
the 1970s and further developments in genetics, fish health, juvenile production, feed and
primary fish processing have catapulted salmon farming in Norway, making this sector one
of the most important and representative of the Norwegian economy (Afewerki et al.,
2022; Bjgrndal & Tusvik, 2019; Johansen et al., 2019; Moe Fgre et al., 2022; @vrebg et
al., 2022). Atlantic salmon aquaculture has been one of the fastest growing economic
sectors in Norway in the past decades, with a value increase of more than 50 NOK billion
from 1998 to 2018 (Statistisk sentralbyrd (SSB), 2019a, 2019b). The production volume
of Norwegian salmon exceeded 1.5 million tons in 2022, which represents a 1.5-fold
increase from 2002 (Fiskeridirektoratet, 2022; Olaussen, 2018). The expected future

trends for Norwegian aquaculture indicate that further increase is possible, and the industry
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intends to grow by a factor of five by 2050 (Olafsen et al., 2012; Tveteras et al., 2019).
However, despite the goals of the industry, the expansion of salmon farming in Norway
has stagnated in the past years due to important challenges, such as environmental
pollution, escapes of salmon, and the parasite salmon louse (Naylor et al., 2005; Taranger
et al., 2015). Salmon Ilouse and its well-documented increasing resistance to
chemotherapeutants constitutes the most persistent problem challenging global salmonid
aquaculture (Fjgrtoft et al., 2020; Aaen et al., 2015)

1.2 The fight against salmon lice

One of the main challenges hampering the growth of Norwegian aquaculture is the
stenohaline caligid copepod salmon louse (Lepeophtheirus salmonis), an ectoparasite first
described as early as the XVIII century. Its life cycle comprises several stages, including
non-feeding planktonic larvae, infective planktonic copepodites, immature chalimi
embedded on the host skin, and mobile pre-adults and adults that can change position
freely over the host (Pike & Wadsworth, 1999; Torrissen et al., 2013).

Salmon louse affects salmonids (genera Salmo, Oncorhynchus, and Salvelinus) in seawater
and occurs naturally with a circumpolar distribution in the Northern Hemisphere, also in
the absence of intensive salmon aquaculture (Torrissen et al., 2013). However, the high
densities of suitable host fish in sea cages favor the growth and transmission of this
parasite (Jackson et al., 2018; Olaussen, 2018; Pike & Wadsworth, 1999; Torrissen et al.,
2013). Salmon louse feeds on blood, mucus, skin, and tissue, causing physical and
biochemical damage in the form of wounds and risk of secondary infections,
osmoregulatory imbalance, increased stress, and immunosuppression (Brooker et al.,
2018). The damage caused by this parasite comes with important associated economic
costs, biomass losses, fish welfare concerns, as well as conservational worries because of
the effects of increased densities of this parasite on wild salmonids (Abolofia et al., 2017;
Erkinharju et al., 2020; Groner et al., 2016; Krkosek et al., 2007; Torrissen et al., 2013).
In Norway, regulations have been put in place to control infestations, legally mandate
treatment, and govern the possibilities of expansion of salmon aquaculture in areas heavily
affected by salmon lice (Bailey & Eggereide, 2020; Geitung et al., 2020; Heuch et al.,
2005). Although remarkable progress has been achieved in diagnostics, treatment, and
management of affected areas, sea lice continue to be a recalcitrant problem (Stentiford
et al., 2017).

Different treatments have been developed to try to control salmon lice, known as
delousing methods. Delousing methods range from chemical to non-medicinal. Some
chemotherapeutics that have been in use include pyrethrin/pyrethroid compounds,

organophosphates, avermectines, benzoylphenyl ureas, and one oxidizing agent (hydrogen
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peroxide) (Roth, 2000). On the other hand, the non-medicinal methods include mechanical
treatments (brushes or water jets, such as hydrolicer), thermal treatments (e.g.
thermolicer), structural innovations in the sea cages, use of freshwater, feed additives,
selective breeding, light modification, vaccines, and passive lice control using laser
technology, among others (Afewerki et al., 2022; Barrett et al., 2020; Bergheim, 2012;
Brooker et al., 2018; Dempster et al., 2009; Erkinharju et al., 2020; Hevrgy et al., 2003;
Jackson et al., 2018; Torrissen et al., 2013). However, although there is a variety of
delousing methods, several of them have experienced decreased efficacy due to the
great capacity of sea louse to develop resistances, adapt, and evolve towards increased
early fecundity and earlier reproduction (Mennerat et al., 2010; Torrissen et al., 2013).
Some of the medicinal treatments can bioaccumulate, threatening the environment and
affecting wild fauna that was not the intended target, for instance, wild crustaceans that
are close to salmon net-pens (Hamre, Nordgreen, et al., 2013). Furthermore, many of the
non-medicinal treatments pose a threat to the health and welfare of the fish, leading to
increased stress and mortality (Overton et al., 2019). Because of this, alternative methods
were desperately needed. In this regard, the use of cleaner fish has been introduced as a

biological salmon louse control method.

Cleaner fish are fish species that can use specialist feeding strategies to directly capture
and eat salmon louse from salmon while cohabitating with them in sea cages. Cleaner fish
have increasingly become one of the most important alternative delousing methods in
Norwegian salmon aquaculture, especially since 2010 and during the last decade (Brooker
et al., 2018; Fiskeridirektoratet, 2023). Five species of cleaner fish were utilized in Norway
in 2022: lumpfish (Cyclopterus lumpus Linnaeus, 1758) and four different species within
the wrasse family (order Labriformes, family Labridae), mainly ballan wrasse (Labrus
bergylta Ascanius, 1767), followed by goldsinny wrasse (Ctenolabrus rupestris Linnaeus
1758), corkwing wrasse (Symphodus melops Linnaeus, 1758) and rock cook (Centrolabrus
exoletus Linnaeus, 1758) (Fiskeridirektoratet, 2023; Skiftesvik et al., 2013). Of these four
species, only corkwing and ballan wrasse grow large enough to make them suitable cleaner
fish for salmon during their second year in the pens. Ballan wrasse is not only the largest
of the two, but also the most robust, fastest growing, and more efficient grazer than other
wrasses or lumpfish, which makes it the most valuable wrasse species for the aquaculture
industry (Kvenseth et al., 2003; Leclercq et al., 2014; Skiftesvik et al., 2013). Although
ballan wrasse is the most effective grazer of sea lice, the most prevalent cleaner fish
species in Norway in 2022 was in fact lumpfish. This apparent incongruity is largely due to
the difficulties associated with farming of ballan wrasse, especially when it comes to
broodstock management and rearing of early larval stages (Brooker et al., 2018), as well
as other factors like the ability of lumpfish to continue feeding at lower temperatures

(Powell et al., 2017). New research is needed to implement practices that can improve the
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quality, growth, and survival of farmed ballan wrasse, and early-stage larval nutrition is a

field with considerable room for improvement.

The biology, physiology, and ecology of ballan wrasse, as well as its particularities and

challenges as a farmed species, are explored in the following section.
1.3 Biological delousing: ballan wrasse

1.3.1 Ecological, biological, and physiological aspects of L. bergylta

The Labridae family comprises species that inhabit marine rocky reefs and kelp beds in
coastlines of the Pacific, Atlantic, and Indian oceans (Dipper et al., 1977; Villegas-Rios et
al., 2013). Ballan wrasse in particular can be found in the north-east Atlantic Ocean,
ranging from the south of Norway to Morocco (Quignard & Pras, 1986). The etymology of
the name of this family of fishes derives from the Latin term /abrum, meaning “lip”, due to
the aspect of their pharyngeal region. The different wrasse species present distinct
morphologies and color patterns and also share some common traits (Quignard & Pras,
1986; Sayer & Treasurer, 1996). Wrasses can feed on prey with hard shells, such as
crustaceans, thanks to their strong teeth, protractile mouths, and protruding thick lips
(Erkinharju et al., 2020).

L. bergylta is a diurnal and territorial fish (Villegas-Rios et al., 2013). As a protogynous
hermaphrodite, ballan wrasse develops as an immature female, subsequently maturing as
a female and then, in some cases, changing sex to a mature male (Godwin, 2019). The
natural spawning window for ballan wrasse ranges from April to June, although it can be
further extended artificially in captivity (Grant et al., 2016). Puberty occurs at
approximately 6 years of age for females and 12 for males, and some individuals surpass
longevities of 20-25 years (Dipper et al., 1977; Espeland et al., 2010; Halvorsen et al.,
2020). Adults are relatively stationary and display high site fidelity (Espeland et al., 2010;
Villegas-Rios et al., 2013). L. bergylta is a predominantly carnivorous fish, and its diet as
an adult includes primarily invertebrates such as decapods and other crustaceans, bivalve
mollusks, as well as echinoderms, algae, and gastropods, the two latter in lower quantities
(Deady & Fives, 2009).

The first report of parasite cleaning activity in wrasses was published in the early 1970s
(Potts, 1973), a finding that was subsequently confirmed in field observations (Hilldén,
1981). The first laboratory trials with wrasses as a cleaner fish took place by the end of
the 1980s. Later, field experiments in sea cages commenced (Bjordal, 1988; Espeland et
al., 2010; Skiftesvik et al., 2013; Torrissen et al., 2013). In 2009, Marine Harvest Labrus

(Naturgassparken, @ygarden, Norway) kickstarted large-scale production of L. bergyilta in
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Norway (Hansen et al., 2013). From, 2010, the use of cleaner fish as a biological non-

medicinal method for delousing has expanded rapidly (Faust et al., 2018).

1.3.2 Ballan wrasse as a farmed cleaner fish species

Up until around 2011, all wrasses deployed in salmon pens as cleaner fish were wild-caught
(Brooker et al., 2018). Out of the wrasse species that are most suitable to be used as
cleaner fish, L. bergylta is the least abundant in nature (Skiftesvik et al., 2013; Skiftesvik
et al., 2015). The increased demand for cleaner fish and the necessity of the industry to
become self-sufficient and independent from wild stocks has fueled the incorporation of
ballan wrasse into the repertoire of farmed cleaner fish (Brooker et al., 2018; Kousoulaki
et al., 2015; Kousoulaki et al., 2021). Ballan wrasse and lumpfish are currently the only
cleaner fish species farmed in Norway (Fiskeridirektoratet, 2023; Halvorsen et al., 2020).
Ballan wrasse, despite being the most robust and efficient salmon louse grazer, continues
to be less farmed, and therefore less used, than lumpfish (Fiskeridirektoratet, 2023). This
can be explained by the challenges associated with the rearing of ballan wrasse (Kousoulaki
et al., 2015). A study has shown that farmed ballan wrasse can be equally effective as a
cleaner fish as its wild counterpart, even with no prior contact with salmon or salmon lice
(Skiftesvik et al., 2013), but improvements are needed in order to make ballan wrasse

farming sustainable and more efficient.

Broodstock management is challenging in the case of ballan wrasse due to their special
physiology and life cycle, which includes a long generation time, a highly skewed sex ratio,
and complex hierarchy and mating systems. These aspects determine that, currently,

hatchery production is still based on wild-caught broodstock (Brooker et al., 2018).

The deployment size is reached after approximately 18 months, when fish is typically at
least 40-50 g, to prevent escapes from the salmon sea cages (Helland et al., 2014).
Temperature is an important parameter that determines the deployment window. Ballan
wrasse prefers temperate waters, has reduced activity below 10 °C and enters torpor below
6 °C (Geitung et al., 2020; Kottmann et al., 2023; Morel et al., 2013; Yuen et al., 2019).
Lower temperatures also negatively impact welfare and lead to increased stress (Kottmann
et al., 2023). This is in contrast with lumpfish, which has different habits and behavior and
favors lower temperatures. A combined deployment strategy where both lumpfish and
ballan wrasse are used in the pens may therefore be more beneficial than only employing

one of these species (Brooker et al., 2018).

The low salmon lice densities that are desirable and required in a salmon sea cage are not
enough to sustain a population of cleaner fish, and supplying them with additional feed is
critical to ensure the health and welfare of ballan wrasse (Leclercq et al., 2015; Skiftesvik

et al., 2013). Ballan wrasse deployed in sea cages is not only exposed to nutritional
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challenges but also bacterial, fungal, parasitic, and viral infectious diseases (Brooker et al.,
2018). There are also increasing welfare concerns around cleaner fish used in salmon
net-pens (Brooker et al., 2018; Kottmann et al., 2023; Powell et al., 2017) and a series of
operational and laboratory-based welfare indicators have recently been proposed for ballan
wrasse (Noble et al., 2019).

One of the main technical and biological challenges in ballan wrasse aquaculture is poor
performance during the first larval stages, where high mortality, reduced growth rate, and
deformities are common. Poor nutrition and feed intake are important causes of low
performance (Evjemo et al., 2003; Hansen et al., 2013; Kousoulaki et al., 2015; Lall &
Lewis-McCrea, 2007). The first stages of development are a very vulnerable time for many
marine pelagic fish larvae, which are small and little developed. For them to survive and
develop correctly, fish larvae require specific biotic and abiotic conditions (Brooker et al.,
2018; Hamre, Yufera, et al., 2013). Moreover, the nutritional quality of the feeds during
larval stages follows the fish along its life and determines their growth and development,
tolerance to stress, and survival (Kjgrsvik et al., 2014). Although the field of larval nutrition
for ballan wrasse is progressing rapidly, there are still major knowledge gaps when it comes
to the environmental, nutritional, and biological requirements of this species (Brooker et
al., 2018). The state of the art of larval nutrition in ballan wrasse aquaculture, with a

special focus on lipidic nutrients, is summarized in the following section.

1.4 Larval rearing of ballan wrasse and the importance of the
diet

During ontogenesis, marine fish larvae undergo intense changes in morphology and

physiology, such as metamorphosis, requiring specific nutritional requirements that may

differ qualitatively and quantitatively from their juvenile and adult counterparts. For

instance, the requirements of certain essential fatty acids are higher in the early stages

(Izquierdo, 1996; Sargent et al., 1997). The diet must also support the dramatic growth

rates observed in many species during larval stages (Hamre, Yufera, et al., 2013).

The digestive system of ballan wrasse is an undifferentiated tube without a stomach and
pyloric caeca, and the fish remains agastric as an adult. Furthermore, during larval stages,
the production of digestive enzymes is low (Gagnat, 2012; Hansen et al., 2013). These
physiological particularities determine that the start feeding diet must include free amino

acids, short-chain peptides, and an appropriate lipid profile (Hansen et al., 2013).

The current standard start feeding diet in ballan wrasse hatcheries consists of a two-month
live feed period, starting with n-3 highly unsaturated fatty acids (HUFA)-enriched rotifers
from the onset of the exogenous feeding phase until 25-30 days post hatch (DPH), and

continuing with n-3 HUFA-enriched nauplii of brine shrimp (Artemia sp.) (Brooker et al.,

20



2018; Hamre et al., 2008; Sargent et al., 2003). At around 70-90 DPH, after the initial live
feed period, larvae are weaned to formulated feeds (Brooker et al., 2018). Rotifers and
Artemia are easy to cultivate in a larval rearing facility and can be relatively affordable.
However, their nutritional composition differs from that of the natural diet of ballan wrasse
larvae in the wild (Sargent et al., 2003; Qie et al., 2015). This may be one of the causes
behind the high mortality, deficient growth, and presence of deformities that are commonly
observed during intensive farming of ballan wrasse larvae (Gagnat et al., 2016; Kjgrsvik
et al., 2014). A major part of the diet of marine fish larvae in their natural habitat is
zooplankton, such as copepods, which are considered an optimal live first feed for marine
fish larvae (Stgttrup, 2000; van der Meeren et al., 2014). In this regard, previous studies
have explored copepods as live start feed for marine fish larval stages, finding that this
improved the survivability, growth, development, and pigmentation of the larvae (Evjemo
et al., 2003; Gagnat, 2012; Gagnat et al., 2016; Karlsen et al., 2015; Liu & Xu, 2009;
Romundstad, 2015; Rgnnestad et al., 1998; Stavrakaki, 2013; van der Meeren et al,,
2014; Qie et al., 2015). Positive long-term effects of using copepods as a first feeding live
feed have been demonstrated even when they were provided for short periods (Qie et al.,
2015). Copepods present high amounts of protein, n-3 fatty acids in the polar lipid fraction,
microminerals, and certain vitamins, although their composition may vary with factors such
as farming technique and environment, species, feed, and geographical area of harvest or

cultivation, among others (Hamre, Ylfera, et al., 2013).

Nutritional analyses have indicated differences between rotifers, which can be considered
the industry standard, and zooplankton when it comes to amino acids such as taurine,
peptides, vitamins, and minerals like Se, as well as fatty acid composition. Copepods are
naturally rich in essential n-3 and n-6 HUFAs, mainly integrated in their phospholipids,
which are crucial for correct development, growth, fish welfare, and quality (Bell et al.,
2003; Li et al., 2015; Rgnnestad et al., 1998; Rgnnestad et al., 2013; van der Meeren et
al., 2008). These differences might explain the improved overall performance when

copepods are used instead of rotifers (Maehre et al., 2013).

Copepods produced in intensive aquaculture regimes have become available in the market
in the past years (CFEED, 2023). Regarding the safety of the use of industrially farmed
copepods as live start feed for marine fish larvae, studies have shown that cultures of the
copepod Acartia tonsa have good microbial water quality, low abundance of bacteria, and
no indication of pathogens (Rong et al., 2022). Furthermore, other zooplankton species
could be explored and added to the live feed portfolio. On this matter, cirripeds (barnacles)
also constitute part of the diet of larval stages of ballan wrasse in the wild and could be
therefore an interesting alternative that has not been thoroughly evaluated yet (Dipper et

al., 1977). Cryopreserved planktonic crustaceans in the subclass Cirripedia also have
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become commercially available in the past years (Planktonic, 2023), but have not been

thoroughly evaluated as a first feeding diet for larval stages of ballan wrasse to this date.

Although zooplankton is a promising live feed alternative for early larval stages of ballan
wrasse, more in-depth studies are needed. Feeding regimes must be further explored so
that they can be optimized for intensive larval rearing, and the implications of the
nutritional composition of these novel live feeds must be better understood (Dhont et al.,
2013).

Concerning the characterization of novel live feed sources for marine fish larvae, one of
the most critical nutrient groups is lipids. Lipids are required by fast-growing larvae as
structural components and as an energy source for growth and development (Hansen et
al., 2013; Sargent et al., 1997; Watanabe et al., 1983).

1.4.1 Lipid and fatty acid requirements in fish larval first feeding diets

1.4.1.1 Lipids

Lipids can be classified into eight categories: fatty acyls, sterol lipids, prenol lipids,
saccharolipids, sphingolipids, polyketides, glycerolipids, and glycerophospholipids (Fahy et
al., 2005). Furthermore, the chemical characteristics and polarity of lipids allow us to
classify them into two fractions: neutral lipids and polar lipids. The neutral lipid class
consists predominantly of storage lipids that function as a main source of energy, with
examples such as triacylglycerides (TAGs) (glycerolipids), colesteryl esters (CEs), wax
esters (Wes; fatty acyls) and terpenes (prenol lipids). The polar fraction, on the other hand,
includes glycerophospholipids (often referred to as phospholipids (PL)) and sphingolipids,
among others (Fahy et al., 2005; Sargent et al., 2003).

PL are important nutrients for fish during their whole life, especially at larval stages, where
they carry out a plethora of functions. Being amphipathic molecules, PL have a structural
function as central components of the cell membrane bilayers. PL are important for lipid
digestion, absorption, and transport from the intestine to other parts of the body. On this
matter, they enable the transport of hydrophobic lipids, such as TAGs, in aqueous
environments, and they play a role in lipid digestion, creating intra-luminal mixed micelles
together with dietary lipids and bile salts (Cahu et al., 2009; Izquierdo & Koven, 2011;
Izquierdo et al., 2000; Olsen & Ringg, 1997; Rgnnestad et al., 2013; Tocher, 1995; Tocher
et al., 2008). Apart from their structural function in biomembranes and tissues such as the
eye and brain, PL also play a role in the post-transcriptional regulation of proteins, as a
messenger molecule and as a precursor for biologically active mediators (Rgnnestad et al.,
2013; Sargent et al., 2003; Tocher, 1995; Tocher et al., 2008). Although TAGs are the
primary lipid class for energy storage and provision, PL can also serve as an energy source,

and this is particularly important in embryonic and early larval development in fish species
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without a large oil globule in their eggs (PL-rich eggs), such as ballan wrasse (Salze et al.,
2005; Tocher et al., 2008; Wiegand, 1996). Most marine fish larvae have limited
biosynthetic capacity to synthesize PL de novo, which makes them essential nutrients that
need to be supplemented with the diet (Cahu et al., 2009; Coutteau et al., 1997; Izquierdo
& Koven, 2011).

1.4.1.2 Fatty acids

Fatty acids are carboxylic acids with saturated or unsaturated aliphatic chains. They can
be classified into four categories depending on the length of the chain: short-chain fatty
acids (<C6), medium-chain fatty acids (C6-C12), long-chain fatty acids (C13-C21), and
very-long-chain fatty acids (=C22) (Chiu & Kuo, 2020). Fish larvae require fatty acids for
adequate growth and development. Among the most important fatty acids are the essential
long-chain polyunsaturated fatty acids (PUFAs) eicosapentaenoic acid (EPA, 20:5n-3),
docosahexaenoic acid (DHA, 22:6n-3) and arachidonic acid (ARA, 20:4n-6). Long-chain
PUFAs have crucial functions in processes such as regulation of membrane fluidity,
synthesis of physiologically active substances, development of neural and sensorial tissue,
behavior, pigmentation (in flatfish), as well as modulation of genes, stress, and the
immune system. DHA plays an especially important role as a component of PL in
biomembranes, facilitating intermembrane processes and reactions. ARA is one of the main
precursors for the synthesis of eicosanoids, which are local hormones that regulate a
variety of pathways and cascades in the cells. EPA is also a competitive precursor with ARA
for the synthesis of eicosanoids (Bell et al., 1995; Bell et al., 1986; Benitez-Santana et al.,
2007; Carvalho et al., 2019; Etayo et al., 2021; Gagnat et al., 2016; Ganga et al., 2011;
Izquierdo & Koven, 2011; Mourente & Tocher, 1992; Sargent, McEvoy, et al., 1999). These
three long-chain PUFAs are similar chemically, which leads to competitive physiological and
biochemical interactions between them, their precursors, and their products. Hence, both
the quantity, the relative proportion of each fatty acid and their distribution between
neutral and polar lipid classes should be considered during the study of fish larval nutrition
(Coutteau et al., 1997; Izquierdo et al., 2000; Jin et al., 2017; Olsen et al., 1991,; Sargent,
Bell, et al., 1999; Sargent, McEvoy, et al., 1999). Dietary DHA/EPA ratios of 2:1, and
dietary EPA/ARA ratios of 3.5 to 5:1 (generally, closer to 4:1) have been proposed as
adequate for larval nutrition since they are the proportions commonly found in many
marine species (Hamre, Yufera, et al., 2013; Izquierdo & Koven, 2011; Sargent et al.,
1997).

The nutritional requirements and relative importance of each fatty acid for marine fish
larvae differ between species (Coutteau et al., 1997; Dantagnan et al., 2010). The lipid
composition of the diet must not only be adapted to the species of interest but also to the

age of the larvae and the degree of development of their digestive system (Izquierdo &
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Koven, 2011; Izquierdo et al., 2000; Akio Kanazawa, 1993; Rgnnestad et al., 2013).
Furthermore, abiotic and biotic factors such as temperature, salinity, and interactions with
other nutrients such as vitamins or antioxidants, can also impact the requirements for

essential fatty acids (Hamre, Ylufera, et al., 2013).

As mentioned above, when evaluating the fatty acid composition of a feed, it is important
to also consider in which lipid class the fatty acids are found, since this affects their
digestion and incorporation. Several studies have reported better survival, growth, and
organ development when feeding diets containing long-chain PUFAs in the PL class, versus
the NL class (Gagnat, 2012; Gisbert et al., 2005; Hamre, Nordgreen, et al., 2013;
Izquierdo et al., 2000; Kjgrsvik et al., 2009; Wold et al., 2009). The natural prey that is
preferred by marine fish larvae, such as copepods, have a much higher content of n-3
HUFA in the PL fraction than the two main live feeds used for marine fish larval farming:
enriched rotifers and Artemia (Evjemo et al., 2003; Li et al., 2015; Sargent, McEvoy, et
al., 1999; van der Meeren et al., 2008). Rotifers and Artemia have instead high amounts
of a-linolenic acid (ALA, 18:3n—-3) and, in less amounts, linoleic acid (LA, 18:2n-6), and
must therefore be enriched with n-3 HUFAs to make them suitable for first feeding diets
(Sargent, McEvoy, et al., 1999; Sargent et al., 2003). The fatty acid composition has been
shown to differ between wild and cultured ballan wrasse, as well as among farmed fish
reared on different feeds, which points to the diet as an important factor influencing fatty

acid distribution in individuals of this species (Hamre, Nordgreen, et al., 2013).

1.5 Aims and hypotheses

The use of ballan wrasse as a cleaner fish is expanding and has experienced a growing
interest in the last decade. The increase in the demand for ballan wrasse has determined
that aquaculture practices needed to be developed to increase the availability of individuals
to be deployed in sea cages, as well as to become independent from the natural populations
of this species. Although remarkable progress has been achieved in ballan wrasse farming,
some important bottlenecks need to be addressed. On this matter, rearing of early larval
stages continues to be one of the most challenging production stages, where high
mortality, reduced growth rate, and deformities are common. Among the main fields to

explore and improve in larval farming of ballan wrasse is nutrition.

This master thesis aimed to study how different types of novel live feed diets supplied at
the beginning of the exogenous nutritional phase affect the survival, development, and
nutritional lipid composition of ballan wrasse larvae. Said effects were studied by
applying analytical MS-based methods to explore the lipid and fatty acid composition of
both the feeds and larvae, as well as monitoring growth and survival along a start feeding

experiment.
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Based on previous studies pointing to the benefits of using copepods as a live start feed
for marine fish larvae (Evjemo et al., 2003; Gagnat, 2012; Gagnat et al., 2016; Karlsen et
al., 2015; Liu & Xu, 2009; Romundstad, 2015; Rgnnestad et al., 1998; Stavrakaki, 2013;
@ie et al., 2015), as well as considering the natural diet of ballan wrasse larvae in the wild
(Dhont et al., 2013; Dipper et al., 1977), four live start feeding diets were included in the
present work: i) a control treatment or “industry standard regime”, corresponding to an
initial phase feeding enriched rotifers, followed by Artemia; ii) a copepod regime, consisting
on copepods of two different sizes during the first feeding period, followed by Artemia; iii)
experimental cirriped diet, with two sizes of cirripeds and iv) copepod/Cirripedia regime,

using two sizes of copepods, followed by cirripeds.
The master thesis work was centered on exploring the following hypotheses:

- Hypothesis 1 (Hi1): Larvae fed on copepods and Cirripedia will have better growth
and development than those fed the industrial standard live feed (rotifers and
Artemia).

- Hypothesis 2 (H2): Larvae fed on copepods and Cirripedia will have a higher omega-
3 fatty acid content than those fed on rotifers and Artemia.

- Hypothesis 3 (Hs3): The lipid composition of the start feeding diets will influence and

be reflected in the lipid composition of ballan wrasse larvae.

The results of this work are important in the context of sustainable and productive ballan
wrasse aquaculture, and they are expected to positively impact the current early larval
stage farming of this marine fish species. Increasing the knowledge around how the lipid
composition of fish larval feed impacts the survival, development, and composition will
contribute to optimizing the aquaculture efforts towards cleaner fish of higher
sustainability, welfare, quality, and performance as a control mechanism against salmon

lice.

The present master thesis was carried out as part of the FHF #901561 project “Startrens
- Optimalisert produksjon av Rensefisk”, work package 2, focused on start feeding of ballan
wrasse (FHF- Fiskeri- og havbruksnaeringens forskningsfinansiering, 2022; Hagemann et
al., 2022). As part of the Startrens project, other master theses have studied
complementary aspects of the impact of live start feeding diets on ballan wrasse larvae,

namely gut and liver histology (Aase, 2022) and microbiota (Rosvoll, 2022).
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2 Materials and methods

The experimental work presented in this study was carried out at the Norwegian University
of Science and Technology (NTNU) Centre for Fisheries and Aquaculture (SealLab), CodTech
fish larval rearing laboratory (National Animal Experimental Facility No. 154), in Trondheim
(Norway). The laboratory work was conducted according to the EU Directive 2010/63/EU
for animal experiments and the Animal Welfare Act of 20th December 1974, amended 19th
June 2009. The experiment was approved by the Norwegian Food Safety Authority, with
project approval FOTS ID 23022.

2.1 Origin of the larvae, reception, and rearing conditions

Newly hatched larvae were provided via air transport by Mowi Rensefisk in Stord (Norway),
obtained from photoperiod-manipulated wild-caught broodstock, after incubation of the
eggs at 11 °C. Ballan wrasse larvae (N= approx. 736 000) were received on the 215t of
February 2020, at 19:00. Larvae corresponded to two hatches: i) the night from 19%
February to 20t™ February 2020 (four bags), and ii) the night from 20t to 21t February
2020 (six bags). Larvae were hence 0 and 1 days post hatch (DPH) at reception. Each bag
contained 20 L and the number of larvae per bag was approximately similar (4.6 larvae
mL1). The transport was carried out in oxygen-supersaturated plastic bags containing
approximately 34 ppm seawater, stored in styrofoam boxes to minimize temperature
changes. The water parameters in the bags were measured at reception with a ProDSS
Multiparameter Digital Water Quality Meter (YSI, USA).

The larvae were acclimated to the new water conditions throughout 2 h, by placing the
closed bags in two water tanks and progressively transferring water into the bags. The
tanks contained filtered seawater thermostatically controlled at 12 °C. Acclimatized larvae
were stocked in one water tank per hatch date and allowed to rest for 30 min so that dead
larvae would sink to the bottom. Dead larvae were collected by siphoning them out from
the bottom of the tanks and subsequently counted. Survival during transport was
estimated based on the dead larval counts and live larvae counts from 5 sub-samples of
150 mL from each tank. Survival during transport was calculated to be 36% for the 1 DPH
larvae and 40% for the 0 DPH, respectively. The total estimated surviving larvae before
distributing between the tanks were 281 650.

The surviving larvae were distributed from the two acclimation tanks to a total of
twelve 200 L tanks (Kunststoff-Spranger GMBH, Germany), transferring equal proportions

of each of the two hatches to each tank. The tanks included an air hose fixed to the bottom
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of a central pipe supplying mild aeration. A central outlet pipe allowed the removal of small
debris and organic matter without letting the fish exit the tanks, thanks to a mesh sieve.
The mesh sieve sizes were adapted to ensure a pore diameter smaller than the smaller
dimension of the larvae, from 64 to 700 um (Figure 2.1, Table 2.1). The stocking density
was approximately 19 716 larvae per tank (corresponding to ~ 100 larvae L1). The transfer
of the larvae to their respective tanks was completed at 00:15. Larvae were kept in the
dark and without food supply from the reception day until the beginning of the start feeding
experiment at 4 DPH. Water parameters were also measured during these days and tanks
were cleaned, minimizing disturbing the larvae as much as possible. Dead larvae were

removed for survival calculations.

Flowmeter ¢

Water inlet = 4

Peristaltic
pump for
Cleaning arm M delivery of
stationary feed
Water outlet P
with mesh ¢

sieve

Figure 2.1. Detail of the different elements in one of the rearing tanks.

From day 4 DPH and until the end of the experiment, the setup was constantly illuminated
(photoperiod of 24:0) with dimmed light to facilitate feeding behavior, using LED light
tubes (FlexTube SC 4000 K of 75 W, Vanpee AS, Norway). Light intensity was increased
from 100 to 300 lumen from 4 DPH for 10 days and kept at 300 lumen from 14 DPH until

the end of the experiment.

The conditions in the tanks were as follows: 0.2 L min'! water flow, gradually increasing
until 1 L min™! at day 32, when weaning to formulated diets started; temperature 12 °C,
increasing progressively until reaching 16 °C t day 23, then maintained at 16 ° until the
end of the experiment; water exchange from 2 to 8 tank volumes per day over the first 33
days, then maintained constant; gentle aeration using bubbling from the bottom of the
tank (Table 2.1). Aeration was adjusted so it was not so high that it disturbed the small

and fragile larvae, but that it ensured that the live feed stayed in suspension available for
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the larvae, as well as enough access to oxygen in the tank. Tanks were filled with
approximately 200 L of seawater collected from 40 m deep in the Trondheim fjord. This
water was continuously degassed to avoid nitrogen supersaturation, filtered through a sand
filter and 1 um filter, and thermostatically controlled at 12 °C before its use. Water
parameters (Temperature (°C), dissolved oxygen (DO; % saturation), salinity (ppt), pH,
turbidity (formazin nephelometric unit, FNU)) were recorded daily in all the tanks using a
ProDSS Multiparameter Digital Water Quality Meter (YSI, USA).

Accumulated organic matter, dead feed organisms, and larvae, as well as feces, were
removed every morning using cleaning arms integrated into the systems, which were
allowed to rotate for 20 mins at speed 2, which resulted in several full rotations.
Subsequently, the accumulated debris was siphoned from the bottom of the tank. Dead
larvae recovered from the tanks after cleaning were recovered and counted for survival

calculations at given time points.

2.2 Experimental procedures for the start feeding experiment

The effects of four live feed regimes on ballan wrasse larvae were studied by means of a
start feeding experiment performed between February and April 2020. The start feeding
experiment was carried out for 48 days, from the onset of the exogenous feeding phase

until completion of weaning to formulated diets.

Four different start feeding regimes were tested, labeled in this thesis as “Rotifer-Artemia”,
“Copepod-Artemia”, “Experimental cirriped” and “Copepod-cirriped”. Diets were evaluated
in triplicates (3 tanks per diet, amounting to a total of 12 tanks). The treatments were
randomly assigned to the tanks using the random number function of MS Excel (Figure
2.2).

Industry standard

Copepods
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Figure 2.2. Schematic representation of the randomized distribution of the tanks, and
overview of the CodTech fish larval rearing laboratory. The color-coded tanks indicate the
corresponding diet: Rotifer-Artemia (Industry standard), Copepod-Artemia (Copepods),
Experimental cirriped (Experimental cirripeds) and Copepod-cirripeds (Mix).
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Table 2.1. Summary and overview of the start feeding experiment, including the feeding periods, description of the feeds supplied during
the four studied feeding regimes, as well as sampling times for biometry, survival, and lipid analyses. Diets: Rotifer-Artemia (Rot-Art, industry
standard, used as a control); Copepod-Artemia (Cop-Art); Experimental cirriped diet (ExpCir) and Copepod-cirriped (Cop-cir).

1%t live feed period Transition 2" live feed period Weaning Formulated dry feed
4-17 DPH 18-22 DPH 23-31 DPH 32-36 DPH 37-48 DPH
Days pOSt hatCh o < n ) ~ oe) o) o — o mM < n (] ~ oo} (o)} o — o (5] < n O ~ o<} (o)) o — o ™M < wn O ~ ool (o)) o — o o™ < n O ~N o]
~ oe) o ™ ) o (a1 I"e] @ o O o wn o n o n o n o o) o o) <t o O o~ @ < o O o @ < o o) o~ [o0) < o O o~ @ < o O
Day degrees Al Flelnolo | BN 3|SSESRINIQSRRRB|A QSR RAFF TS| RF|IB|BH|RS|S|S|8|8]B8|R|R
Water ot_ltlet sieve 6a 350 200
mesh size (pm)
Temperature (°C) 12 13 | 14 15 16
Water exchange 200 400 600 800
(% /day)
Enriched rotifers Formulated dry feed
Rot-Art - A ]
‘ Enriched Artemia
c
L)
— Copepods, n1-n3 Copepods, n4-n6 Formulated dry feed
o Cop-Art - - -
5 ‘ Enriched Artemia
3
9 . Experimental cirripeds, small Formulated dry feed
- ExpCir - 0
E ‘ Cirripeds, large
1]
C . Copepods, n1-n3 Copepods, n4-n6 Formulated dry feed
op-cir - —
| Cirripeds, large
Days pOSt hatCh o < n o) ~ 0 o) o ~— o~ ™ < wn o) ~ @ (e} o — o~ ™ < n O ~ @ (o)} o — o ™M < n O ~ 0 (o)) o — o (3l < n O ~ o]
(DPH) — — — — — — — — — — o o o o~ o~ o o o~ o o~ ™M (2] ™M ™ ™ (a2} (a2} (a2} (a2 (3] < < < < < < < < <
c Dry weight X X X X X X X X
%_ Standard length X X X X X X X X
2 Survival X | X X
Tg. Lipid composition X X X X X X X X
] Live feed: lipid Rotifers, small Large cirripeds, Formulated dry
()] o . 1 copepods, exp. Large copepods T
composition,dry weight small cirripeds Artemia feed
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All diets included three defined periods adapted to the developmental stage of the animals
and their mouth size. The first period corresponded to smaller live feed prey (4-18 DPH),
the second period to larger live feed prey (18-32 DPH) and the last period consisted of
commercial formulated dry feed in all four diets (32-48 DPH). The introduction of new food
items was done progressively to ensure a smooth transition, by mixing the old feed with
the new feed and maintaining an overlap period for several days, as shown in Table 2.1.

The composition of each of the four studied diets is described in detail below:

1. Rotifer-Artemia regime. This diet can be considered the industry standard and
was used as a control. The regime included a first period where enriched rotifers
(Brachionus plicatilis) were administered at an increasing density of 3-12 organisms
mL! day!, distributed in three doses day. The second period consisted of enriched
Artemia salina nauplii, given at 3-9 individuals mL! day "! densities, also in three
doses day!. For the third period, larvae were weaned to commercial formulated dry
feed, namely Gemma Micro 150 (150 pm particle size; Skretting, Norway), Gemma
Micro 300 (300 pm particle size; Skretting, Norway), and AgloNorse Extra 2 (200-
300 um particle size; Tromsg Fiskeindustri AS, Norway), supplied ad libitum with
an automated feeder. Larvae received 12 doses of 0.4 g day'. The three commercial
diets were distributed as follows: 50:50 Gemma Micro 150 and AgloNorse Extra 2
(32-37 DPH); 25:25:50 Gemma Micro 150, Gemma Micro 300 and AgloNorse Extra
2 (37-42 DPH); 50:50 Gemma Micro 300 and AgloNorse Extra 2 (42-48 DPH).

2. Copepod-Artemia regime. The live feed during the first period was nauplii (n1-n6)
of the calanoid copepod species Acartia tonsa, followed by Artemia. The supplied
densities were 10-20 individuals of A. tonsa mL? day!, divided into three doses
day’!, and similar densities of Artemia as in the Rotifer-Artemia regime. The third
period was as indicated for the Rotifer-Artemia diet.

3. Copepod-cirriped regime. In this diet, the first period consisted of nauplii (n1-n6)
of the calanoid copepod A. tonsa, followed by a second period with the cirriped
species Semibalanus balanoides (naupliar stages n1-n2; CryoPlanktonlLarge,
Planktonic AS, Norway). The densities of A. tonsa were those indicated in the
Copepod-Artemia diet. CryoPlanktonLarge for the second period was supplied at
increasing densities of 6-12 organisms mL™! day!. The third period was as indicated
for the Rotifer-Artemia diet.

4. Experimental cirriped regime. A combination of cirripeds of different sizes were
fed in this diet. In the first feeding period, cryopreserved experimental small
cirripeds (approximately 1:1 naupliar stages n1-n2 of Balanus crenatus and Balanus
balanus) were fed, at a density of 20 individuals mL-*day'. B. crenatus nauplii were
267 £ 18.8 um long and 154 + 26 pm wide, while those of B. balanus were 339
21.8 ym long and 194 + 22.9 ym wide (average length + standard deviation after
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70 measurements). During the second period, CryoPlanktonLarge, large
cryopreserved cirripeds (naupliar stages n1-n2 of S. balanoides) were supplied at a
similar density as indicated for the Copepod-cirriped diet. The third period was as

indicated for the Rotifer-Artemia diet.
2.2.1 Cultivation and preparation of live feeds

2.2.1.1 Green water and algae cultures

The phytoplankton species utilized for the green water technique (Estévez et al., 2019;
Neori, 2011; Palmer et al., 2007; Papandroulakis et al., 2001) were Nannochloropsis sp.
(Eustigmatophyceae: Monodopsidaceae) Frozen Paste (BlueBioTech Gmbh, Germany),
added to the tanks for a daily concentration of 6 mg C L' day!, and Rhodomonas baltica
(clone NIVA 5/91: Cryptophyceae: Pyrenomonadales), at a concentration of 30 000 cells
mL! (corresponding to 1 mg C L day?). Both algal species were administered in 3 doses

day.

R. baltica was cultivated semi-continuously in the experimental facilities, according to
protocols developed by SINTEF Plankton Centre (Malzahn et al., 2022). Cultivation was
performed in 100 L acrylic cylinders, employing filtered water from the Trondheim fjord
disinfected by chlorination, and neutralized with sodium thiosulfate. The water was
fertilized with Conwy medium (Walne, 1970), continuously illuminated by fluorescent light
tubes (photoperiod of 24:0, light intensity 150 ymol m= s at cylinder surface), and
supplied with 1-2% CO:2 enriched air. Density and cell growth of R. baltica were measured

using a Multisizer 4e Coulter Counter (Beckmann Coulter, USA).

2.2.1.2 First period live feeds (small feeds)

Rotifers (Brachionus plicatilis) were grown semi-continuously at the SINTEF Plankton
Centre in 100-L conical tanks with heavily aerated brackish water maintained at 20-22 °C.
Rotifers were fed with a 3:1 mix of fresh bakers’ yeast (Saccharomyces cerevisiae. REMA
1000, Norway) and rotifer diet (Instant algae; Reed Mariculture, USA). Before supplying
the rotifers to the larvae, they were lipid enriched with 0.15 g LARVIVA Multigain dry
formula enrichment diet (BioMar, Norway) per million rotifers, for 2 h at 24 °C. After the
enrichment, rotifers were washed and either directly fed to the larvae or stored at 4 °C for

a maximum of 16 h for later feedings on the same day.

Copepod eggs and naupliar stages of the calanoid copepod species A. tonsa were provided
by CFEED AS (Norway). From 4 to 10 DPH, ballan wrasse larvae received nauplii n1-n3,
produced at SINTEF Plankton Centre by hatching eggs in 100-L conical tanks containing
heavily aerated seawater at 22 °C for 24 h. Newly hatched copepods were fed with 10 L of

R. baltica (approx. 1.5 million cells mL1). Aeration was stopped before harvesting to allow
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debris particles, feces, and exoskeletons to settle, after which the first 5 L were drained
and discarded. From 10 to 22 DPH, ballan wrasse larvae were fed with nauplii n4-n6,
supplied directly by CFEED in 1000-L IBC containers.

The pre-commercial experimental small cirriped diet (Planktonic AS, Norway) consisted of

a 1:1 mixture of B. crenatus and B. balanus nauplii n1-n2. The diet came as cryopreserved
pellets which were thawed onsite in cold seawater for several minutes upon arrival,
followed by a 5-min rinsing step in a sieve with running sea water. Cirripeds were placed
in aerated sea water at 4 °C for 6 h to allow them to revitalize. Cirripeds were supplied to
the tanks from heavily aerated 5-L containers, using peristaltic pumps (Kronos 50; Seko,

USA), over 4 h, followed by a 4-h pause, three times a day.

2.2.1.3 Second period live feeds (large feeds)

Artemia metal ion-coated cysts (A. salina; EG SepArt 225; INVE, Belgium) were prepared
and handled according to the protocols from the supplier. In short, cysts were allowed to
hatch for 24 h in 60-L conical tanks with heavily aerated sea water at 25-28 °C. Hatched
nauplii were separated from the cyst shells using a magnetic separator (INVE, Belgium),
rinsed in seawater, and transferred to a new 60-L enrichment tank with similar conditions
to a density of 500 individuals mLt. For lipid enrichment, 1 g LARVIVA Multigain (BioMar)
was supplied per million of Artemia nauplii. Another dose of the dry formula enrichment
diet was added after 18 h. 6 h later, enriched Artemia nauplii were rinsed and concentrated
for direct use, or they were chilled and stored at 4 °C for a maximum of 16 h for later

feedings on the same day.

Large cirripeds (CryoPlanktonLarge; Planktonic AS) were evaluated as a replacer for

Artemia in the Experimental cirriped and the Copepod-cirriped diets. The diet was thawed,
rinsed, revitalized, and supplied similarly to what was previously described for the

experimental small cirriped diet.

2.3 Sampling of larvae and feed for analyses

Larvae were randomly harvested for dry weight, standard length, and lipid analyses at
eight sampling points corresponding to the start and end of the experiment, as well as
every time a new type of feed was introduced in the diet (days 4, 12, 18, 23, 37, 42 and
48 DPH), as illustrated in Table 2.1. Samples were always retrieved in the morning before
the new type of feed was introduced in the first feeding of the day. The number of larvae

sampled for each analysis is summarized in Table 2.2.
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Table 2.2. Number (N) of larvae sampled per tank for each type of analysis and time point.
The actual number of larvae sampled was lower in some cases, due to larval mortality at late time
points in some feeding regimes. The actual numbers of larvae sampled are indicated in the Results
section of the corresponding analyses and in Appendices 1 and 3.

Days post hatch (DPH)
Type of analysis 4 12 18 23 32 37 42 48
Dry weight 10 10 10 10 10 10 10 10
Standard length 10 10 10 10 10 10 10 10
Fatty acids 50 50 25-40 15-30 15-30 15-30 15-30 15-30
Lipidomics 50 50 25-40 15-30 15-30 15-30 15-30 15-30

The different live feed and commercial formulated dry feed were also sampled for lipid

analyses once per day for five consecutive days.

2.3.1 Growth parameters: dry weight and standard length

For growth studies, larvae were randomly collected (N=10 per sampling point and tank),
by carefully scooping out the fish in a plastic beaker and immediately anesthetizing and
euthanizing in 500 mg L-1 tricaine methanesulfonate (MS-222 Finquel®; Agent Chemical
Laboratories Inc., USA). Euthanized larvae were rinsed with fresh deionized water and

quickly preserved at -20 °C until analysis.

A calibrated research stereomicroscope system was used to image thawed frozen larvae

(Olympus SZX10, Japan), and standard length was measured using the software package

Infinity Analyze (Teledyne Lumenera, Canada). The standard length values were obtained
by measuring from the tip of the larval upper lip to the end of the notochord in younger

larvae (pre-flexion), or to the caudal peduncle (the root of the caudal fin) in older larvae

(post-flexion) (Figure 2.3).

Figure 2.3. Standard length measurement in ballan wrasse larvae at 32 DPH. Standard
length was measured from the tip of the upper lip until the end of the caudal peduncle.

Larvae imaged and measured for standard length were rinsed in distilled water and placed
in pre-weighed tin capsules for dry weight (DW) analysis. Larvae were dried at 60 °C for

48 h. Dry weight was calculated gravimetrically using a UMX2 ultra-microbalance (Mettler-
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Toledo, USA). Daily weight increase (%DWI) and specific growth rate (SGR) were
calculated for the distinct time points and feeding regimes using equations 2.1 and 2.2,
respectively (Ricker, 1958):

InW, — InW,
SGR = —— [2.1]

hh—t

where W; and W: are dry weight at time t1 and t2, respectively.

%DWI = (e5R — 1) * 100 [2.2]

2.3.2 Mortality

An approximate total of 500-900 larvae were removed from each tank during the
experiment, a number that corresponds to 2.5-5% of the larvae that were stocked at
0 DPH. The larvae collected for analyses were alive at the moment of sampling and must
therefore be accounted for when estimating mortality. The mortality estimations were
corrected for sampled larvae according to Kotani and collaborators (Kotani et al., 2011).
In short, this approach assumes that the mortality is constant during the experimental
duration and applies this correction to both sampled and non-sampled larvae, according to

equation 2.3.

Ne = e (Ny — Z Ny €™ [2.3]

where Nt is the number of larvae at time t, t is the rearing period in days, No is the initial
stocking density (number of larvae at t 0), m is the mortality coefficient, Nsn the number
of larvae that were sampled at the n™ sampling and dn the period until removal of nt
sample. The equation is thus based on an exponential decline of the population and also
includes a term that considers the theoretical mortality of the larvae that were sampled
(Nsn). The provisional mortality coefficient is calculated from initial and final larval stocking
numbers; then, the values for the natural mortality coefficient are substituted into the
formula with successive approximation. The coefficient most closely approximating the
actual survival is determined as the best fit natural mortality coefficient (Kotani et al.,
2011).

2.3.3 Lipid analyses

2.3.3.1 Sampling of larvae and live feed for lipid analyses
For lipid analysis, larvae were randomly collected from the tanks (n >50 for lipidomics and
n > 50 for fatty acid analyses, per tank, at the first sampling point. The number of collected

larvae was reduced with subsequent sampling points, to ensure similar biomass, as
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summarized in Table 2.2). Sampled larvae were anesthetized and euthanized with 500 mg
Lt MS222 as indicated for growth parameters. Subsequently, larvae were thoroughly
rinsed with water, followed by deionized water, before transferring them to cryotubes. Feed
and larval samples were immediately flushed with N2, snap frozen in liquid N2, and stored
at -80°C until analysis, to protect against degradation by enzymatic lipase activity (release
of free fatty acids from acyl lipids) and oxidation of carbon-carbon double bonds (Christie,
1984; Couturier et al., 2020; Rudy et al., 2016).

2.3.3.2 Fatty acid (FA) analyses

Sampling of larvae and feed was performed as indicated in section 2.3.2.1 and processing
and analysis were carried out as described elsewhere (Malzahn et al., 2022). FA were
studied through transmethylation to fatty acid methyl esters (FAMEs), rendering them
suitable for analysis with gas chromatography coupled with mass spectrometry with flame
ionization detection (GC-FID) (Chiu & Kuo, 2020). Before use, all glass material used in
the lipid extraction was soaked overnight in a 5% deconex 15PF bath, washed, rinsed with
deionized H20, and heated at 400 °C for 2 h.

Samples were freeze-dried and weighed in a UMX2 ultra-microbalance (Mettler-Toledo,
USA). The Folch protocol (Folch et al., 1957) is considered the “golden standard” for lipid
extraction from solid samples and was used in the present work, according to previously
published methods, with modifications (Iverson et al., 2001; Pati et al., 2016). In short,
10 mL 2:1 chloroform:methanol were added to freeze-dried larvae/feed, which were
subsequently homogenized using a blender with a stainless steel tip (IKA T-10 basic
ULTRA-TURRAX). Crude extracts were washed with 2.5 mL of a solution containing 0.88%
KCI. Phase separation was performed with the help of centrifugation for 3 min at 4000 rpm
and 4 °C. The lower phase (organic phase) was transferred with a glass pipette to a pre-
weighed clean Kimax 100x150 mm tube and dried under a gentle N2 stream. The total lipid
content was determined gravimetrically by weighing the dried lipid extract (second
weighting (mg)- pre-weight (mg) = total lipids in the sample (mg)). Total lipids were
resolved in 2:1 chloroform:methanol to a final stock concentration of 10 mg/mL. Samples
were spiked with an internal standard: tricosanoic acid (23:0) from NuChekPrep (Chiron,
Germany), a FA naturally present in mushrooms, and thus not interfering with FA analyses
in marine larvae and live feed. Next, the samples were methylated by the addition of 1 mL
chloroform and 2 mL 1% H2S04:MeOH and incubation for 16-18 h at 50°C. Two parallels
(technical replicates) were prepared of each sample. Lipophobic phase separation was
carried out by adding 6 mL isooctane and 5 mL saturated NaCl, followed by centrifugation
at 4000 rpm for 3 min at 4 °C. The upper phase (organic phase) was recovered and dried
under a gentle N2 stream. Finally, samples were reconstituted in 150 pL isooctane and

stored at -80°C until analysis.
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The analysis of FAMEs was performed according to the protocol described by Dauksas et
al. (Dauksas et al., 2005) with the following modifications. An Agilent Technologies 7890B
GC-FID equipped with a 7693A autosampler was used. The detector temperature was held
at 280 °C, and the flame was maintained with 30 mL/min H2 gas and 400 mL/min filtered
air. The chromatographic separation was performed using a CP-wax 52 CB, 25 m, 250 um
with i.d. 0.2 pm column (Agilent Technologies). Helium was used as the carrier gas at a
flow rate of 3 mL/min. GC inlets were held at 250 °C. The initial oven temperature was
maintained at 50 °C for 2 min and increased to 150 °C at 30 °C/min, after which the
temperature was further risen to 230 °C at 2.5 °C/min, followed by an increase to 240 °C
at 10 °C /min, and a 23 min final hold. Free FAMEs were identified through comparing their
RTs with those of a commercial standard mix submitted to identical chromatography
conditions. Quantification was based on a commercial standard mix (68D mix from
NuChekPrep, Chiron), using tricosanoic acid (C23:0, NuChekPrep, Chiron) as internal

standard.

2.3.3.3 Lipidomics analyses

Sampling of larvae and feed was performed as indicated in section 2.3.2.1. The first step
required before lipid analysis was lipid extraction from the sample (Pati et al., 2016; Saini
et al., 2021). Lipid extraction was performed using a high throughput method using
methyl-tert-butyl ether (MTBE), chloroform, and ceramic beads, according to Abbott et al.
(Abbott et al., 2013) with modifications. Samples were spiked with an internal standard
(SPLASH® 1II LIPIDOMIX® Mass Spec Standard, Avanti, Sigma) before extraction. Lipid
extraction was carried out for 1 h at room temperature, followed by the addition of 0.15 M
ammonium acetate (MTBE:methanol:0.15 M ammonium acetate 20:6:5). Then, samples
were incubated for 10 min and centrifuged at 4 000 rcf and 4 °C for 10 min. The upper
phase (organic phase) was transferred to a clean tube, dried under N2, resuspended in 500
ML CHCIs, and stored at -80 °C until analysis.

Samples in CHCIs were dried under N2 and re-dissolved in 100 yL acetonitrile:H20 (40:60)
containing 0.1% formic acid and 10 mM ammonium formate. The lipidomics analyses were
performed by Antonio Sarno at SINTEF Ocean analytical laboratory as described elsewhere
(Malzahn et al., 2022). In summary, samples were chromatographically separated by
injecting 5 YL per run into an Agilent 1260 UPLC instrument with a Waters Acquity CSH
C18 HPLC column (2.1 x 100 mm, 1.7 ym particle size) at 45°C, with a flow rate of 0.25
mL/min. The mobile phase consisted of a 60-min gradient of (A) acetonitrile:water (40:60)
and (B) isopropanol:acetonitrile (90:10), both with 10 mM ammonium formate and 0.1%
formic acid. Three injections were performed per sample to analyze three different sets of
lipids, respectively: i) phospholipids; ii) glycerides and free fatty acids, and iii)

sphingolipids. The UPLC instrument was coupled to a 4670 triple quadrupole mass
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spectrometer with an electrospray ion source (ESI). The data was acquired in multiple
reaction monitoring (MRM) mode with mass transitions obtained from the literature (Jouhet
et al., 2017; Takeda et al., 2018; Tsugawa et al., 2015; Woodfield et al., 2018; Xuan et
al., 2018). All MRMs were scanned on a sample of pooled lipid extract from different
sources to obtain retention times (RT), based on the observation that acyl chain length
increases and desaturation decreases with increased RT on a reverse phase column
(Bromke et al., 2015; Giavalisco et al., 2011). The Agilent MassHunter Quantitative
Analysis software package was used to analyze the data from LC-MS/MS runs. All peaks
were controlled for peak symmetry, minimum intensity, and RT drift. The response for
each mass transition was calculated using a surrogate standard curve elaborated using
different injection volumes of an exogenous standard comprising a small aliquot from each
sample. A regression curve was generated for each transition, using a R? cut-off of 0.7 as
an exclusion criterion. Furthermore, peak intensities were normalized to heavy isotope-
labelled standards of the same lipid class in each sample, to control for both extraction
efficiency and instrument response drift. Finally, signals were normalized to total sample

weight.

2.4 Statistical treatment and visualization of the data

Descriptive statistical parameters, including mean and standard deviation, as well as other
parameters such as SGR, %DWI, and mortality coefficients, were calculated in Microsoft
Office 365, Excel software (v. 2309, build 16.0.16827.20278) and GraphPad Prism 10.1.2.
Data visualization and statistical analyses were performed in GraphPad Prism 10.1.2.
Python with the libraries Matplotlib v3.7.1 (Hunter, 2007), Seaborn v.0.13.0 (Waskom,
2021), Pandas v.2.0.1, NumPy v.1.24.2 (Harris et al., 2020) and SciPy v.1.10.1 (Virtanen
et al., 2020) were used for calculations, data visualization and statistics for the lipid

correlations.

Before applying statistical analyses to the data sets, normality (Saphiro-Wilk’s test) and
homogeneity of the variance (Brown-Forsythe test) were assessed. Normality was also
assessed by evaluation of Q-Q plots representing the residuals after fitting a given model,
for instance, analysis of variance (ANOVA). Percentual data was arcsine square root
transformed when the values were only positive. A significance level of « = 0.05 was
employed to evaluate differences in group means and correlations. When the data had
normal distribution and homoscedastic variance, one-way ANOVA was applied, with
subsequent post hoc Tukey’s multiple comparisons test when significant differences were
detected by the ANOVA. When data was normally distributed but had heteroscedastic
variance, Welch’s ANOVA and post hoc Dunnett’s T3 test were used. Kruskal-Wallis test
(one-way ANOVA on ranks) followed by Dunn’s multiple comparisons test was used when

the data was not normally distributed. When comparing the means of only two groups with
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normally distributed data, unpaired t-test was used. For data that were not normally
distributed, two means were compared by the non-parametric unpaired Mann-Whitney
test. For the comparison of two means from parametric heteroscedastic distributions, the

unpaired Welch’s test was used.

Water environmental parameters along the duration of the experiment were statistically

assessed utilizing two-way ANOVA followed by Tukey’s multiple comparisons tests.

For evaluation of dry weight-length, fatty acid and lipidomics correlations, given that at
least one of the data sets in each analysis was not normally distributed, Spearman’s
correlations were run. Non-linear regression was performed for significant dry weight-
length correlations (p<0.05). Non-linear models were compared, and the best fit was
selected through extra sum of squares F test, selecting, when possible, the simpler model.
Differences in slopes of simple linear regression were evaluated using analysis of
covariance (ANCOVA).

The differences in average mortality coefficients between the different groups were

evaluated by ANOVA followed by Tukey’s multiple comparisons test.

Total lipids, fatty acids, and fatty acid groups in the live feeds were compared considering
the phase in which they were supplied to the fish (First phase: Rotifers, exp. cirripeds and
copepods; second phase: Artemia and cirripeds). As for the larvae, total lipids, fatty acids,
and fatty acid groups were compared considering groupings based on the last feed that
was supplied. MetaboAnalyst 6.0 (Pang et al., 2021) was used for unsupervised principal
component analysis (PCA) and hierarchical clustering of the lipid analysis, visualized in
heatmaps. Before PCA and hierarchical clustering, data was autoscaled (mean-centered
and divided by the square root of the standard deviation of each variable). Missing values
were replaced by 1/5 of minimum positive values of their corresponding variables (limit of
detection, LOD). Outliers (outside of the 95% confidence interval for each group) were
filtered out. In the case of lipidomics data, due to the big volume of data, further filtering
was performed as follows: features with a constant or single value across samples were
deleted; 10% of the features with lower variance based on interquartile range (IQR) were
removed (a total of 31 features) (Hackstadt & Hess, 2009). Sparse partial least squares
regression - discriminant analysis (sPLS-DA) was performed for lipidomics (Lé Cao et al.,
2011; Pang et al., 2021). For hierarchical clustering, the similarity measure was Euclidean
distance (defines which clusters are combined as the dendograms are being generated)
and the clustering algorithm was Ward’s linkage. Hierarchical clustering was visualized in
heatmaps. All features were kept for heatmaps displaying fatty acid composition, while
only the top 25 features with the highest differences according to a t-test or ANOVA (carried

out in MetaboAnalyst 6.0) were displayed for lipidomics data.
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3 Results

3.1 Stability and development of environmental conditions

along the experiment

The water parameters in the bags containing the newly hatched larvae were measured at
reception and daily during the 48 days of the start feeding experiment. No significant
differences were observed in the temperature, pH, and salinity measurements of the bags
received from the 20™ February hatch or 215t February hatch (Figure 3.1). The DO values
were significantly different between the two hatches, with marked supersaturation in the
bags from 20t February (DO > 250%) (paired Student’s t-test; p<0.05). More dead larvae

could be seen in the bags from the 215t hatch compared to the 20.
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Figure 3.1. Water parameters in the bags containing ballan wrasse larvae at reception.
Temperature (°C), pH (unitless), salinity (ppt) and DO (% saturation) are represented. The color of
the points indicates the hatch date. Significant differences (paired Student’s t-test; p < 0.05)
between hatches are denoted by asterisks.

The environmental conditions were similar between all tanks along the experiment, except
two days with significantly higher temperatures in two tanks of the Rotifer-Artemia diet
(tank 1 at 10 DPH, and 3 at 7 DPH), and one day with lower DO saturation in tank 3 of
the Rot-Art diet, at 42 DPH (Figure 3.2) (two-way ANOVA followed by Tukey’s multiple
comparisons test; p<0.0001). Temperature and DO values returned to levels close to the

other tanks on the next measured point.
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Figure 3.2. Water parameters in the tanks during the 48 days of the first feeding
experiment. Each point corresponds to one daily measurement per tank of temperature (panel A;
°C), DO (panel B; % saturation), salinity (panel C; ppt) ad pH (panel D; unitless). The color of the
points indicates the diet that was supplied (Experimental cirriped (ExpCir), Copepod-Artemia (Cop-
Art), Rotifer-Artemia (Rot-Art) and Copepod-cirriped (Cop-cir)). Three points with statistically
significantly different values (two-way ANOVA followed by Tukey’s multiple comparisons test; p <
0.0001) are highlighted with arrows and text in panels A and B.

3.2 Larval morphology, growth, and survival

3.2.1 Description of the external larval morphology

At reception (1-2 DPH), the external appearance of the larvae was markedly different
from that of juveniles or adult fish. Larvae were mostly transparent, elongated, and with
a relatively large head-to-body ratio. The yolk sac was ovoid and unsegmented, situated
ventrally in the abdomen (yolk sac larvae, lecithotrophic period). The finfold was
continuous and undifferentiated. The larvae were mostly floating around the surface and
relatively stationary, with sporadic sudden forward movements caused by tail contractions.

The eyes were relatively little developed and free of pigment. The mouth was undeveloped.
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Figure 3.3. Morphology and development of ballan wrasse larvae. The scale bar (1 mm)
applies to all the depicted fish. A) 4 DPH, ExpCir treatment; B) 18 DPH Cop-Art treatment; C) 32
DPH Cop-Art treatment; D) 48 DPH Cop-Art treatment. Feeding regimes: Experimental cirriped
(ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and Copepod-cirriped (Cop-cir). The
images are modified from originals taken by Anna Sigrid Norberg Aase.

At 4 DPH, the volume of the yolk sac was considerably reduced but was still identifiable.
The anus was observable, opening ventrally in the abdomen around 50% of the total length
of the larvae (midbody), between the pre- and postanal finfold. The gut could be observed
as a continuous tube. The otic capsule was visible dorsally, and the mouth appeared open
in some individuals, allowing for exogenous feeding ((/lecitho)exotrophic period), which was

expected to start around 7 DPH. The eyes were round, with black pigmentation, and were
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one of the most prominent macroscopic features of the larvae. Both the body and

notochord were still straight (Figure 3.3).

All the yolk was resorbed by 18 DPH. The notochord was surrounded by muscle and
continued to be straight, without any visible upward flexion, indicating that the larvae were
still at the preflexion stage. The gut was visible and appeared as a straight tube with a
larger anterior portion. External pigmentation was more apparent, with colors varying
based on the diet and individual and including ochres, yellows (typically in larvae fed on
copepods), and reds. No pigmentation was found in the lower jaw, snout, and caudal

region. Some of the photographed fish had a swim bladder filled with air (Figure 3.3).

At 32 DPH, the external pigmentation had increased and covered all the body, making
difficult the direct observation of the internal organs on the macroscope. Coloration
patterns were clearer and more defined (punctate, contracted melanophores). The tip of
the notochord and the posterior part of the urostyle were bent upwards. All fins (anal,
pelvic, pectoral, dorsal, and caudal) were developed, and caudal fin rays could be seen
separately from the dorsal fin rays in the margin of the finfold, indicating post-flexion
stage. The head-to-body ratio changed towards a less large head relative to the body
(Figure 3.3).

At 48 DPH, operculae were visibly formed. Fin rays were very clearly differentiated, and
the head and body were better developed. The external pigmentation was present in all
the body except for the urostyle region. Pigmentation made difficult the evaluation of the
aspect of the internal organs, although the gut appeared to have a coiled appearance
(Figure 3.3).

Some differences in development and appearance were observed between the different
regimes, with variation in larval size (sections 3.2.2 and 3.2.4) and morphology (data not

shown) between individuals of the same tank.

3.2.2 Dry weight (DW)

The DWs recorded for the first sampling point (4 DPH), before the start of the feeding
phase, did not show statistically significant differences between groups (p < 0.05). The
mean value calculated from all the tanks at 4 DPH was 34.0 = 2.0 pg larva (N= 40 larvae)
(Figure 3.4 and Appendix 1, Table Ala).

At 12 DPH, a decrease in the mean DW compared to 4 DPH was observed for three of the
four feeding regimes (Experimental cirriped, Copepod-Artemia, and Rotifer-Artemia),
which was compatible with the resorption of the yolk sac during the endogenous
(lecithotrophic) phase. Conversely, the DW at 12 DPH was significantly (p < 0.05) higher
for the Copepod-cirriped diet, remaining at values close to those observed at 4 DPH

(Appendix 1, Table Ala). DW mean values increased progressively from 12 to 37 DPH in
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all feeding regimes, although this increment was not equivalent for all the groups and

significant differences were present at each of the time points (Figure 3.4).

No feed 15t live feed Transition 2" live feed Weaning Formulated dry feed
1 : E | : a a
E : i i E baaab
s | e . bablaa
o | . baan {
= : : : : [ T E
e i T s T B {
! ! aiba ! :
S : : : E:T TR T
2 cabb | Tslfle |
£ | - Efl
] aaaa bbba E_'_ I EJ_
= 4 ry L | s
2 |em-¥ i L : ; :
a : T+ I | : | :
= . IAL s e | s ExpCir
2+ E E i 1 E B Cop-Art
e i e s e Rot-Ar
E : E i E ¥ Cop-cir
0 1 L 1 1 L 1 L] 1
4 12 18 23 32 37 42 48
Time (DPH)

Figure 3.4. Distribution and development of the dry weight of the larvae over time. Mean
values and SD are shown. Colors refer to the diet that was supplied (Experimental cirriped (ExpCir),
Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and Copepod-cirripeds (Cop-cir)). Dotted
vertical lines in the graph indicate the corresponding feeding period. The horizontal axis represents
sampling times as discrete variables, equally spaced independently of the number of days in between
points. Statistically significant differences (p<0.05) between feeding regimes are depicted by unequal
letters over each dot. No values are represented for the Rot-Art and ExpCir treatments at 48 DPH
due to lack of sampling because of high mortality. Values, statistical tests applied, and violin plots
representing the distribution of each group can be consulted in Appendix 1.

Significant differences were found between the Copepod-Artemia diet (blue color in Figure
3.4) and the Copepod-cirriped diet (red in Figure 3.4) at 12 DPH, which corresponds to the
first live feed period. ANCOVA was applied to evaluate the differences between slopes of a
linear regression fit describing the development of DW over time, finding no significant
differences between the two groups. On the other hand, Rotifer-Artemia and Experimental
cirriped were significantly (p < 0.05) different from the two diets that were started with

copepods.

The Experimental cirriped diet (green color in Figure 3.4) showed the lowest mean DW at

all time points from 12 DPH, and could not be sampled at 48 DPH due to high mortality.
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No significant increase in DW could be seen between 37 and 42 DPH. The last studied time-
point for this diet (42 DPH) had a very heterogeneous population, with a mean DW of 641.7
+ 729.8 ug larva™.

Besides the Experimental cirriped diet, no other significant differences in DW were seen
after weaning to formulated dry feed (37, 42, and 48 DPH) (Figure 3.4).

The DW mean values at 42 DPH were 641.7 £ 729.8 ug larva® (Experimental cirriped),
1406.6 + 494.7 ug larva™ (Copepod-Artemia), 1582.4 + 630.2 ug larva! (Rotifer-Artemia)
and 1078.6 + 545.8 ug larva™ (Copepod-cirriped). At 48 DPH, only the groups that had
received copepods at the first live feed period could be sampled due to high mortality in
the other tanks. The two groups that could be sampled at 48 DPH showed a mean DW of
2086.1 £ 1032.7 ug larva™ (Cop-Art) and 2357.0 = 1282.9 ug larva™ (Cop-cir).

3.2.3 Daily weight increase (DWI)

The daily weight increase (DWI) was calculated for each of the feeding periods (4-18 DPH:
first live feed; 18-32: second live feed; 32-42: formulated dry feed; 4-42: all periods
together) (Figure 3.5).

The largest differences were found during the first live feed period, where the Experimental
cirriped diet was the only group with negative DWI. As indicated before for DW, there were
statistical differences between both groups being fed on copepods during this period
(Copepod-Artemia and Copepod-cirriped). The first live feed period had the lowest DWI

values out of the whole experiment for all feeding regimes.

The largest DWI were observed during the second live feed period for all the diets,
subsequently decreasing at the formulated dry feed phase. The DWI calculated for all the
experiment was similar to the values obtained during this last period. No significant
differences in DWI were observed between the four diets during the second live feed period

and the formulated dry feed period.

The two groups that received Artemia during the second live feed phase (Copepod-Artemia
and Rotifer-Artemia) had the highest DWI values, which were significantly (p < 0.05) larger
than the next group (Copepod-cirriped). Copepod-cirriped showed, in turn, significantly (p
< 0.05) larger DWI than the Experimental cirripeds (Figure 3.5).
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Figure 3.5. Daily weight increase (DWI) during the experiment. DWI (%) is represented for
the first live feed period (4-18 DPH), second live feed period (18-32 DPH), formulated dry feed period
(32-42 DPH) and for all the mentioned periods altogether. Colors refer to the diet that was supplied
(Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and
Copepod-cirripeds (Cop-cir)). Statistically significant differences (p<0.05) between feeding regimes
are depicted by unequal letters over each bar plot. No values are represented from 48 DPH due to
lack of sampling because of high mortality in two of the groups (Rot-Art and ExpCir treatments).
Values can be consulted in Appendix 2.

3.2.4 Standard length (SL)

In line with what was observed for DW, no significant differences were found in the mean
standard length (SL) of the larvae at 4 DPH, before the introduction of the live feeds (Figure
3.6, Appendix 4). The mean SL for all the groups at 4 DPH was 4.33 £ 0.31 mm larva.

In general, larger differences in SL within the same group were observed as time
progressed, with more heterogeneity in the population of each group and larger relative
SD values, as shown in Figure 3.6. A progressive increase in mean SL was seen with time,
although said increment was not equivalent for all feeding regimes, and statistically
significant differences (p < 0.05) were present between at least some of the groups at

each of the time points (Figure 3.6).

The Copepod-Artemia treatment had significantly (p < 0.05) larger mean SL values during
the first live feed period (12 and 18 DPH) than the other feeding regimes, including

Copepod-cirriped, which had been receiving the same type of diet. This was in line with
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the differences observed in DW and DWI between these groups at early sampling points
(Figure 3.4 and Figure 3.5).
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Figure 3.6. Distribution and development of the standard length of the larvae over time.
Mean values and SD are shown. Colors refer to the diet that was supplied (Experimental cirriped
(ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and Copepod-cirripeds (Cop-cir)).
Dotted vertical lines in the graph indicate the corresponding feeding period. The horizontal axis
represents sampling times as discrete variables, equally spaced independently of the number of days
in between points. Statistically significant differences (p<0.05) between feeding regimes are depicted
by unequal letters over each dot. No values are represented for the Rot-Art and ExpCir treatments
at 48 DPH due to lack of sampling because of high mortality. Values, statistical tests applied, and
violin plots representing the distribution of each group can be consulted in Appendix 3.

The development of mean SL versus time for the Experimental cirriped diet showed a
significantly different slope compared to the other feeding regimes (ANCOVA; p < 0.05).
Experimental cirriped had the lowest mean SL from 32 DPH and onwards, corresponding
to the weaning and formulated dry feed phases, and did not significantly (p < 0.05)
increase from 37 to 42 DPH.

The mean SL values at 42 DPH (the last sampling point where all groups could be sampled)
were 6.72 £ 1.07 mm larva™! (Experimental cirriped), 8.25 + 0.66 mm larva (Copepod-
Artemia); 8.50 £ 0.58 mm larva (Rotifer-Artemia) and 9.16 £ 1.37 mm larva! (Copepod-
cirriped). Copepod-Artemia and Copepod-cirriped were also sampled at 48 DPH, displaying

mean SL values of 8.72 = 0.95 mm larvatand 9.16 = 1.37 mm larva?, respectively. Even
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though Copepod-cirriped had a greater mean value, it also showed larger heterogeneity
within the group, and it was not significantly (p < 0.05) different from Copepod-Artemia.
As indicated for DW, the Experimental cirriped and Rotifer-Artemia groups could not be
sampled at 48 DPH due to high mortalities.

3.2.5 Relationship between DW and SL

Spearman’s correlations were run for each of the different feeding regimes to determine
the significance of the relationship between DW and SL, based on values from 4 DPH until
48 DPH (Figure 3.7). It was found that there were statistically significant (p < 0.0001)
strong, positive, monotonic correlations between the two parameters in all groups
(Spearman’s correlation coefficients: 0.898, 0.979, 0.901 and 0.980 for the Experimental
cirriped, Copepod-Artemia, Rotifer-Artemia, and Copepod-cirriped diets, respectively).
Until approximately 6 mm SL, the larvae grew in length, with a moderate increase in DW.

After 6 mm SL, the DW values started to increase more rapidly in all the diets.

6000 DW = 120.1*SL2- 1175*SL + 2886
R? = 0.9482

DW = 105.4*SL2 - 1004*SL + 2391
R?=0.9734

4000+

DW (pg)
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Rot-Art
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12 14
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Figure 3.7. Relationship between standard length (SL, mm) and dry weight (DW, pg) in
ballan wrasse larvae fed on four different live feed diets. Values from 4 to 48 DPH were
included in the study of the correlation. Colors indicate feeding regime: Experimental cirriped
(ExpCir; N= 137), Copepod-Artemia (Cop-Art; N= 212), Rotifer-Artemia (Rot-Art; N= 140) and
Copepod-cirripeds (Cop-cir; N= 214). A statistically significant (p < 0.05, Spearman’s correlation)
strong, positive monotonic correlation was found for all the diets. An extra sum of squares F test
revealed that the correlations were significantly (p < 0.05) better described by different equations
per feeding regime than with a singular shared equation. In all cases, a second order polynomial
(squared) model was the best fit.
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Different models were tested to describe the regression, namely exponential growth, first
order polynomial (straight line), second order polynomial (squared), and third order
polynomial (cubic). The fit with the highest R? values was the third order polynomial model,
followed closely by the second order polynomial (Table 3.1). Given that the graphical
exploration of both models yielded very similar results (Appendix 4) and a simpler model
is preferable, second order polynomial equations were selected in the present work (Figure
3.7).

Table 3.1. R2 values for each of the models tested to describe the relationship between
DW and SL. Fits of each model were explored for each feeding regime separately. Feeding regimes:
Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art), Copepod-
cirriped.

ExpCir Cop-Art Rot-Art Cop-cir
Exponential growth 0.964 0.893 0.919 0.942
First order polynomial (straight line) 0.853 0.791 0.843 0.779
Second order polynomial (squared) 0.954 0.948 0.948 0.973
Third order polynomial (cubic) 0.966 0.949 0.948 0.975

A comparison of second order polynomial fits was used to evaluate whether one single
equation could adequately describe the relationship between DW and SL for all diets. The
results indicated that having a different curve for at least one of the diets was the preferred
model (Extra sum-of-squares F test. Null hypothesis: one curve for all datasets; alternative
hypothesis: different curve for at least one dataset; p < 0.0001). Regressions could be
described by equation 3.1 (Experimental cirriped), equation 3.2 (Copepod-Artemia),
equation 3.3 (Rotifer-Artemia), and equation 3.4 (Copepod-cirriped), where DW is dry
weight (nug) and SL is standard length (mm).

DW = 103.7 x SL> — 936.4 * SL + 2127 [3.1]
DW = 120.1 = SL?> — 1175 * SL + 2886 [3.2]
DW = 88.02 xSL?> — 7933 *SL + 1817 [3.3]
DW = 105.4 = SL? — 1004 = SL + 2391 [3.4]

3.2.6 Mortality

The groups that were fed on copepods as a first live feed prey (Copepod-Artemia and
Copepod-cirriped) had significantly (p <0.05) lower mortalities than those that received
rotifers or experimental cirripeds (Rotifer-Artemia and Experimental cirriped) (Table 3.2,
Figure 3.8).
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Table 3.2. Mortality and survival of the larvae at the end of the experiment. The table shows
the mean mortality coefficients m, and mean modelled number of surviving larvae at 48 DPH £ SD
for each diet (N=3), considering the initial stocking density and number of larvae that were sampled
during the experiment. Feeding regimes: Experimental cirriped (ExpCir), Copepod-Artemia (Cop-
Art), Rotifer-Artemia (Rot-Art), Copepod-cirriped.

ExpCir Cop-Art Rot-Art Cop-cir
Mortality coefficient m 0.11 £ 0.02 0.05+ 0.00 0.11 £ 0.02 0.06 £ 0.01
Remaining larvae tank* 142 + 126 1594 + 323 141 £ 89 1303 £ 791
Survival at 48 DPH (%) 0.7 8.1 0.7 6.6

The mean surviving larvae at the end of the experiment (48 DPH) were calculated based
on a model considering the initial stocking density (19 716 larvae tank-1!), and the number
of larvae that were removed from the tanks for sampling, which amounted to
approximately 2.5-5% of the initial stock (Table 3.2). Two moments of peak mortality were
identified, one around 14 DPH, compatible with the complete resorption of the yolk sac,
and another one during weaning from live prey to formulated dry feed, in both cases more
marked in the feeding regimes that did not receive copepods as the first live feed prey

(Experimental cirriped and Rotifer-Artemia).
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Figure 3.8. Mortality coefficients after 48 days of start feeding experiment. Mean mortality
coefficients m £SD are represented for each diet (N=3). The bars indicate SD. Statistically significant
differences (p<0.05) between feeding regimes are depicted by unequal letters. Feeding regimes:
Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art), Copepod-
cirriped.
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3.3 Lipid analyses

3.3.1 Comparative study of the evolution of fatty acid profiles and total

lipids in feed and in ballan wrasse larvae
A total of 30 fatty acids, as well as total lipids, were quantified in the different feeds and
in the larvae along the experiment. Values for each fatty acid (% of total fatty acids), sum
of fatty acids, and total lipids (% w/w dry weight) are summarized in Appendix 5. Due to
time constraints derived from the COVID-19 shutdown, not all sampled time points could
be analyzed. Priority was given to those representative for each type of feed and/or feeding
period: 4, 12, 18, 32, and 48 DPH.

An initial exploration of the fatty acid composition of the larvae and feed was conducted
through hierarchical clustering, visualized in heatmaps. The heatmap containing the whole
dataset for all larvae and feed types showed clustering of the larvae together with the last
feed item they were receiving in the case of Artemia and dry feed (Figure 3.9, groups red
and yellow, respectively). On the other hand, no clear clustering was found between the

feed and larvae for the other treatment groups.

In general, clear clusters were seen between larvae samples based on the last live feed
they were receiving, as well as between replicates of each type of feed. Small and large
copepods had a similar composition and were not differentiated as separate groups in the
hierarchical clustering analysis. This pattern was also observed in larvae that had small or
large copepods as last live feed, which also clustered together independently of copepod

stage (Figure 3.9, pink group for small copepods and light blue for large copepods).

Some fatty acids showed different proportions compared to total fatty acids in larvae.
Before introduction of the feeds, larvae had high C16:1n5 and C16:1n9, and moderate n-3
fatty acids (purple group in Figure 3.9). The n-3 fatty acids displayed similar levels to those
found in larvae fed on copepods and in the cirriped feed. Both Artemia (the feed) and
larvae that had Artemia as their last diet had a lower proportion of n-3 fatty acids, higher
C20:4n6 (ARA), C18:1n9, C18:1n7 and C16:1n5 (red group in Figure 3.9). Larvae
receiving dry feed (and the dry feed itself) had higher n-6 fatty acids and lower n-3 fatty
acids (yellow group in Figure 3.9). Rotifers were characterized by higher C22:5n6
(docosapentaenoic acid, DPA) and C17:1n7, lower n-3 fatty acids, and higher C14:1n5,
C14:0, C22:1n9; C20:1n9 and C16:1n7 (orange group in Figure 3.9). Larvae receiving
rotifers showed lower n-3 fatty acids. Copepods had lower saturated fatty acids, especially
C16:0 and C18:0, and higher unsaturated fatty acids (especially n-3 fatty acids) (pink and
light blue groups in Figure 3.9). Finally, cirripeds were characterized by low saturated fatty
acids (C16:0 and C18:0), high unsaturated fatty acids (especially n-3) high EPA/ARA
proportion, and high EPA (Figure 3.9) (green and dark blue groups in Figure 3.9).
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Figure 3.9. Heatmap illustrating hierarchical clustering of larvae and feed based on fatty
acid composition. The hierarchical clustering was performed in Metaboanalyst 6.0 based on fatty
acid composition expressed as % of total fatty acids. Euclidean distance was used as similarity
measure and Ward’s linkage as clustering algorithm. The heatmap was generated using normalized
data (autoscaling: mean-centered and divided by the square root of the standard deviation of each
variable; Appendix 6 Figure A6a and Appendix 7 Figure A7a). Colors from red to blue indicate Z score
(standard deviation from the mean), with deeper red reflecting higher abundance of a given fatty
acid species, and deeper blue lower abundance. Rows correspond to metabolites and columns to
samples, the latter grouped by type of feed (feed samples) and last feed received (larval groups).
Feed samples: Art (Artemia); CirS (experimental small cirripeds), CirL (large cirripeds), CopS (n1-
3 copepods); CopL (n4-6 copepods), Rot (rotifers), number indicates replicate. Larval groups,
based on the diet they received: EC (experimental cirriped), CA (copepod-Artemia), RA (rotifer-
Artemia), CC (Copepod-cirriped), first number indicates replicate; number after underscore indicates
time (DPH). Features that are consistently higher (green) or lower (burgundy) per groups are
highlighted with surroundings rectangles.

The fatty acid composition in feed and larvae was further studied by unsupervised principal

component analysis (PCA) (Figure 3.10 for the feeds, and Figure 3.11 for the larvae).
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Figure 3.10. PCA analysis of fatty acid composition in feeds. 2d-scores plot (A) and biplot (B)
are shown. Vectors in the biplot indicate increasing concentration. Figures were made using
MetaboAnalyst 6.0 (Pang et al., 2021). Groups in A) are indicated by color, and the shading
corresponds to the 95% confidence interval for each group, calculated using bootstrap resampling.
The explained variances for each principal component (PC) are shown in brackets (A). Diets: Art
(Artemia); CirS (experimental small cirripeds), CirL (large cirripeds), CopS (n1-3 copepods); CopL
(n4-6 copepods), Rot (rotifers). Panel A) with sample names can be found in Appendix 6, Figure A6b.
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Figure 3.11. PCA analysis of fatty acid composition in larvae. 2d-score plot (A) and biplot (B)
from MetaboAnalyst 6.0 (Pang et al., 2021). Vectors in the biplot indicate increasing concentration.
Groups in A) indicate last feed received, and the shading corresponds to the 95% confidence interval
for each group, calculated using bootstrap resampling. The explained variances for each principal
component (PC) are shown in brackets (A). EC (Experimental cirriped), CA (Copepod-Artemia), RA
(Rotifer-Artemia), CC (Copepod-cirriped), first number indicates replicate; number after underscore
indicates time (DPH). Panel A) with sample names can be found in Appendix 7, Figure A7b.
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PCA of fatty acid composition in feeds (Figure 3.10)

The principal components PC1 and PC2 together explained 49.6% of the variance in the
fatty acid composition of the feeds (Figure 3.10). The metabolites contributing the most to
PC1 were the proportion of C22:0, C18:3n3 (a-linolenic acid, ALA), C16:1n7, C20:2n6, and
C20:0. PC2 was mostly determined by the proportion of C20:5n3 (EPA), the sum of n-3
fatty acids, C22:5n6 (DPA), the sum of unsaturated fatty acids, the sum of saturated fatty
acids, EPA/ARA, C16:0, and DHA/EPA ratio.

Separated clusters were observed for each of the feed types, whose replicates grouped.
The two cirriped feed types (green and dark blue in Figure 3.10) were close to each other,
something which was also observed for the two copepod feed types (pink and light blue
groups in Figure 3.10), indicating similar fatty acid compositions between different naupliar
stages of each feed. The clustering in the copepod groups was motivated by higher
concentrations of unsaturated and n-3 fatty acids, as well as C22:6n3 (DHA). As for the
cirripeds, their clustering was mostly driven by higher proportions of C20:5n3 (EPA),
EPA/ARA ratio, and other unsaturated fatty acids such as C18:1n7, C20:1n7, and C14:1n5.
Among other features, rotifers had higher proportions of saturated fatty acids, such as
C16:0.

PCA of fatty acid composition in larvae (Figure 3.11)

The principal components PC1 and PC2 together explained 41.4% of the variance in the
fatty acid composition of the larvae (Figure 3.11). The metabolites with the highest scores
on PC1 were C22:6n3 (DHA), the sum of saturated fatty acids, the sum of unsaturated
fatty acids, C22:0, C16:0, and the sum of n-3 fatty acids. As for PC2, it was mostly driven
by C20:3n3, C17:0, C18:3n3 (a-linolenic acid, ALA), C20:1n9 and C18:1n9.

Larvae grouped in clusters according to the last feed that they received (Figure 3.11). The
separation was clearer in the case of two groups. Firstly, a clear cluster was formed by
larvae that had received Artemia as last feed item, mostly driven by higher percentage of
unsaturated fatty acids (including C18:1n9, C20:4n6, C22:5n6, C17:1n7, C18:3n3,
C18:1n7 and C16:1n7), high proportion of C22:0, lower DHA/EPA ratios and lower
proportion of saturated fatty acids (Appendix 7, Figure A7c). Secondly, larvae that had
received copepods of all naupliar stages grouped together, without distinction between
having received “small copepods” (n1-3) or “large copepods” (n4-6) (pink and light blue
groups in Figure 3.11). In this case, the grouping of larvae that received copepod as the
last feed item was influenced by a high percentage of n-3 fatty acids, including C22:6n3
(DHA), C18:4n3, C20:3n3, C18:3n3 (ALA), as well as C20:2n6.
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After the general exploration of the datasets using non-supervised PCA and hierarchical
clustering, a deeper study of the fatty acid composition of feed and larvae was performed,

as indicated in the following sections.

3.3.1.1 Total lipids and fatty acids of the feed

The total lipid concentrations (% w/w of dry weight) of each of the feeds were quantified.
Clear differences were found between the different diets, with enriched Artemia showing
the highest total lipid concentrations, followed by rotifers and dry feed. Small experimental
cirripeds and small copepods had significantly lower total lipid content, and, finally, the

lowest concentrations were seen in large copepods and large cirripeds (Figure 3.12).
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Figure 3.12. Total lipid content of each of the live feeds used in the start feeding
experiment. Means and SD are shown (N>3). Colors refer to the type of feed (Art (Artemia); CirS
(experimental small cirripeds), CirL (large cirripeds), CopS (n1-3 copepods); CopL (n4-6 copepods),
Rot (rotifers), Dry Feed (formulated dry feed). Statistically significant differences (p<0.05, one-way
ANOVA followed by Tukey’s multiple comparisons test) within analytes are denoted by unequal letters
above each bar. Percentual values were arcsine square root transformed before applying statistics.

The composition of selected fatty acids (% of each fatty acid with respect to the total) was
compared for each of the feeds, grouping them according to the phase where they were

supplied to the larvae: either the first or second live feed period (Table 2.1).

The first live feed period consisted of rotifers or rotifer-replacers, namely small copepods
followed by large copepods, or small experimental cirripeds (Figure 3.13 A). Significant
differences were found between the feeds for most of the fatty acid groups that were
explored, except for ARA, DHA/EPA ratio, the sum of saturated fatty acids, and the sum of
unsaturated fatty acids, which were similar in all cases. Small copepods showed higher
proportions of LA and ALA, whereas large copepods had the highest proportions of DHA

and highest sum of n-3 fatty acids. Experimental cirripeds were rich in EPA and had the
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highest EPA/DHA ratio. The sum of n-3 fatty acid was lower in experimental cirripeds than
in large copepods, but still significantly above the values observed for rotifers. In turn,
experimental cirripeds had the lowest values for the sum of n-6 fatty acids. Finally, rotifers
had significantly different fatty acid percentages than the other feeds in several cases,
including the lowest levels of EPA, the highest proportion of DPA, and the lowest sum of n-
3 fatty acids. Although significant differences were found in total lipids (% w/w of dry
weight) between large copepods and rotifers, there was not a feed that had significantly

higher or lower total lipids than all the other groups.

During the second live feed period, either enriched Artemia or Artemia-replacers were
supplied to the larvae (Figure 3.13 B, which also depicts the values for dry feed, which was
supplied during the last phase of the experiment). No significant differences were found in
the concentrations of ARA, DPA, DHA, and DHA/EPA ratio between feeds. Dry feed had
significantly higher LA content than large cirripeds and Artemia, as well as a lower
proportion of n-3 fatty acids and higher sum of n-6 fatty acids. In turn, large cirripeds had
the highest EPA and EPA/ARA ratio among the feeds in the group, as well as significantly
higher values for the sum of unsaturated fatty acids and the sum of n-3 fatty acids,
whereas the sum of n-6 fatty acids was the lowest of the three feeds, similarly to what was
observed for the experimental cirripeds (Figure 3.13 A). Large cirripeds also had the lowest
sum of saturated fatty acids. The total sum of unsaturated and sum of saturated fatty acids
was very similar between dry feed and Artemia. Finally, Artemia showed the highest total

lipids proportion in relation to dry weight compared to large cirripeds, as previously stated.
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Figure 3.13. Selected fatty acids or groups of fatty acids and total lipids of feed, grouped
by feeding phase. Means and SD are shown (N>3). A) Feeds supplied during the first live feed
phase (rotifers and rotifers replacers: experimental small cirripeds, CirS; small copepods n1-3, CopS;
large copepods n4-6; Copl, rotifers, Rot); B) Feeds supplied during the second live feed phase and
during the last formulated dry feed phase (Artemia and replacers: Artemia, Art; large cirripeds CirL.
As well as dry feed). Statistically significant differences (p<0.05, one-way ANOVA and Tukey’s
multiple comparisons test) within analytes are denoted by unequal letters above each bar.
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3.3.1.2 Total lipids and fatty acids of the larvae

The evolution of the total lipid concentrations (% w/w of dry weight) in the larvae during
the experiment showed a general decrease from 4 to 12-18 DPH, compatible with the
resorption of the yolk sac. The only significant differences were observed at 32 DPH
(significantly higher for larvae that were receiving Artemia during this period, namely Cop-
Art and Rot-Art), and at the last time point (48 DPH), between larvae that received the

Experimental cirriped diet and those that were fed Copepod-Artemia (Figure 3.14).
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Figure 3.14. Evolution of the total lipid content of the larvae receiving each of the four
different first feeding regimes during the experiment. Means and SD for each 3 tanks are
shown. Colors refer to the diet that was supplied (Experimental cirriped (ExpCir), Copepod-Artemia
(Cop-Art), Rotifer-Artemia (Rot-Art) and Copepod-cirripeds (Cop-cir)). Statistically significant
differences (p<0.05, one-way ANOVA followed by Tukey’s multiple comparisons test) within analytes
are denoted by unequal letters above each bar. Percentual values were arcsine square root
transformed before applying statistics.

The fatty acid composition was also studied in the larvae receiving each of the four different
feeding regimes along the experiment. A comparison was made by means of one-way
ANOVA followed by Tukey’'s multiple comparison test to explore differences in

concentrations of selected fatty acids between the different groups, at each time-point.

No significant differences were found in fatty acid composition for the selected metabolites
at 4 DPH, before the introduction of the feeds (Appendix 8, Figure A8).

At 12 DPH, significant differences could already be seen in some of the fatty acids or fatty
acid groups, while no differences were detected between larvae being fed either of the four
diets when it came to DHA/EPA and EPA/ARA ratios, sum of saturated fatty acids, sum of

unsaturated fatty acids, and total lipids (Figure 3.15). Both groups receiving copepods as
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a first live feed (Cop-Art and Cop-cir) showed similar values for all the selected fatty acids.
Moreover, significant differences were found between these two feeding regimes and the
larvae receiving experimental cirripeds and rotifers, concerning concentrations of LA, ALA,
EPA, DPA, sum of n-3 fatty acids, and sum of n-6 fatty acids. Larvae receiving rotifers
(Rot-Art diet) had significantly higher ARA and DPA proportions compared to the other
three feeding regimes, as well as a lower sum of n-3 fatty acids and higher sum of n-6
fatty acids. Finally, lower concentrations of LA and higher EPA were found in larvae fed

experimental cirripeds (ExpCir diet).
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Figure 3.15. Selected fatty acids or groups of fatty acids and total lipids of the larvae at 12
DPH. Means and SD for each 3 tanks are shown. Colors refer to the diet that was supplied
(Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and
Copepod-cirripeds (Cop-cir)). Statistically significant differences (p<0.05, one-way ANOVA followed
by Tukey’s multiple comparisons test) within analytes are denoted by unequal letters above each
bar. Percentual values were arcsine square root transformed before applying statistics.

The feeds supplied to each of the larval groups at 18 DPH were still similar to those for
12 DPH. No significant differences between the four feeding regimes were seen in
concentrations of ALA, DHA, EPA/ARA ratio, sum of saturated fatty acids, sum of
unsaturated fatty acids, and total lipids (Figure 3.16). As also observed at 12 DPH, the
larvae receiving a similar feed type (Cop-Art and Cop-cir diets, both fed on copepods at

this stage) showed no significant differences in any of the selected fatty acids and groups.
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Larvae fed on experimental cirripeds (ExpCir) and rotifers (Rot-Art) had lower LA
proportions, higher ARA, and lower sum of n-3 fatty acids, the latter especially marked in
the Rot-Art treatment. Rot-Art also showed the highest DPA concentrations, lowest EPA,
and highest DHA/EPA ratio, as well as the highest sum of n-6 fatty acids. Finally, larvae
fed on experimental cirripeds had the highest EPA content and the lowest sum of n-6 fatty

acids of all four groups.
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Figure 3.16. Selected fatty acids or groups of fatty acids and total lipids of the larvae at 18
DPH. Means and SD for each 3 tanks are shown. Colors refer to the diet that was supplied
(Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and
Copepod-cirripeds (Cop-cir)). Statistically significant differences (p<0.05, one-way ANOVA followed
by Tukey’s multiple comparisons test) within analytes are denoted by unequal letters above each
bar. Percentual values were arcsine square root transformed before applying statistics.

At 32 DPH, the larvae had been receiving the second live feed (either Artemia or large
cirripeds) for 14 days. No significant differences were seen between larvae from the four
feeding regimes in concentrations of EPA, DPA, and DHA/EPA ratio (Figure 3.17). Larvae
fed on Artemia during this period (Cop-Art and Rot-Art diets) did not show significant
differences in the concentration of any of the selected fatty acids, fatty acid groups or total
lipid content. Larvae fed on large cirripeds during the second live feed phase (ExpCir and
Cop-cir diets) had similar values for all the categories, except for concentrations of LA and

ALA (significantly higher in Cop-cir), and the EPA/ARA ratio, which was significantly higher
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in ExpCir. The larvae fed on Artemia during this phase (Cop-Art and Rot-Art) and those
supplied with large cirripeds (ExpCir and Cop-cir) displayed significant differences between
each other in concentrations of LA, ALA, ARA, the sum of saturated fatty acids, the sum of
unsaturated fatty acids, the sum of n-3 fatty acids, the sum of n-6 fatty acids and the total
lipid content (Figure 3.17). Some of the patterns in larvae fed on Artemia (higher
proportion of the sum of n-6 fatty acids; lower EPA, DHA, and sum of n-3 fatty acids) were

similar to those observed for rotifers at 18 DPH.
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Figure 3.17. Selected fatty acids or groups of fatty acids and total lipids of the larvae at 32
DPH. Means and SD for each 3 tanks are shown. Colors refer to the diet that was supplied
(Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and
Copepod-cirripeds (Cop-cir)). Statistically significant differences (p<0.05, one-way ANOVA followed
by Tukey’s multiple comparisons test) within analytes are denoted by unequal letters above each
bar. Percentual values were arcsine square root transformed before applying statistics.

Finally, less significant differences were seen at the last time point (48 DPH) between
larvae subject to the different four feeding regimes compared to the other three time points
with exogenous feeding. No significant differences were seen in concentrations of LA, ALA,
EPA, DPA, DHA, DHA/EPA, EPA/ARA, sum of saturated fatty acids, sum of unsaturated fatty
acids, and sum of n-6 fatty acids (Figure 3.18). ARA proportions were higher in larvae from
the Cop-Art and Rot-Art feeding regimes. Rot-Art larvae showed a slightly lower sum of n-

3 fatty acids compared to the other three diets.
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Figure 3.18. Selected fatty acids or groups of fatty acids and total lipids of the larvae at 48
DPH. Means and SD for each 3 tanks are shown. Colors refer to the diet that was supplied
(Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and
Copepod-cirripeds (Cop-cir)). Statistically significant differences (p<0.05, one-way ANOVA followed
by Tukey’s multiple comparisons test) within analytes are denoted by unequal letters above each
bar. Percentual values were arcsine square root transformed before applying statistics.

Considering specific essential fatty acids for marine fish larvae, DHA proportions in the
larvae decreased along the experiment for all diets, from approximately 30% before the
start of exogenous feeding, to around 18% at 42 DPH. The decline was more evident in
larvae receiving the Rotifer-Artemia diet during the second live feed phase (32 DPH). EPA
was higher in the Experimental cirriped diet for all the time points prior to the second live
feed phase, after which no significant differences were found among the surviving larvae
for all diets. Larvae receiving the Rotifer-Artemia diet showed the lowest EPA proportions
of all the diets during the first live feed phase (12 and 18 DPH). Finally, ARA proportions
in the larvae changed depending on the supplied diet. The Experimental cirriped diet led
to similar ARA concentrations as observed before the start of the exogenous feeding phase.
ARA proportions increased in larvae fed on rotifers and decreased in those receiving
copepods. With the introduction of the second live feed, the ARA proportions increased
significantly in larvae receiving Artemia, which displayed higher ARA concentrations until

the end.
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3.3.2 Lipidomics analyses of the feed and ballan wrasse larvae

A total of 304 metabolites were included in the lipidomics analyses, belonging to nine
different lipid classes (FFA: free fatty acids; lysoPC: lysophosphatidylcholines; lysoPE:
lysophosphatidylethanolamines; MAG: monoacylglycerols; TAG: triacylglycerols; PC:
phosphatidylcholines; PE: phosphatidylethanolamines; PI: phosphoinositides; and PS:
phosphoserine). Similar to what was done for the fatty acid composition, lipidomics
analyses were carried out in both the larvae and the feed. Data was normalized to an
internal standard and to total sample weight, as well as autoscaled in MetaboAnalyst 6.0
before analysis (Appendix 9).

The whole lipidomics dataset (larvae for all time points, as well as feed samples) was firstly
explored using sparse partial least squares regression - discriminant analysis (sPLS-DA),
considering the top 50 lipids explaining the variance per principal component. Larval

samples were categorized depending on the last feed they were receiving (Figure 3.19).
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Figure 3.19. sPLS-DA analysis of the lipidomics data in larvae and feeds, together. 2d-scores
plot from MetaboAnalyst 6.0 is shown (Pang et al., 2021). Groups are indicated by color, and the
shading corresponds to the 95% confidence interval for each group, calculated using bootstrap
resampling. The explained variances for each principal component (PC) are shown in brackets.
Abbreviation of feeds: Art (Artemia); CirS (experimental small cirripeds), CirL (large cirripeds),
CopS (n1-3 copepods); CopL (n4-6 copepods), Rot (rotifers). Larvae, based on the diet they
received: EC (Experimental cirriped), CA (Copepod-Artemia), RA (Rotifer-Artemia), CC (Copepod-
cirriped), first number indicates replicate; number after underscore indicates time (DPH).
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The principal components PC1 and PC2 explained together 21.5% of the variance in the
lipidomics data for larvae and feed (Figure 3.19). The five lipid species with the highest
loading scores in PC1 were triacylglycerols, namely TAG49:1-FA17:0, TAG49:1-FA16:0,
TAG49:2-FA16:1, TAG49:2-FA18:1 and TAG49:1-FA18-1. As for PC2, it was mostly driven
by the phosphatidylcholines PC16:1-16:3, PC18:0-19:1 (or 19:0-18:1), PC20:5-18:3,
PC18:1-19:1 (or 18:2-19:0), and phosphatidylethanolamine PE40:8.

A clustering of the data points was observed in larvae receiving Artemia and the Artemia
feed itself. A clustering was also observed in larvae fed on either small copepods (CopS,
12 DPH) or large copepods (CopL, 18 DPH) and the copepods as feed items, in this case
especially in PC1. Other clusters were also observed for the rest of the groups but with

marked overlap (Figure 3.19).

To further explore the differences between feeds and the impact of the diets on the
lipidomics profiles of the larvae, each dataset was studied separately utilizing unsupervised

PCA (feed) and sPLS-DA (larvae), as well as hierarchical clustering.

In the case of the feeds, PC1 and PC2 together explained 37.5% of the variance (Figure
3.20 A). PC1 was mostly driven by four triacylglycerols (TAG48:2-FA14:0, TAG16:1-16:1-
16:2, TAG16:3-16:1-16:0, and TAG48:1-FA16:0) and the phosphatidylcholine PC18:1-
20:0. As for PC2, the lipids with highest loading scores in this component were five
phosphatidylethanolamines, namely PE36:3, PE18:1-18:2, PE36:1, PE16:0-20:1 (or 18:0-
18:1) and PE36:3. Replicates of the same type of live feed clustered closely together in all
diets except for rotifers, which displayed less compact grouping. As observed previously
for the fatty acid analyses, the samples corresponding to small and large copepods grouped
together independently from the naupliar stage. The groupings for large and small cirripeds
were close to each other and to the copepods group, with no separation from copepods on
PC2. Artemia, rotifers, and dry feed were more distant from the cirriped and copepod
clusters (Figure 3.20 A). Hierarchical clustering heatmaps showed higher relative content
of several TAGs in the small cirripeds, whereas other TAGs and selected PIs, lysoPCs, and
PCs were high in Artemia. LysoPC18:2 was high in large copepods (Appendix 10, Figure
Al0a).
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Figure 3.20. Analysis of lipidomics profiles in feeds and in larvae, separately. A) 2d-scores
plot from PCA analysis of feeds. Feeds: Art (Artemia); CirS (experimental small cirripeds), CirL (large
cirripeds), CopS (n1-3 copepods); CopL (n4-6 copepods), Rot (rotifers). B) 2d-scores plot from sPLS-
DA analysis of larvae. Groups in are indicated by color. Shading corresponds to the 95% confidence
interval for each group. The explained variances for each principal component (PC) are shown in
brackets. Larvae: EC (Experimental cirriped), CA (Copepod-Artemia), RA (Rotifer-Artemia), CC
(Copepod-cirriped), first number indicates replicate; number after underscore indicates time (DPH).
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Concerning the lipidomics profiles of the larvae, the principal components PC1 and PC2
could explain together 25.2% of the variance (Figure 3.20 B). PC1 was driven by the
triacylglycerols TAG49:2-FA16:1, TAG49:1-FA18:1, TAG49:1-FA17:0 and TAG49:2-
FA18:1, as well as the phosphatidylcholine PC18:0-22:5. PC2, in turn, was mostly
influenced by five phosphatidylcholines: PC14:0-20:4 (or 16:1-18:3), PC17:1-22:6,
PC18:0-19:1 (or 19:0-18:1), PC16:1-16:3 and PC20:5-18:3. Clear clustering was
observed based on sPLS-DA for larvae that were receiving Artemia as last feed item (red
group in Figure 3.20 B). As observed in the general sPLS-DA analysis for all the data, larvae
that were receiving copepods also clustered together, independently of the naupliar stage
of the copepods supplied (small n1-3, or large n4-6). Hierarchical clustering heatmaps
showed a high content of several MAGs, lysoPCs, PCs and TAGs in larvae fed on Artemia
as the last feed. TAG46:1-FA16:0 was high in large cirripeds, and several PCs were high
in small and large copepods (Appendix 10, Figure A10b).

The lipid class composition of the larvae during the experiment was studied by comparing
the total abundances of each group between the different feeding regimes (Figure 3.21
and Figure 3.22). Larvae displayed significant differences in saturated FFAs according to
their diets from 23 DPH (2" live feed period) until the end of the experiment (48 DPH). In
general, larvae supplied with the Experimental cirriped diet had higher saturated FFA from
23 DPH on, and values were also higher for those fed on Rotifer-Artemia at 48 DPH.
Unsaturated FFAs were found to be especially higher for the Rotifer-Artemia diet at 23
and 48 DPH and for the Copepod-Artemia diet at 32 DPH. MAGs were high for the
Experimental cirriped diet at 12 and 23 DPH. In the case of TAGs, significantly higher
values were found for the Rotifer-Artemia diet at 18 and 32 DPH, and for the Copepod-
cirriped diet at 48 DPH (Figure 3.21). LysoPCs were more represented in the Copepod-
Artemia diet from 23 to 42 DPH, and high for the Copepod-cirriped diet at 23 DPH.
Significant differences in PCs were only observed between 23 and 37 DPH, and the values
were lower for larvae that received the Experimental cirriped diet. PEs were not
significantly different between groups at any time point. PIs differed solely at 23 and 32
DPH when the larvae supplied with the Experimental cirriped diet had lower values. Finally,
PS abundances were lower than for the rest of the lipid classes in general and decreased

around 12-28 DPH for all groups, compatible with the resorption of the yolk sac.
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Figure 3.21. Evolution of selected lipid classes in the larvae along the first feeding experiment. Means and SD for 3 tanks are shown (A: saturated
FFA, B) unsaturated FFA, C) MAGs, D) TAGs). Colors refer to the diet that was supplied (Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-
Artemia (Rot-Art) and Copepod-cirripeds (Cop-cir)). Statistically significant differences (p<0.05, one-way ANOVA and Tukey’s multiple comparisons test)
within analytes are denoted by unequal letters above each bar. Values correspond to abundances normalized to an internal standard and sample weight.
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3.3.3 Study of the relationship between selected lipid species and indicators

for growth and survival in ballan wrasse
The relationship between the fatty acid composition in the larvae and in the last feed they
were receiving, as well as between the feed fatty acid composition and performance
indicators (mortality coefficient, SL, and SGR) were studied. Moreover, the lipidomics
dataset was surveyed by studying correlations between lipid species in the feed and
performance indicators in the larvae. The objective was to find meaningful correlations that
could identify important lipid species for early larval growth and development in ballan

wrasse.

3.3.3.1 Fatty acids

FAs in the feed vs FAs in the larvae

Significant correlations were found between 22 of the 37 average values for fatty acids or
fatty acid sums/ratios in the larvae, and the average values of the same metabolite in the
last feed they received (Spearman’s correlations, p < 0.05) (Figure 3.23). Out of those,
11 were identified as very strong positive correlations (rho coefficient over 0.8). Said 11
fatty acids were C17:0, C24:1, C18:1n9, LA, ALA, C20:1n9, C20:2n6, C20:3n3, EPA, the
sum of n-3 fatty acids and the DHA/EPA ratio. The scatter plots for the significant very
strong correlations, as well as p values and Spearman’s rho coefficients, can be seen in
Appendix 11. DHA was positively correlated between feed and larvae, but the correlation
was not significant due to differences in the case of Artemia (Appendix 11). When
evaluating the correlation for DHA without including the Artemia samples, a significant

moderate positive correlation (rho = 0.55; p = 0.04) was found.
FAs in the feed vs performance indicators

The study of the relationship between individual fatty acids, groups of fatty acids, or fatty
acid ratios in the feeds, with larval mortality coefficients, showed significant very strong
positive correlations between mortality and concentrations of C20:1n7, C15:0, C20:1n9,
C16:1n9 (Figure 3.24). Furthermore, very strong significant negative correlations between
mortality and C18:3n3 (ALA), C18:2n6 (LA), and C22:0 were found. SGR showed a
significant very strong positive correlation with the proportion of DHA and a significant very
strong negative correlation with C22:5n3 concentrations. Finally, larval SL had a significant
very strong negative correlation with the concentrations of C22:5n3 and C14:0. Scatter
plots for the significant very strong correlations, p values, and Spearman’s rho coefficients

are shown in Appendix 12.
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Figure 3.23. Correlations between the proportion of fatty acids (or sums/ratios) in the
larvae and in the last feed they consumed. The heatmap represents Spearman’s rho coefficients
for the correlations between fatty acids in the larvae (rows) and the feed (columns). The central
diagonal line indicates pairs corresponding to the same fatty acid in the larvae and feed. Correlations
are color-coded according to their Spearman’s rho coefficient, with deeper red cells indicating
proximity to 1 and deeper blue to -1. Significant correlations (p < 0.05) are marked with an asterisk.
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Figure 3.24. Correlations between fatty acid, fatty acid sums or ratios of fatty acids in
the feed, and performance indicators in the larvae. The heatmap represents Spearman’s rho
coefficients for the correlations between fatty acids in the feed (rows) and SGR, SL and mortality
coefficients (columns). Correlations are color-coded according to their Spearman’s rho coefficient,
with deeper red cells indicating proximity to 1 and deeper blue to -1. Significant correlations (p <
0.05) are marked with an asterisk.

3.3.3.2 Lipidomics

Spearman’s correlations were run between performance indicators of the larvae (SL, SGR,
mortality coefficient) and lipid species found in the different live feeds (Figure 3.25).
Significant very strong positive correlations were found between SGR and lysoPC17:1,
MAG18:1 and MAG22:6, and negative for MAG22:1, MAG22:5, PC18:1-20:1, and
TAG14:0-16:1-16:1. SL showed a significant very strong positive correlation with FFA20:5,
lysoPC15:0, lysoPC20:5, MAG18:1 and the sum of lysoPC, while there was a very strong
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negative correlation with MAG22:1, PC18:1-20:1, PC18:0-20:3 (or 18:1-20:2), P32:0 (or
16:0-16:0), PS20:0-18:2, PS20:0-22:6, and the sum of PS. Finally, mortality had a
significant very strong positive correlation with a total of 26 lipid species, including
FFA20:1, lysoPC20:1, lysoPE:20, PC14:0-16:1, several PE, PS18:1-20:1 and 17 TAGs, and

it also displayed a very strong negative correlation with 16 lipid species (Figure 3.25).
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Figure 3.25. Correlations between lipidomics data from the feed and performance
indicators in the larvae. The heatmap represents Spearman’s rho coefficients for the correlations
between lipid species or lipid classes in the feed (rows) and SGR, SL and mortality (columns).
Correlations are color-coded according to their Spearman’s rho coefficient, with deeper red cells
indicating proximity to 1 and deeper blue to -1. Significant correlations (p < 0.05) are marked with
an asterisk. Only lipid species with rho values corresponding to very strong negative (rho < -0.8) or
positive (rho > 0.8) correlations are shown.
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4 Discussion

4.1 Effects of the diet on morphology, growth, and survival

The appearance of the larvae during the experiment followed, in general, the expected
development compared to other works on ballan wrasse (Gagnat, 2012; Gagnat et al.,
2016; Ottesen et al., 2012) and other wrasse species (Kozul et al., 2011). A large portion
of the yolk sac still remained at 4 DPH, similar to what Gagnat et al. reported (Gagnat et
al., 2016). Differences in appearance were observed in the four diets studied in the present
work, with some tanks showing considerable variation in larval size and development. The
morphology, ossification, and histological development of the fish supplied with different
diets was not the focus of study of the present master thesis but has partially been explored

in other works, as discussed further below (Malzahn et al., 2022; Aase, 2022).

The importance of the very first live feed was evident in the present work, where the two
diets that had copepods as the first prey item (Copepod-Artemia and Copepod-cirriped
diets) displayed significantly lower mortality coefficients than those receiving experimental
cirripeds or enriched rotifers (Experimental cirriped and Rotifer-Artemia diets,
respectively). At the end of the experiment (48 DPH), only the groups that had received
copepods during the first live feed period had enough remaining larvae to be sampled.
These results are in line with what has been observed in previous works, where copepods
resulted in lower mortality, more favorable development and pigmentation than other live
feeds that are common in the industry, such as rotifers, in larvae of ballan wrasse (Gagnat
et al., 2016; Romundstad, 2015; Jie et al., 2015) and other marine fishes (Betancor et
al., 2019; Busch et al., 2010; Cassiano et al., 2011; Conceicdo et al., 2010; Evjemo et al.,
2003; Imsland et al., 2006; Koedijk et al., 2010; Naess et al., 1995; Payne et al., 2001;
Rajkumar & Kumaraguru vasagam, 2006; Rocha et al., 2017; Shields et al., 1999;
Stattrup, 2003; Jie et al., 2015). Zooplanktonic naupliar stages of copepods are part of
the natural diet of larval ballan wrasse, and their nutritional composition is believed to be
adequate for marine fish larvae (Stgttrup, 2003). The improved growth, survival, and
normal pigmentation observed when supplying copepods as a first live feed has been
especially attributed to the ratios of essential PUFAs and a large proportion of polar lipids
(Evjemo et al., 2003; Fraser et al., 1989; Sargent et al., 1997). The effects of the lipid
composition of the feed on the growth, survival, and lipid profile of the larvae are further
discussed in section 4.2. Apart from their beneficial lipid composition, copepods also have
high levels of antioxidants, vitamin A and are a good source of exogenous digestive

enzymes that can improve fish larval digestion, with rotifers and Artemia showing much
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lower values (Hansen et al., 2013; Munilla-Moran et al., 1990; Rgnnestad et al., 1998;
Sargent et al., 1997). Moreover, the erratic movements of the copepods in the water
column are believed to stimulate feeding behavior in the small marine fish larvae (Buskey,
2005; Chesney, 2005; Conceicao et al., 2010; van der Meeren, 1991).

In contrast with what was found for the Copepod-Artemia and Copepod-cirriped diets, the
groups that received experimental cirripeds and enriched rotifers as the first feed item
(Experimental cirriped and Rotifer-Artemia diet, respectively) displayed lower survival and
did not seem to be able to adapt to the transition towards dry feed, showing stagnation in
growth (DW and SL) and a mortality peak during the weaning phase. Said mortality peak
could be explained by an immature state of the larvae at the time of introduction of the
formulated feed, triggered by initiating the weaning phase at a pre-set age. Considering
that the growth and development of larvae belonging to each group differed, more
favorable results could have been obtained by performing a dynamic transition to dry feed,

adapting the start of the weaning phase to developmental status (Estévez et al., 2019).

Since both copepods and cirripeds constitute part of the natural diet of larval stages of
ballan wrasse (Dhont et al., 2013; Dipper et al., 1977; Martinez-Silva et al., 2018), and
should therefore be nutritionally and ethologically appropriate, experimental cirripeds were
expected to result in high growth and survival. In contrast, poor performance was observed
when supplying experimental cirripeds as a first prey. One hypothesis that can explain this
finding is the presence of underfeeding because some of the prey size exceeded that of
the larval gape size. The experimental cirriped diet contained approximately 50% nauplii
of B. balanus, which are larger than those of B. crenatus (on average, 339 x 194 um for
the larger nauplii and 267 x 154 uym for the smaller, according to measurements done in
the present work). In contrast, the supplied naupliar stages of the copepod A. tonsa were
significantly smaller (around 150 pm in body length at n1-n3 stages and 230 um for the
n4-n6 stages) and may have been a more appropriate prey. It is therefore believed that
only one third of the biomass that was supplied to the Experimental cirriped group during
the first live feed period was in an appropriate size range for the larvae, which can explain
the poorer performance and survival of this group. The size of the live prey is a crucial
factor determining the ability of the larvae to capture and swallow the prey (Bengtson,
2003; Bremigan & Stein, 1994; Chesney, 2005; Devries et al., 1998; Fernandez-Diaz et
al., 1994; Pepin, 2022). Given that cirripeds constituted a good second live feed item, as
shown by the good performance in the Copepod-cirriped group, further studies should

evaluate cirripeds of a more appropriate size as a first prey.

The higher mortalities and lower performance of the larvae fed on enriched rotifers as
opposed to those fed on copepods can be explained by a less favorable nutritional

composition of the rotifers (Conceigao et al., 2010; Sargent et al., 2003; @ie et al., 2015).
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Although rotifers were lipid-enriched in the present work, it is difficult to control the levels
of n-3 HUFAs, as these vary with time, developmental stage, and nutritional composition
of the green water algae (Sargent et al., 2003). In contrast, copepods are naturally rich in
nutrients that are important for correct growth and development, such as essential n-3
and n-6 HUFAs, a greater amount of free amino acids and proteins (Bell et al., 2003;
Evjemo et al., 2003; Li et al., 2015; Maehre et al., 2013; Rgnnestad et al., 1998; Rgnnestad
et al., 2013; Tocher et al., 2008; van der Meeren et al., 2008). Better tolerance to stress
has been reported in ballan wrasse larvae that were fed on copepods instead of rotifers
(Qie et al., 2015), which may have led to reduced mortality during stressful feed

transitions.

The four diets affected DW differently at the studied times. At the first sampling point (12
DPH), the diet did not have a marked effect, since no significant differences were found
between most of the groups. Since the period between 4 and 12 DPH included both an
endogenous (yolk sac) and exogenous feeding phase, possible early effects of the live feed
diets on DW could be masked by the progressive DW loss caused by the resorption of the
yolk sac. Although there were significant differences in mean DW for the four feeding
regimes in the midway sampling points, no differences were found between the Copepod-
Artemia, Copepod-cirriped, and Rotifer-Artemia diets at the last time points (37-48 DPH).
This finding points to an equalizing effect of the formulated feed on the DW of the larvae
that had survived and were fit to transition to a dry diet. In turn, the Experimental cirriped
group had consistently significantly lower mean DW, indicating an effect of the early live

feed diet on weaning success.

The development of the SL in the Rotifer-Artemia diet in the present experiment was similar
to the values reported for an enriched rotifers-Artemia diet in Ottesen et al. (Ottesen et
al., 2012), except for 32 DPH, where we observed significantly higher mean SL, and 48
DPH, where our SL values were lower. The experimental setup reported by Ottesen et al.
was not directly comparable to the conditions in the present work, with longer live feed
periods, differing day-degrees, and diets, so the conclusions that can be obtained from
such a comparison are limited. The mean SL reported in (Qie et al., 2015) were similar to
our values until 28 DPH, and higher for their studies compared to the present work from
28 DPH and onwards. They also showed higher survival rates than we observed in the
present work. These could be due to the differences between our study and the one
reported by @ie, where the introduction of formulated dry feed occurred later (40 DPH,
instead of the 32 DPH used in the present study), and with a longer weaning period (5
days of co-feeding, versus our 5 days). A shorter transition and earlier introduction of the
dry feed in our work may have been detrimental to the survival and growth of the larvae
that were least developed and still relied on live feed. The hypothesis of unsuccessful or

too early weaning in our work could be further supported by the results of another study
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on ballan wrasse larvae, where a steep increase in SL was observed after 40 DPH (not
found in the present work), and interpreted as successful weaning (Hansen et al., 2013).
Moreover, the last reported SL value was significantly higher for Ottesen et al., which did
not use dry feed, than in our work, further indicating problems in our weaning phase
(Ottesen et al., 2012). Hgyland observed higher DW values at around 45 days than in our
work at 48, possibly attributed to the different diets used in the former, where only live
feed (either copepods of different sizes, or rotifers-Artemia) were used (Hgyland, 2015).
Piccinetti et al. reported higher growth than what was observed in the present work, also
possible due to differences in rearing conditions, such as higher temperatures, which can
positively affect growth (Cavrois-Rogacki et al., 2019; Kottmann et al., 2023; Piccinetti et
al., 2017).

The differences found in DW, DWI, and SL between the two groups that received copepods
during the first live feed period (Copepod-Artemia and Copepod-cirriped) at early sampling
points (12 and 18 DPH) were unexpected since the diet had been equivalent. It was not
possible to identify the cause of this variability. DW and SL values were not significantly
different between groups before the beginning of the first live feed phase, indicating a
homogenous starting point. Moreover, the measured environmental factors were in the
ranges recommended for ballan wrasse (Noble et al., 2019) and not significantly different
between the tanks supplied with copepods. Finally, the live feeds originated from the same
feed tanks. Unexpected variability between equivalent groups is not uncommon in first
feeding experiments and has been previously observed in other works on ballan wrasse
using similar live feeds (Gagnat, 2012). In the absence of predation, the two main causes
for differences in growth and low survival in fish larvae can be nutrition and microbiota
(Cushing D, 1973; Lasker, 1981; Vadstein, Attramadal, Bakke, Forberg, et al., 2018;
Vadstein et al., 2013). Live feeds for larval rearing may have high organic loads, which can
support the growth of a variety of microorganisms, including bacteria, viruses, and fungi,
as has been reported for rotifers and Artemia (Haché & Plante, 2011). The water and larval
microbiota were not studied in the present work and could be presumed to vary between
the tanks, since they were not interconnected and received water through a flow-through
system, which tends to select for opportunistic microbes or r-strategists and favors
perturbations (Vadstein, Attramadal, Bakke, & Olsen, 2018). Other works part of the
Startrens project evaluated the diversity of the microbial community of the larvae, feed,
and water, finding significant differences between the treatments and sampling times
(Malzahn et al., 2022; Rosvoll, 2022). Differences in microbiota could be a plausible cause
for the unexpected differences we observed between similar diets, but further investigation

is needed.

The DWI during the first live feed period seemed to impact the DWI for the whole

experiment, whose values mirrored those observed during the first phase. In turn, the DWI
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during the second live feed and formulated dry feed periods was not significantly different
between the four tested diets. No significant differences were detected in DWI at early
stages between larvae that received rotifers or copepods, in contrast to what @ie et al.
found (@ie et al., 2015).

A non-significant reduction in DWI was observed when transitioning from copepods to
Artemia, in line with what @ie et al. and Gagnat reported (Gagnat, 2012; @ie et al., 2015).
This could be explained by a more stressful adaptation of the larvae from a “higher
nutritional quality feed” to a “lower nutritional quality” feed. Other works have reported
negative effects on growth when a short transition period was carried out from a higher to
a lower quality diet, and the opposite effect with a change from lower to higher quality
(Koedijk et al., 2010). Based on the DWI results, both Artemia and large cirripeds can be
an appropriate second feed item, but it may be beneficial to adapt the transition phases or
prolong the weaning stage depending on the supplied diet and fish development (Dutton,
1992; Rosenlund et al., 1997). Parallel works in the STARTRENS project focusing on other
aspects have indicated that cirripeds may lead to a more favorable liver and gut
development than Artemia, with improved energy storage and digestive capacity.
Moreover, no major rearrangement in gene expression seemed to be necessary when
transitioning to cirripeds as a second feed item, pointing at cirripeds as a favorable second
feed item (Malzahn et al., 2022; Aase, 2022).

Concerning the relationship between SL and DW, a steep increase in DW was found once
the larvae reached approximately 6 mm in SL, coinciding with the transition from preflexion
to postflexion stage (also coinciding with the start of the metamorphosis and change from
positive allometric to isometric growth) (Gagnat et al., 2016). Other works on ballan
wrasse larvae fed on copepods or rotifers have reported similar findings (Gagnat et al.,
2016; Norland et al., 2022; Ottesen et al., 2012). We found that the relationship between
SL and DW was better described by dedicated equations for each feeding regime, instead
of one single equation for all the groups. This is in contrast with what was reported in
another study based on the same experiment (Malzahn et al., 2022). The differences may
be explained by the fact that Malzahn et al. correlated SL to larval volume instead of DW,

which is the parameter used in the present work.
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4.2 Fatty acid and lipidomics profiles of the larvae during the

first feeding experiment and its interplay with the diet

4.2.1 Fatty acid profiles and total lipids
The lipid composition of the larvae that received the four different diets, as well as the
feeds themselves, were studied in the present work through fatty acid analysis, total lipid

quantification, and LC-MS based lipidomics.

A clear clustering of the replicates of the same feed type was observed in both the fatty
acid and lipidomics data, indicating the existence of common profiles in their lipid
composition. In general, marked differences in fatty acid profiles were found between the
different feed types, except for the two copepod feeds (small and large copepods: nl1-3,
and n4-6, respectively). The small and large copepods clustered together irrespective of
their naupliar stage, which shows a consistent lipid composition in this live feed during
different stages of its life cycle. Copepods showed a total lipid content of approximately
10% of dry weight (w/w), which is in line with the values of 6.9-22.5% reported by van
der Meeren et al. for other calanoid copepod species (van der Meeren et al., 2008).
Moreover, the three most abundant fatty acids in the present work were the same as
reported by van der Meeren, and in the same range (22% DHA of total fatty acids, 13%
palmitic acid C16:0, and 12.3% EPA, followed by 12% ALA and 9.4% LA) (van der Meeren
et al., 2008). Our ARA concentrations in the copepods (approx. 2% of total fatty acids)
were in the range reported by van der Meeren et al. (0-2.6% of total fatty acids), as were
the EPA/ARA and DHA/EPA ratios. The fatty acid composition reported in our work for
copepods is also comparable to that indicated by @ie et al. for A. tonsa (@ie et al., 2015),
and in Rocha et al. for wild zooplankton samples containing Temora sp., Oithona sp. and
Pseudocalanus sp. (Rocha et al., 2017). These findings point to a quite consistent fatty
acid composition of copepods irrespective of species, in agreement with the results shown
by Martinez-Silva et al., where two species of copepods (Eurytemora spp. and Acartia sp.)
displayed similar fatty acid compositions (Martinez-Silva et al., 2018), as well as with the
findings in Karlsen et al., were comparable fatty acid distributions were found in naupliar
stages versus adult copepods (Karlsen et al., 2015). A consistent, predictable, and
nutritionally adequate lipid composition is required for a good live feed, which further points

to copepods as a favorable diet for marine fish larvae.

To the best of our knowledge, the present work contains the first in-depth study of the
fatty acid composition of cirripeds used as live feed for early larval stages of marine fish.
The most abundant fatty acids in cirripeds were EPA (27.4% of total fatty acids in small
copepods and 31.3% in large copepods, respectively), DHA (14.7% and 18.9%), and
palmitic acid (14.9% and 14.3%). The proportions of DHA and palmitic acid in cirripeds
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were close to the values we observed for small copepods. However, cirripeds had a higher
EPA content than the studied copepods. Cirripeds had a lower DHA/EPA ratio than the other
live feeds used in the present work. A lower content of DHA in relation to EPA has led to
decreased growth and survival in other marine fish larvae (Rodriguez et al., 1997;
Watanabe, 1993), and could be one of the causes behind the lower growth and higher
mortality rates we observed in the larvae that received the Experimental cirriped diet. This
hypothesis can be supported by the significant very strong positive correlations we found
between the DHA/EPA ratio and EPA levels in the feeds and the larvae that received them,
as well as between higher levels of DHA in the feed and higher larval SGR. DHA levels and
DHA/EPA ratios have correlated positively with survival in previous works on marine fish
larvae, such as Atlantic cod (Cutts et al., 2006). Moreover, DHA has been regarded as
having a higher value as an essential fatty acid than EPA in marine fish (Ibeas et al., 1994;
Kalogeropoulos et al., 1992; Tocher, 2010; Watanabe, 1993).

The total lipid content of small cirripeds was similar to that of small copepods (12.6 and
11.7%, respectively), while the total lipids in large cirripeds were close to large copepods
(9.6% and 9.2%, respectively). This similarity in the lipid composition was reflected in the
gene expression patterns studied in other works on larvae from our same experiment,
where larvae that were fed on cirripeds or copepods showed fewer differences between
each other than with those that received rotifers (Malzahn et al., 2022). A more similar
composition between copepods and cirripeds may be beneficial, as less rearrangement in
gene expression may lead to reduced stress and more availability of energy to be redirected

into growth.

Martinez-Silva et al. and Li et al. reported lower EPA and DHA proportions in enriched
rotifers compared to copepods (Li et al., 2015; Martinez-Silva et al., 2018). In the present
work, we also found lower EPA in rotifers, but the DHA levels were comparable to copepods.
Given that the lipid composition of the diets was tested on morning samples (after
enrichment), and the same feed was supplied for up to 16 h, it could have been interesting
to sample the live feeds at the end of the day, to evaluate the capacity of enriched rotifers
and Artemia to retain the added essential PUFAs. Karlsen et al. and @ie et al. both found
similar DHA levels in enriched rotifers and copepods, while their EPA values were higher
for copepods than for rotifers, in agreement with what we observed (Karlsen et al., 2015;
@ie et al., 2015). Choi et al. reported a relationship between DHA/EPA ratios above 4 and
increased growth rate, survival, and resistance to stress in Pacific cod (Gadus
macrocephalus) (Choi et al., 2021), while Sargent et al., proposed 2 as the optimal ratio
for seabass and turbot (Sargent, Bell, et al., 1999). In the present work, only enriched
rotifers surpassed a DHA/EPA ratio of 4 (5.0 £ 2.5) and copepods were close to a DHA/EPA
ratio of 2 (2.2 £ 0.3). Kousoulaki et al. reported a positive correlation between fish larvae

final body weight and DHA/EPA ratio in the diet, but the fish in their experiment were older

81



(from 40 DPH) than those used in the present work (Kousoulaki et al., 2015). To the best
of our knowledge, no studies have been published indicating optimal DHA/EPA ratios
specifically for early larval stages of ballan wrasse, but a DHA/EPA ratio of 2 may be
appropriate, considering the improved survival and growth observed in the present work
for larvae fed on copepods. A DHA/EPA ratio of 2 as optimal for ballan wrasse would be in
agreement with what has been found for other marine fish larvae such as (Hamre, Ylfera,
et al., 2013; Izquierdo & Koven, 2011; Sargent, Bell, et al., 1999). As for EPA/ARA ratio
in larval first feed, Rocha et al. proposed 3.8 and 4.7 as optimal values for Atlantic cod (G.
morhua), similar to the optimal EPA/ARA ratios of 3.5-5.1 reported for other marine fish
species (Hamre, Yufera, et al., 2013; Izquierdo & Koven, 2011; Rocha et al., 2017;
Sargent, Bell, et al., 1999). The EPA/ARA ratios for the feed studied in the present work
were approximately 23.7, 3.2, 12.0, 1.9, 25.5, 3.6 and 7.0 for small cirripeds, small
copepods, large copepods, rotifers, large cirripeds, Artemia and dry feed, respectively,
which is similar to the ranges indicated in the literature, where EPA/ARA ratios of up to 20
have been described for copepods (Conceigao et al., 2010). No optimal EPA/ARA ratio has
been published to this date for early larval diets in ballan wrasse. Optimal EPA/ARA ratios
can help the larvae cope better with stress, which may explain the better adaptation to
weaning and survival in larvae that were fed copepods as a first live feed (Cop-Art and
Cop-cir) (McEvoy & Sargent, 1998; Stgttrup, 2003). EPA, DHA, and ARA are essential
PUFAs for marine fish larvae, where they play crucial roles in physiological processes,
including regulation of the fluidity of membranes, gene modulation, pigmentation,
behavior, development of sensorial and neural tissue, and biosynthesis of regulatory local
hormones (Bell et al., 1995; Bell et al., 1986; Benitez-Santana et al., 2007; Cahu et al.,
2003; Carvalho et al., 2019; Etayo et al., 2021; Gagnat et al., 2016; Ganga et al., 2011;
Izquierdo & Koven, 2011; Mourente & Tocher, 1992; Reitan et al., 1994; Sargent, McEvoy,
et al., 1999).

Enriched Artemia had higher total lipids, LA, and ALA than the other feeds, which was
consistent with the literature (Conceicao et al., 2010; Sargent, McEvoy, et al., 1999;
Sargent et al., 2003; @ie et al., 2015). The higher percentage of total lipids in this feed
was reflected in the total lipid percentages of the larvae that received Artemia, which also
displayed higher total lipid values after weaning to formulated dry feed. LA and ALA are
precursors of EPA, DHA, and ARA, but the specific enzymes involved in their biosynthesis
(desaturase and elongase) are limited in marine fish larvae (Estévez et al., 2019; Mejri et
al., 2021; Tocher, 2010). Artemia did not show a lower DHA/EPA ratio than the other live
feeds. A low DHA/EPA ratio has been described as a common problem in Artemia, due to
the interconversion of DHA to EPA in this species (Navarro et al., 1999; Sargent, McEvoy,
et al., 1999). This did not seem to be the case in the present work, where the lipid

enrichment successfully led to higher essential PUFA concentrations. However, as
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discussed further below, it is not only important to quantify PUFAs, but also to know in
which lipid fraction (PL or NL) they are (Kjgrsvik et al., 2009). Our results illustrate this,
considering that a correlation between DHA in larvae and feed was found for the other
feeds, but not for Artemia. Rotifers and Artemia have higher concentrations of essential
PUFAs in neutral lipids, as opposed to other feeds such as copepods, which are naturally
rich in PL-PUFAs (Conceicao et al., 2010; Dhont et al., 2013; van der Meeren et al., 2008).
Specific distributions of fatty acids per lipid class were not studied in the present work, and
this could be an interesting analysis to further explore the links between lipid composition

and increased mortality in ballan wrasse larvae fed on Rotifer-Artemia.

Fatty acid composition data from the larvae only clustered together with the feed’s
composition in the case of Artemia and dry feed. This clustering was not evident for the
other diets that were studied, suggesting that the composition of ballan wrasse larvae only
directly reflects the composition of their diets in some cases. In other words, ballan wrasse
larvae only directly “are what they eat” for selected fatty acids and in some feeds such as
enriched Artemia. In the case of dry feed, the clustering was motivated by high proportions
of n-6 fatty acids. However, given that the mortality at the last time point was high in two
of the studied diets (Rotifer-Artemia and Experimental cirriped), this higher n-6 content
may be motivated by survivor bias, and it cannot be inferred if this finding reflects higher
n-6 fatty acids in the dry feed or a higher n-6 content in survivors in general. The
differences in the lipid composition of larvae and their feed for the rest of the diets could
be explained by a selective incorporation of some of the fatty acids during growth (Mejri
et al., 2021).

Before the introduction of the feeds, larvae clustered together in PCA and hierarchical
clustering analyses, indicating a homogeneous start point for their fatty acid composition.
Once the diets were introduced, larvae also clustered together based on the last feed item
they were receiving, pointing to an effect of the last diet on the lipid composition of the
larvae themselves. In this regard, 22 out of the 37 analyzed fatty acids (or fatty acid
groups/ratios) showed a significant correlation between content in the feed and in the
larvae that received them. The fatty acid composition of fish can be influenced by the diets
and has been used as a tool to explore habitat use and feeding history (Hielscher et al.,
2015; Perga et al., 2006). Long-time effects of the diet on the fatty acid composition were
less apparent in the present work, as larvae receiving a different first feed item still
clustered together when receiving the same second live feed. In this regard, no significant
differences in fatty acid composition were found at 32 DPH between the two groups
receiving Artemia (Rotifer-Artemia and Copepod-Artemia diets), independently from their
first live feed item. This suggests an equalizing effect of the last supplied diet on the lipid
composition of the larvae. A similar effect was observed at 48 DPH, after the introduction

of formulated dry feed. As observed for DWI, the larvae that had survived up to this point
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showed in general less marked differences in fatty acid composition, despite their feeding
history. The higher ARA concentrations at 48 DPH for the larvae that received Artemia as
a second live feed reflect the higher values observed for these groups at 32 DPH, which
may indicate a diluted but present effect of the nutritional fingerprint of Artemia in the

larval lipid composition.

A lower n-3 fatty acid content was found in both rotifers and Artemia as feeds, as well as
the larvae that received them. Given that both rotifers and Artemia were lipid-enriched,
this finding suggests a poor capacity of these live feeds to retain n-3 fatty acids. A
deficiency in n-3 fatty acids has been associated with higher mortalities, delayed growth,
reduced resistance to stress, and the presence of anatomical alterations in marine fish
larvae (Izquierdo, 1996), which could explain the lower survival found in larvae fed on the
Rot-Art diet. Not only the amount of n-3 fatty acids but also the relative proportions
between essential PUFAs are important, since the enzymes involved in lipid metabolism
have different affinities for each fatty acid, leading to competitive interactions (Sargent,
McEvoy, et al., 1999). The proportion between 20 (ARA, EPA) and 22 carbon (DHA)
essential PUFAs must be balanced (Izquierdo et al., 2000), given that EPA and DHA
compete for phospholipid biosynthesis and ARA and EPA for the eicosanoid response
(Martinez-Silva et al., 2018; Sargent, McEvoy, et al., 1999). The balance between the n-3
and the n-6 fatty acid series also plays a role in immune response, development, and
resistance to disease in early larval stages (Bou et al., 2017; Bou et al., 2020; Izquierdo
et al., 2000).

The similarities between the lipid profiles of small and large copepods were also reflected
in the lipid composition of the larvae that received them, which clustered together
irrespective of the copepod naupliar stage they received. Said clustering indicates a
consistent lipid profile in copepods that positively impacts larval growth and development
of ballan wrasse, based on the DWI and survival. This confirms previous findings indicating
that cultivated copepods are a favorable live feed item for ballan wrasse and other marine
fish larvae (Betancor et al., 2019; Busch et al., 2010; Cassiano et al., 2011; Conceicao et
al., 2010; Evjemo et al., 2003; Gagnat et al., 2016; Imsland et al., 2006; Koedijk et al.,
2010; Neess et al., 1995; Payne et al., 2001; Rajkumar & Kumaraguru vasagam, 2006;
Rocha et al., 2017; Romundstad, 2015; Shields et al., 1999; Stgttrup, 2003; Jie et al.,
2015). Considering previous studies, it is likely that the essential fatty acids present in the
copepods were incorporated mostly as PLs instead of NLs (which is typical for enriched
rotifers and Artemia), which facilitates its bioavailability and utilization for growth and
development (Conceicao et al., 2010; Evjemo & Olsen, 1997; Gisbert et al., 2005;
Izquierdo et al., 2000; Li et al., 2015; van der Meeren et al., 2008; Wold et al., 2009).
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The fatty acid and lipid requirements of fish larvae should not only be studied in the light
of survival and growth but also taking into account the development of biological functions
and processes such as muscle-skeleton, pigmentation, neural system development, and
digestive organs development (Hamre, Ylfera, et al., 2013). Some of these aspects have
been evaluated in other master theses carried out as part of the Startrens project (Rosvoll,
2022; Aase, 2022). Aase carried out histological analysis of the gut and liver and found
that the nutritional condition of larval ballan wrasse fed on copepods was more favorable
than those seen for the other tested diets, especially when followed up with feeding with
cirripeds instead of Artemia (Aase, 2022). A correct development of the gut can have an

impact on the absorption and transport of lipids (Izquierdo et al., 2000).

4.2.2 Lipidomics

The study of the lipid profiles in biological systems is known as lipidomics. The field of
lipidomics takes advantage of a variety of sample processing and chromatographic
methods coupled to mass spectrometry (MS) to study relative and absolute amounts of
lipid species (Han, 2016). Lipidomics was applied in the present work to study the relative
distributions of lipid classes during the experiment in larvae receiving each of the four

different diets, as well as the feeds themselves.

The feed lipidomics data for small and large copepods clustered together and independently
from the naupliar stage, as seen for fatty acid composition. A cluster constituted by larvae
fed on either small copepods (CopS, 12 DPH) or large copepods (CopL, 18 DPH) and these
feed items was also observed, pointing to a similar lipidomics profile in these two cases

and a connection with the feed they were receiving.

PLs such as PCs and PEs appeared to be one of the main driving factors behind the
clustering of the lipidomics data according to the supplied diet. PLs are naturally high in
feeds such as copepods and cirripeds, and have been connected to increased growth,
survival, improved digestibility of feed, and enhanced lipid metabolism and transport in
marine fish larvae (Cahu et al., 2009; Coutteau et al., 1997; Izquierdo et al., 2000; A
Kanazawa, 1993; Overrein, 2010; van der Meeren et al., 2008). The hypothesis of better
lipid metabolism in larvae fed diets that are naturally rich in PL (cirripeds and copepods)
was supported by the histological findings reported by Aase, where lipid droplets were
accumulated in enterocytes from larvae fed Rotifer-Artemia (Aase, 2022). The
accumulation of fat droplets can be reduced by supplying PC in the diet (Fontagné, 1996;
Gisbert et al., 2005; Izquierdo et al., 2000; Salhi et al., 1999). Salhi et al. found that
feeding larval gilthead seabream with natural live feed containing marine PL instead of
marine TG significantly improved growth (Salhi et al., 1999). Several more recent studies
have shown that marine fish larvae utilize LC-PUFAs from the feed more efficiently when

they are present in the PL fraction instead of the NL, leading to better growth, development
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and survival (Gagnat, 2012; Gisbert et al., 2005; Hamre, Nordgreen, et al., 2013;
Izquierdo et al., 2000; Kjgrsvik et al., 2009; Wold et al., 2009).

A study of the relationship between mortality rates and larval lipidomics composition at
end time of the same experiment as the one present in this work has been carried out in
another publication (Malzahn et al., 2022). Given that this data already exists, and that
the larvae at the end of the experiment were those that survived (and, thus, could have a
different lipid composition than those that died), this set of correlations were not included

in the present work.

The start feeding diet of fish larvae is not only conformed by lipids but also other nutrients.
The protein content and amino acid composition in feed are important for larval
development and growth, and so are micronutrients such as vitamins (vitamins A, C, D, E,
K) and minerals (Zn, Mn, Se, I) (Hamre et al., 2008; Hamre, Ylfera, et al., 2013; Mazurais
et al., 2009; Nguyen et al., 2008; Penglase et al., 2010). For instance, the aminosulphonic
acid taurine has been identified as a nutrient that improves growth rates in the larval
stages of some marine fish species (Chen et al., 2005; Chen et al., 2004; Conceigao et al.,
2010; Karlsen et al., 2015; Pinto et al., 2010; Rotman et al., 2017). These nutritional
groups were not evaluated in the present work. It could therefore be interesting to study
them together with the lipids to further explore the impact and interplay of different

nutrients in ballan wrasse larval performance.

4.3 Limitations of the study and recommendations for further

work

The shutdown caused by the COVID-19 pandemic affected the experimental phase of the
present work. Not all the initially planned replicates and analyses could be run, which may
have impacted the results at later time points, where the number of sampled larvae was
not equal for all groups. A higher number of replicates could have been beneficial to

increase the statistical power of the analyses.

As previously mentioned, the size of the first live feed in the Experimental cirriped diet was
not fully appropriate for the larval gape size, which could have led to underfeeding. This
starvation may have impacted the survival of the larvae that received this diet. The
experimental cirripeds are, nevertheless, promising, considering their nutritional lipid
composition and the fact that surviving larvae fed on cirripeds had good growth and
development of hepatic and intestinal tissue (Aase, 2022). A recommendation for further
studies would be to carry out a first feeding experiment using experimental cirripeds of an

appropriate size, adjusted to the developmental stage of the fish.
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Unexpected variations were found in some growth indicators between larvae receiving
copepods as their first live feed. No significant differences were seen in environmental
parameters during the first feeding experiment that could explain this. Maintaining tight
control of the water quality is of paramount importance, given that environmental
parameters may influence growth, development, and survival (Planas & Cunha, 1999). We
observed marked oxygen supersaturation upon reception of the newly hatched larvae.
Oxygen supersaturation can have varied effects on fish, but its consequences are not well
understood on larval stages specifically (Helvik et al., 2009; Person-Le Ruyet et al., 2002;
Stuart et al., 2015; Thorarensen et al., 2017; Weitkamp & Katz, 1980). In the present
study, the larvae were pooled after reception and before distribution to experimental tanks,
so it is unlikely that differences in oxygen supersaturation in the two hatches that
constituted the larval population gave rise to the differences in growth we observed. The
study of other possible factors at play, such as the environmental microbiota, may help

identify the cause behind unexpected differences between tanks receiving the same diet.

Our lipidomics methodology was not able to distinguish between isobaric species of the
same lipid class with different chain configurations, and there was a degree of uncertainty
to each lipid species (for instance, a diacylglyceride with 18:0 and 16:1 and one with 18:1
and 16:0 would both be detected as 34:1) (Hansen et al., 2022). High-resolution MS could

be implemented in future works to confirm the identification of the mass transitions.

Given the experimental design of the present work, where different live feeds were
combined into different diets, it was difficult to evaluate the effects on the larval lipid
composition and performance of each live feed independently. Further studies could
implement more mortality estimations along the trial, which may improve the capacity to

identify the underlying cause behind differences in the studied indicators.

Finally, there is a lack of long-term studies that evaluate the whole feeding history of
cleaner fish, from the onset of the exogenous feeding phase until they begin their journey
as delousers. Such comprehensive studies may help shed light on the effects of first feeding

on the quality of ballan wrasse as a cleaner fish.
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5 Conclusions

The results of the present work showed that the first feeding diet impacts the survival,
growth, and lipid composition of early stage ballan wrasse larvae. Based on the indicators
and parameters evaluated, a recommendation for an optimal diet would be to supply
copepods as a first live feed item, followed by either Artemia or large cirripeds. The present
work contains the first in-depth lipid characterization of cirripeds as a live feed for the early
larval stages of ballan wrasse. Given the similarities between the lipid composition of
cirripeds and copepods, the fact that they are one of the natural prey items of ballan
wrasse, and the improved development of liver and gut found in other studies done on fish
from this same experiment, cirripeds can be considered an appropriate live feed to follow
up a first phase with copepods. Both copepods and cirripeds can be easy to handle in a
first feeding setting and may be a good substitute for the extensively used rotifers and
Artemia, respectively. Future studies should evaluate small cirripeds of an appropriate size
as a first live feed for ballan wrasse, as well as dive deeper into the lipid composition of

feeds and larvae and their relationship with performance in the fish.

The lipid composition of the diet impacted growth, survival, and development in ballan
wrasse larvae in the present work. Moreover, the distribution of fatty acids in the feed also
influenced the lipid composition of the larvae, especially based on the last feed that was
supplied. A very strong positive correlation was found between the EPA content, DHA/EPA
ratio, and total n-3 fatty acids in feeds and in the larvae that received them. The n-3 fatty
acids levels were higher in natural diets, such as copepods and cirripeds, versus enriched
live feeds (rotifers and Artemia). A higher n-3 content, together with a more favorable
fatty acid profile, may be behind the observed improved growth, development, and survival
in larvae fed on natural zooplankton diets. In this regard, higher levels of DHA in the diet

were found to be very strongly correlated with higher larval SGR.

Despite the changes observed in lipid composition among the different diets, we found an
equalizing effect of the introduction of formulated dry feed on the lipid composition of the
larvae that had received different feeds. This finding points at the diet affecting growth
and survival of ballan wrasse during critical early stages, but not having a clear effect on
the larval composition after successful weaning. The results reported in the present work
after weaning to dry feed should be considered carefully, since the number of surviving
larvae in some of the feeding regimes was very reduced. Further studies should also focus

on the long-term effects of first feeding diets on fish performance.
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7 Appendices

Appendix 1: Dry Weight (DW)

Table Ala. Descriptive statistics of larval DW along the experiment. The table compiles the

mean DW values % standard deviation (SD) (ug larvat) and number of larvae sampled (N), at times

4,12,18, 23, 32, 37, 42 and 48 DPH for each feeding regime. Feeding regimes: Experimental cirriped

(ExpCir), Copepod-Artemia (Cop-Art), Industry standard (Rot-Art) and Copepod-cirripeds (Cop-cir).

ExpCir Cop-Art Rot-Art Cop-cir

Time Mean DW * SD Mean DW * SD Mean DW * SD Mean DW * SD

(DPH) (pg larva-1) N (pg larva-1) N (pg larva-1) N (pg larva-1) N
4 34.8 £ 6.9 10 344 £ 3.1 10 31.2+2.7 9 35.7 £ 2.2 10
12 189 £ 6.0 30 19.8 £ 5.8 30 22.1 £8.0 30 349%x7.9 29
18 32.3+12.6 26 80.0+ 25.4 29 57.5+£10.5 29 54.3 +£16.7 30
23 88.5 + 44.7 20 155.6 = 80.5 27 96.0 + 34.8 23 152.9 £66.9 29
32 298.0 + 142.7 24 636.3 £ 264.4 28 609.4 £+ 280.6 25 421.8 £ 250.7 27
37 502.1 £ 237.5 21 824.8 £ 505.0 29 1004.2 + 495.8 19 923.8 £ 491.4 30
42 641.7 £ 729.8 6 1406.6 + 494.7 30 1582.4 £ 630.2 5 1078.6 £ 545.8 30
48 NA 2086.1 £ 1032.6 29 NA 2357.0 £ 1282.9 29

NA: no availability of samples for that time point and feeding regime.

Table Alb. Statistical tests applied for analysis of each time point and feeding regime. The

tests were selected according to the criteria indicated in Section 2.4.

Time (DPH) Statistical test
4 Ordinary One-way ANOVA + Tukey's multiple comparisons test
12 Kruskal-Wallis test (one-way ANOVA on ranks) + Dunn's multiple comparisons test
18 Welch's ANOVA test, corrected by multiple comparisons using statistical hypothesis testing
with Dunnet T3
23 Ordinary One-way ANOVA + Tukey's multiple comparisons test
32 Ordinary One-way ANOVA + Tukey's multiple comparisons test
37 Ordinary One-way ANOVA + Tukey's multiple comparisons test
42 Kruskal-Wallis test (one-way ANOVA on ranks) + Dunn's multiple comparisons test
48 Unpaired Welch's t-test
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Figure Al. Distribution and development of the dry weight of the larvae over time. Dotted
horizontal black lines inside each violin plot indicate the first and third quartiles. Colors refer to the
diet that was supplied (Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia
(Rot-Art) and Copepod-cirripeds (Cop-cir)). Dotted vertical lines in the graph indicate the
corresponding feeding period. The horizontal axis represents sampling times as discrete variables,
equally spaced independently of the number of days in between points. Statistically significant
differences (p<0.05) between feeding regimes are depicted by unequal letters over each violin plot.
No values are represented for the Rot-Art and ExpCir treatments at 48 DPH due to lack of sampling
because of high mortality. Values and statistical tests applied can be consulted in Appendix 1, Table
Ala and Table Alb.
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Appendix 2: Daily weight increase (DWI)

Table A2. Daily weight increase (DWI). The table indicates the mean DWI % standard deviation

(SD) (%) for each feeding period and for all the experiment from 4 to 42 DPH. The last sampling

point (48 DPH) is omitted from this analysis, since the Experimental cirriped and Rotifer-Artemia

diets could not be sampled due to high mortalities. Feeding regimes: Experimental cirriped (ExpCir),

Copepod-Artemia (Cop-Art), Industry standard (Rot-Art) and Copepod-cirripeds (Cop-cir).

ExpCir Cop-Art Rot-Art Cop-cir

Mean DWI Mean DWI Mean DWI Mean DWI
Period (DPH) Feed type

SD (%) SD (%) SD (%) SD (%)
4-18 First live feed -0.6 £ 0.7 6.2+ 1.1 4.5 £ 0.3 3.0+ 1.0
18-32 Second live feed 17.3 £ 1.0 16.0 £ 3.0 17.7 £ 1.6 154+ 1.4
32-42 Formulated dry feed 8.0+ 0.4 83+1.5 9.8 £ 2.2 104 £ 4.4
4-42 All periods 8.0 £ NA 10.2 £ 0.4 10.9 £ NA 9.4 £ 0.5

NA: Only one tank available to sample at the end of the experiment, no SD calculated.



Appendix 3: Standard length (SL)

Table A3a. Descriptive statistics of larval SL along the experiment. The table compiles the
mean SL values + standard deviation (SD) (mm larva!) and number of larvae sampled (N), at times
4,12,18, 23, 32, 37, 42 and 48 DPH for each feeding regime. Feeding regimes: Experimental cirriped
(ExpCir), Copepod-Artemia (Cop-Art), Industry standard (Rot-Art) and Copepod-cirripeds (Cop-cir).

ExpCir Cop-Art Rot-Art Cop-cir

Time Mean SL = SD Mean SL = SD Mean SL = SD Mean SL = SD

(DPH) (mm larva™) N (mm larva) N (mm larva) N (mm larva™) N
4 4.32 + 0.39 10 4.49 £ 0.22 10 4.18 £ 0.24 10 4.16 £ 0.27 10
12 4.51 £ 0.37 30 4.62 £ 0.36 30 4.59 £ 0.31 30 4.27 £ 0.48 30
18 4.81 £ 0.31 26 5.26 £ 0.44 30 4.76 £ 0.36 29 4.96 £ 0.44 30
23 5.22 £ 0.49 20 5.98 + 0.60 27 5.18 = 0.35 23 6.03 +£0.56 30
32 6.09 + 0.54 24 7.19 £ 0.61 28 7.20 £ 0.75 26 6.73 £0.56 27
37 6.60 £0.56 21 7.46 £ 0.90 30 7.61 £ 0.87 19 7.58 £ 0.94 30
42 6.72 £ 1.07 6 8.25 + 0.66 30 8.50 = 0.58 5 7.98 = 0.87 30
48 NA NA 8.72 £ 0.95 29 NA NA 9.16 +£ 1.37 29

NA: no availability of samples for that time point and feeding regime.

Table A3b. Statistical tests applied for analysis of each time point and feeding regime. The

tests were selected according to the criteria indicated in Section 2.4.

Time (DPH) Statistical test

4 Ordinary One-way ANOVA + Tukey's multiple comparisons test

12 Kruskal-Wallis test (one-way ANOVA on ranks) + Dunn's multiple comparisons test
18 Ordinary One-way ANOVA + Tukey's multiple comparisons test

23 Ordinary One-way ANOVA + Tukey's multiple comparisons test

32 Ordinary One-way ANOVA + Tukey's multiple comparisons test

37 Kruskal-Wallis test (one-way ANOVA on ranks) + Dunn's multiple comparisons test
42 Kruskal-Wallis test (one-way ANOVA on ranks) + Dunn's multiple comparisons test
48 Unpaired Mann-Whitney test
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Appendix 4: Comparison of equations to describe the

relationship between SL and DW
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Figure A4. Comparison of fits of different equations to describe the relationship between
SL and DW. Fits for a second order polynomial (quadratic) equation (orange color) and a third
order polynomial (cubic) equation (green color). Each panel corresponds to one of the four feeding
regimes.



Appendix 5: Fatty acid composition of the feed and larvae along
the first feeding experiment

Table A5a. Fatty acid composition of the different feeds. Fatty acids are expressed as mean %
of total fatty acids (3 biological replicates, corresponding to 3 tanks) + standard deviation. Total
lipids (last row) are given as % (w/w) of dry weight. Feeds: Art (Artemia); CirS (experimental small

cirripeds), CirL (large cirripeds), CopS (n1-3 copepods); CopL (n4-6 copepods), Rot (rotifers).

Diet CirS CopS CoplL Rot CirL Art DryFeed

C14:%C(i'\c’|';’”5t'° 2.53£0.22 2.6740.18 1.940.39 2.67£0.56 1.55+0.13 1.45£0.22  2.48+0
Cl4:In5> 4 610.01 0.03£0.01 0.01£0.03  0.0240  0.05+0.01 0+0 0.06+0

(Myristoleic acid)
C15:0

(Pentadecanoic  0.35+0.18 0.19+0.19 0.18+0.14 0.41£0.03 0.27+0.13 0.12+0.02  0.08%0
Acid)

Cls:gc(i?;'m't'c 14.87+0.33 12.79+0.1 12.23+1.75 18.744.52 14.3240.85 16.95+0.32 18.9%0
C16:1n5

(Hexadecenoic 0.11+0.13 0.09+0.13 0+0 0+0 0.04£0.08 0.26%0.01 0.33%0
acid)
C16:1n7

; ] . 6.15+0.14 1.3+0.19 1.25+1.52 8.01+3.37 3.75+0.31 5.91+0.46 3.34%0
(Palmitoleic acid)

C16:1n9
(Hypogeic acid)

C17:0
(Heptadecanoic 0.48+0.11 1.26%1.42 1.42+1.22 0.52+0.14 0.52+£0.15 1.24+0.08 0.33+0
acid)
Cl17:1n7
(Heptadecenoic 0.14+0.16 0.13+0.18 0.15+0.13 0.71£0.2 0.24+0.16  0.2+0.02 0.17+0
acid)

C18:0 (Stearic
acid)

0.26+0.07 0.26+0.12 0.38+0.2 0.57+0.14 0.16+0.11 0.21+0.05 0.36+0

4.17+0.34 4.04+0.65 4.05+0.43 3.41+0.63 3.52+0.47 5.09+0.32 3.62+0

Cls;l”/zd((;/)acce”'c 7.6640.22 3.0440.29 3.943.61  3+0.73  8.9340.52 8.0240.63  3.38+0
C18:]a.2;5()j)(OIEIC 8.51£0.2 0.83%0.16 2.11#2.6 12.71+4.08 5.95£0.32 13.52£0.46 14.430
C18:azcri1§ (I':/Lr;o'e'c 1.524£0.07 11.94+2.03 6.89+4.81 4.14£0.47 0.88+0.07 5.46+0.18  26.85+0
(C18:3n3 (Alpha ;54002 18.86+4.56 7.03+4.35 1.48£0.55 0.65+0.04 4.91£0.4  3.24+0
linolenic acid, ALA)
C18:3n6 (Gamma 1540 14 0.03+0.05 0.35+0.31 0.19+0.02 0.16£0.05 0.33£0.04  0.09+0
linolenic acid)

C18:4n3 1.0540.7 2.53+3.46 1.97+1.73 0.2840.02 0.87+0.58 0.02+0.03 0+0
(Stearidonic acid)
Czo:oa(c’?gicmd'c 0.1440.01 0.740.14 0.17£0.03 0.17£0.02 0.12+0.01 0.19£0.01  0.350

_C€20:1n7 1.3540.9 0.140.14 0.69+1.15 0.64+0.21 1.68+1.13 0%0 0+0
(Eicosenoic Acid)
C20:1n9 (Gondoic

acid) 4.03+0.13 0.16+0.02 0.85+1.34 2.96+0.74 2.66+0.13 0.44+0.09 2.13+0
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Diet CirS CopS CoplL Rot CirL Art DryFeed
C20:2n6
(Eicosadienoic ~ 0.54+0.03  3.6+0.61  1.540.6  0.640.1  0.61+0.03  0.15+0 0.26£0
acid)

C20:3n3

(Eicosatrienoic ~ 0.14+0.01 0.8440.21 0.29+0.09 0.45+0.15 0.19+0.01  0.18%0 0.16%0
acid)
C20:4n3

(Eicosatetraenoic  0.35+0.23 4.37+5.42 2.71+4.71 1.56+0.37 0.27+0.18 0+0 0+0
acid)
C20:4n6

(Arachidonic acid, 1.16+0.04 2.53+0.18 1.56+0.3 2.29+0.47 1.22+0.04 4.23+1.93  0.99+0
ARA)

C20:5n3

(Eicosapentaenoic 27.37+£1.39 7.87+4.61 16.73+9.45 4.1740.92 31.26+1.67 12.55£1.03  6.97+0
acid, EPA)

sz;%éii‘ihe”'c 0.1£0.01  0.61£0.02 0.37£0.16 0.13£0.01 0.1£0.01 0.3620.06  0.26£0

C22:1a”C9id()Er”°'° 0.23£0.01 0.13+0.14 0.0940.08 0.35+£0.07 0.17+0.01  0.03+0 0.07+0
C22:5n3

(Docosapentaenoic 0.62+0.22 3.83+4.37 0.46+0.33 1.18%+0.24 0.35%0.23 0+0 0+0
acid)

C22:5n6

(Docosapentaenoic 0.21+0.14  0.62+0.8 0.78+0.76 8.97+2.53 0.18+0.12 0.03%0.02 0+0
acid, DPA)
C22:6n3

(Docosahexaenoic 14.68+0.69 14.39+6.27 29.6+7.69 19.09+4.84 18.95+0.61 18.08+0.31  10.8+0
acid, DHA)

C24’1a(c'i\‘de)”’°”'c 0.42£0.03 0.24+0.02 0.36£0.04 0.62+0.08 0.37+0.08 0.0820.01  0.35%0
DHA/EPA 0.54£0.01 1.93%0.33  2.55%2 542,53  0.61+£0.02 1.45£0.09  1.55+0
EPA/ARA 23.67+1.12 3.19+2.06 11.94+8.84 1.88+0.62 25.54+1.28 3.57+2.04  7.02+0

zsat“argfjesd fatty  55.64+0.98 22.2742.01 20.32+1.67 26.01£4.21 20.41£1.39 25.4+0.82  26.02+0

2 Unsaturated - 36,0 98 77.73+2.01 79.68+1.67 73.99+4.21 79.59+1.39 74.6+0.82  73.98+0
fatty acids

S n-3 fatty acids ~ 44.83+1.09 52.74£0.21 58.845.88 28.2+2.89 52.54+2.22 35.73+1.14 21.17+0

S n-6 fatty acids ~ 3.6+£0.11 18.73+2.08 11.0845.67 16.19+2.32 3.05+0.06 10.21£1.82 28.19+0
ini ()

Total lipids (% of 15 ¢441 5 11.69+3.35 0.15+0.74 16.25+1.72 9.56+0.95 21.28+1.82 16.411

dry weight)




Table A5b. Fatty acid composition of the larvae fed different start feeding diets, at different time points (DPH). Fatty acids are expressed as

mean % of total fatty acids (3 biological replicates, corresponding to 3 tanks) + standard deviation. Total lipids (last row) are given as % (w/w) of dry

weight. Feeds: Art (Artemia); CirS (experimental small cirripeds), CirL (large cirripeds), CopS (n1-3 copepods); CopL (n4-6 copepods), Rot (rotifers).

Diet ExpCir Cop-Art Rot-Art Cop-cir

Time

(DPH) 4 12 18 32 48 a 12 18 32 48 a 12 18 32 48 a 12 18 32 48
(ﬁlﬁﬁic 0.73+ 0.58+ 0.92+ 0.98+ 0.9 0.62+ 0.51% 0.78+ 0.77+ 0.73+ 0.56% 0.58+ 0.84% 0.75% 0.75+ 0.55+ 0.81+ 0.76% 0.96+ 0.91+
a‘éid) 016 0 018 0.17 8+0 0.06 0.04 0.3 0.5 0.26 008 013 0.03 0.06 0.25 014 0.13 0.05 02 0.09
(Cwl|4ré?c3 0t0 o0x0 o0x0 990 o190  0x0 o020 o0+0 o0+0 o0x0  0x0 o0x0 oo O0M* 19  oxo 0:02% 0£0.0 0.02+ 0.01%
eicyadd) 2 0.02 000 1 002 001
C15:0

(Pentade 0.34%+ 0.29+ 0.26+ 0.31+ 0.3  0.35+ 0.21% 0.21+ 0.25+ 0.22+ 0.28+ 0.3%0 0.38+ 0.26%+ 0.31+ 0.29+ 0.43%+ 0.17+ 0.23+ 0.22+
canoic  0.04 ©0 0.15 0.02 140 005 0 001 0.4 013 001 .04 001 015 0.02 003 033 009 013 0.12
Acid)

(éllg’;igic 19.38 17.46 18.31 18.03 01351 19.52 17.19 18.54 14.76 17.84 18.71 17.13 18.99 14.45 17.67 18.9+ 17.82 18.7+ 19.72 18.16
Sl *0.55 £0.34 046 +0.68 ' +0.8 +0.08 +0.42 +0.25 +1.43 +0.41 +0.55 +0.01 +0.61 +0.71  1.11 +0.39 0.39 +1.34 +0.45
C16:1n5

(Hexadec 0.21% . = 0.24% 001 . 031 ., = 0.13% 006+ 0.08+ 0240 0.08+ 022+ 0.5+ , .  0.1*0 0.06+ 0.19% 0.13+ 0.08%
enoic  0.19 0.02 1 0.03 0.11 0.11 0.14 17  0.14 0.02 0.13 17 01 0.01 012 0.14
acid)

(Cplaelmll?gl 1.34+ 1.97+ 2.68+ 1.98+ 1.9 1.27+ 1.67% 2.25+ 4.27+ 1.82+ 1.25% 2.74+ 2.74+ 433+ 1.81+ 1.24% 1.76% 2.15+ 3.19% 1.96%
Gl 009 0.06 037 025 840 0.02 0.4 0.2 011 003 004 016 011 006 015 008 0.4 006 045 005
(CH16’3”; 1.64+ 0.84% 0.57+ 0.36+ 0.3 1.51+ 0.74% 0.48% 0.45+ 0.39% 1.54+ 0.98% 0.76% 0.47+ 0.46%+ 1.52+ 0.75+ 0.39+ 0.4+0 0.31+
C‘;pcig) 0.2 002 021 032 6+0 001 0.09 0.01 0.24 0.1 0.05 009 004 022 003 01 0.09 009 .08 0.06
C17:0

(Heptade 0.53+ 0.55+ 0.55+ 0.41% 0.4 0.5+0 1.43+ 1.78+ 1.06+ 0.63+ 0.49+ 0.62+ 0.71= 1.08+ 0.59+ 0.48+ 1.5+0 1.33+ 0.95% 0.42%
canoic  0.04 0.05 0.07 0.5 10 .04 0.15 004 0.08 022 004 0.2 005 014 001 003 .05 069 03 0.03
acid)

C17:1n7

(Heptade 0.17+ 0.39+ 0.07+ 0.36% 0.3 0.26+ 0.43+ 0.35% 0.78+ 0.44+ 0.23+ 0.39+ 0.46% 0.83+ 0.51% 0.12% 0.35%+ 0.4£0 0.41+ 0.24%
cenoic  0.17 0.04 0.1 0.01 6+0 0.1 0.03 03 053 032 008 0.17 003 053 006 02 019 .24 036 0.21
acid)
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Diet ExpCir Cop-Art Rot-Art Cop-cir

Time

(DPH) 4 12 18 32 48 4 12 18 32 48 4 12 18 32 48 4 12 18 32 48
((S:gfz;gc 7.53+ 10.17 9.86% 7.22% 7.2 8.05% 9.26% 8.54+ 7.50+ 7.83+ 7.58%+ 0.91+ 10.22 7.38+ 7.78+ 7.85% 9.2+0 8.85%f 8.4%0 6.8+0
ea)C 021 %032 063 036 280 052 042 034 045 126 012 0.5 0.07 0.64 037 06l 52 049 63 .3
(c\:/la?:ct:?c 2.31+ 4.02+ 501+ 3.12+ 3.1  2.3+0 2.25+ 2.36+ 8.04+ 3.64+ 233+ 2.98+ 2.79+ 8.81% 3.5+0 2.31% 2.27+ 2.41+ 7.01+ 3.22+
'€ 002 01 096 006 2:0 .03 002 00l 07 058 002 004 005 078 .17 002 003 015 137 024
c(1§|:elirc19 11.34 10.06 9.17+ 12.29 21;': 11.33 7.51+ 6.06% 13.25 12.52 11.52 11.08 10.45 14.07 12.44 11.44 7.28% 6.32+ 10.58 12.77
gy *01 %024 114 0.1 g% £033 061 0.1 +0.88 %046 0.14 *0.1 0.05 #0.8 0.28 #0.19 021 015 *0.84 *0.31
%Lllﬁolz;g 3.88+ 2.08+ 2.04%+ 17.35 3157i 3.83+ 4.57+ 5.2+0 4.48% 14.26 3.85+ 3.02+ 3.09+ 4.56+ 16.07 3.82+ 4.71+ 5.41+ 2.57+ 19.05
Seoa 005 01 12 2035 ) 0.12 035 .04 027 =+4.93 0.7 0.5 0.3 0.2 +1.07 0.14 0.05 051 0.9 =+0.26
C18:3n3

(Alpha  0.36% 0.31% 1.07+ 1.57+ 1.5 0.32% 2.85+ 2.86+ 3.12+ 1.44+ 0.3+0 0.63% 0.49+ 3.37+ 1.51+ 0.3+0 3.1£0 3.01% 0.93+ 1.71+
linolenic  0.08 0.14 1.43 0.2 7+0 0.02 0.55 0.06 0.27 0.21 01 0.07 0.04 006 0.03 01 .11 051 024 0.05
acid ALA)

C18:3n6

(Gamma 0.36+ 0.17+ 0.19+ 0.91+ 0.9 0.11 0.20+ 0.32+ 0.29+ 0.24+ 0.25+ 0.15+ 0.15+ 0.29+ 0.32+ 0.18+ 0.33+ 0.31% 0.26% 0.37+
linolenic  0.21 0.02 0.04 005 1+0 01 0.04 0.04 0.05 0.23 021 001 001 005 028 0.31 0.03 005 0.06 023
acid)

(Csltg::ir(‘ji 0.23+ 0.49+ 0.39% 0.95+ 0.9 0.21+ 0.97+ 0.92+ 0.29+ 0.33+ 0.240 0.24% 0.240 0.33%+ 0.58+ 0.240 1.13+ 0.59% 0.41% 0.56
Cooldy 003 003 034 003 550 004 022 001 025 031 01 0 .02 028 004 02 0.03 053 036 048
(/fri?:l;?di 0.17% (.0 e 0165 01 018+ 021+ 0.19% 0.18+ 0.24% 0.17% 0.16% 0.15% 0.18% 0.240 0.17% 0.22% 0.19% 0.22% 0.2%0
ey o : 0.01 60 0.01 0.01 0.01 001 0.05 001 0 001 001 .01 0.01 0.03 001 0.01 .01
(%izg;sle”ni) 0.05+ 0.63+ 0.62+ 0.38+ 0.3 0.15+ 0.18+ 0.18+ 0.14+ 0.17+ 0.1£0 0.31+ 0.5+0 0.15% 0.24+ 0.09+ 0.13+ 0.11+ 0.33+ 0.23+
a0l 004 057 004 8%0 0 0.01 002 012 0.15 09 027 .02 013 0 008 011 01 058 0.2
(Cégncljgi 135+ 1.79+ 1.83+ 142+ 1.4 1.33% 074+ 0.48+ 0.57+ 1.15%+ 1.37+ 1.61+ 1.52+ 0.65+ 1.18% 1.34% 0.73% 0.46% 1.04+ 1.48%
ougyC 001 012 064 003 2#0 009 01 001 001 016 001 005 0.03 0.09 003 003 008 00l 046 0.05
C20:2n6

(Eicosadi 0.96+ 0.77+ 0.74% 0.59+ 0.5 0.94+ 1.42+ 1.66+ 0.36+ 0.54+ 0.97+ 0.840 0.65+ 0.3+0 0.57+ 0.97+ 1.4+0 1.71+ 0.81+ 0.67+
enoic  0.03 0.05 0.3 013 9+0 004 0.05 0.01 002 0.1 001 .01 001 .04 001 001 .01 011 009 0.04

acid)




Diet ExpCir Cop-Art Rot-Art Cop-cir
Time
(DPH) 4 12 18 32 48 4 12 18 32 48 4 12 18 32 48 4 12 18 32 48
C20:3n3
(Eicosatri 0.18+ 0.12+ 0.17+ 0.22+ 0.2  0.18+ 0.47+ 0.62+ 0.24% 0.15+ 0.17+ 0.26% 0.22+ 0.18+ 0.14+ 0.17+ 0.49+ 0.63% 0.29+ 0.16%
enoic 0 0.02 0.14 0.04 240 0.01 0.06 0.02 0.02 0.01 0.01 0.00 001 012 0 0 0.01 0.05 0.02 0.01
acid)
C20:4n3
(Eicosate 0.21+ 0.16% 0.12+ 0.49+ 0.4 0.19% 0.33% 0.33+ 1.99+ 0.19%+ 0.24#0 0.63%+ 0.69+ 2.74% 0.19+ 0.23%+ 0.36% 0.22+ 2.17+ 0.32+
traenoic  0.02 0.02 0.11 1.41 940 0 0.04 0.01 3.03 0.19 .02 0.04 0.01 4.02 0.01 006 0 0.19 3.15 0.28
acid)
C20:4n6
(Arachido 3.79+ 3.83+ 3.4+0 2.03+ 2.0 3.76% 3.22+ 2.46+ 6.35+ 4.71+ 3.89+ 4.58+ 4.8+0 6.81+ 4.06+ 3.89+ 3.05+ 2.6+0 2.48+ 1.75%
nic acid, 0.07 0.04 .25 0 30 0.15 0.28 0.05 0.47 1.74 0.03 0.03 .04 0.41 0.21 0.14 0.04 .17 0.5 0.11
ARA)
C20:5n3
(lft'ggf]i‘l’f 10.29 11.62 13.35 7.56+ 7.5 10.2+ 9.22+ 9.03+ 9.35% 6.5+0 10.33 5.58+ 4.24+ 9.8+3 6.52+ 10.38 9.23+ 8.99+ 9.93+ 7.88%
e +0.13 +0.47 +1.21 0.42 6+0 0.27 0.25 0.18 1.95 .38 +0.14 0.11 0.1 .36 0.3 +£0.36 0.02 0.77 2.66 0.58
EPA)

(é:ezhzégic 0.08+ 0.07+ 0.14% 0.19% 0.1 0.09+ 0.18+ 0.2+0 0.4+0 0.32+ 0.08+ 0.09% 0.08+ 0.44+ 0.31+ 0.07+ 0.240 0.22+ 0.18+ 0.18%
acid) 0.01 0.01 0.07 0.16 9+#0 0.04 0.03 .04 .08 0.07 0.02 0.01 0.03 0.08 0.04 0.04 .03 0.05 0.01 0.02
c(zEzru1CInC9 0.07+ 0.07+ 0.09% 0.09%+ 0.0 0.05+ 0.03% 0.04% 0.03+ 0.07+ 0.05% 0.09% 0.1+0 0.03+ 0.07+ 0.05+ 0.05+ 0.06% 0.1+0 0.08%
acid) 0.02 0.01 0.02 0.14 9+0 0.01 0 002 0 0.01 0.01 0 .01 0 0 0.01 0.01 0.03 .02 0

C22:5n3

(Docosap 1.62+ 1.21+ 4.97+ 1.09+ 1.0 1.63+ 1.11% 1.03% 2.64+ 3.56+ 1.68+ 1.5+0 1.64+ 2.92+ 1.04+ 1.61+ 1.11+ 4.37+ 3.62+ 0.66%

entaenoic 0.05 0.01 6.15 0.18 9+0 0.04 0.03 0.01 3.4 451 0.07 .03 0.03 3.79 0.04 0.03 0.05 5.81 4.49 0.57
acid)

C22:5n6

é[n)toa‘::lf;‘z 0.45+ 0.46% 0.16% 0.79+ 0.7 0.28+ 0.87+ 1.17+ 3.50+ 2.26% 0.44% 4.55+ 6.24+ 3.65+ 2.840 0.44+ 0.89+ 0.77+ 0.67+ 0.57%
gy 0.02 0.03 0.23 0.12 9+#0 0.25 0.04 0.01 3.11 2.16 0.01 0.12 0.11 3.15 .15 0.01 0.04 063 0.61 0.5
DPA)

C22:6n3

(Docosah 1 2923 22.42 18.74 18 1.83 31.48 14.6% 17.37 79 28.45 26.04 10.91 18 8 2 2837 21 18
exaenoic 3001 29.23 22, 74 5. 3009 31.83 31 6 3 30.79 28.45 26.04 10.9 .05 30.86 30.3 3 .55 18.69
o £0.84 0.4 +4.91 *0.96 +0.48 +0.81 +0.25 3.41 +4.56 +0.05 +0.28 +0.26 +3.87 #0.09 +0.74 +1.12 +5.63 #2.04 =*0.75
DHA)
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Diet ExpCir Cop-Art Rot-Art Cop-cir
Time
(DPH) 4 12 18 32 48 4 12 18 32 48 4 12 18 32 48 4 12 18 32 48
(Ncezré;nc 0.41%+ 044+ 044+ 041+ 0.4 041 031+ 0.33+ 0.11% 035+ 044+ 054+ 0.62% o 032+ 042+ 0.31% 031+ 0.44% 0.36%
Siq'C 001 004 005 001 1x0 005 002 002 001 002 002 00r 008 0.03 0.2 003 003 006 0.01
DHA/cpa 2:92% 252+ 168+ 248+ 24  2.95% 346% 348+ 156+ 2740 298+ 5140 6.14% L1l: 277+ 297+ 3.28% 3.240 225+ 238+
012 0.4 039 0.08 8+0 004 0.18 007 005 .84 004 .08 0.2 006 0.4 007 012 .83 05 0.08
epa/aRa 272% 3.03% 3.94% 3724 37 271+ 2.88% 368+ 149% 151+ 265+ 122+ 0.88% 146+ 1620 267+ 3.03% 346+ 3.97+ 4.5
0.08 0.5 041 0.23 2+0 003 0.33 01 04 053 003 002 003 056 .01 0.02 0.5 036 031 016
>
Saturated 28.76 29.32 30.24 27.31 3217i 20.32 28.99 30.24 25.02 27.82 27.88 28.8+ 31.37 24.55 27.61 28.31 30.19 30.22 30.66 26.87
fatty ~ +0.58 +0.59 +0.32 +0.47 ~y°  +1.42 *0.19 +0.47 *0.58 0.16 +0.62 0.73 +0.12 +1.23 +0.68 +16 *0.73 +0.83 +1.5 +0.69
acids
2 72
Unsaturat 71.24 70.68 69.76 72.69 2. 70.68 71.01 69.76 74.98 72.18 7212 71.2% 68.63 7545 7239 71.69 69.81 69.78 69.34 73.13
edfatty +0.58 +0.50 +0.32 +0.47 °9° £142 +0.19 047 +0.58 +0.16 +0.62 0.73 +0.12 +1.23 +0.68 +1.6 *0.73 #0.83 +15 *0.69
acids
%a’t‘f 42.9% 43.14 42.49 30.62 520; 42.82 46.78 46.28 32.22 29.56 43.67 37.3% 33.53 30.25 28.03 43.76 45.74 46.19 38.9+ 29.98
P 065 £0.28 £2.17 £0.9 °2F  £0.78 £0.28 £031 %112 0.5 £0.27 046 *0.06 +0.47 £0.19 +1.03 £1.02 #1.01 395 #0.17
%a't‘t's 9.44% 7.31% 6.53% 21.67 6271 8.94+ 10.38 10.82 15.06 22+1. 9.41+ 13.11 14.93 15.61 23.82 9.3+0 10.38 10.8% 6.79+ 22.42
Py 012 012 121 *0.65 °] 0.4 +021 +0.08 +2.41 52 0.27 +0.17 +0.12 +2.55 #1 5 +0.14 0.09 1.85 +0.78
Total 23
lipids (% 20.56 1648 17.86 23.04 °°, 23.84 14.98 1542 18.8+ 14.94 1966 14.66 1647 2045 1578 22.18 18.6+ 14.46 1575 18.7+
ofdry  +3  +0.64 +1.1 +0.91 +6.65 +0.05 +0.98 0.68 +1.26 +2.06 +1.03 +1.97 +0.22 +2.67 +7.03 8.89 +0.89 +0.68 1.2

weight)




Appendix 6: Principal

component

analysis (PCA) and

hierarchical clustering of fatty acid composition in feed
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Figure A6a. Normalization of fatty acid composition of the feeds. Normalization performed
using “autoscaling” in MetaboAnalyst 6.0 (Pang et al., 2021), corresponding to mean-centering and
dividing by the square root of the standard deviation of each variable.
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Figure A6b. PCA analysis of fatty acid composition in feeds. 2d-scores plot made using
MetaboAnalyst 6.0 (Pang et al., 2021). Groups are indicated by color, and the shading corresponds
to the 95% confidence interval for each group, calculated using bootstrap resampling. The explained
variances for each principal component (PC) are shown in brackets (A). Feeds: Art (Artemia); CirS
(experimental small cirripeds), CirL (large cirripeds), CopS (n1-3 copepods); CopL (n4-6 copepods),
Rot (rotifers). The number after the abbreviation indicates the replicate number.
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Figure A6c. Heatmap showing
hierarchical clustering of the fatty
acid composition of the feeds.
Euclidean distance was used as
similarity measure and Ward’s linkage
as clustering algorithm. The heatmap
was dgenerated using normalized data.
Colors from red to blue indicate Z score
(standard deviation from the mean),
with deeper red reflecting higher
metabolite abundance, and deeper blue
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metabolites and columns to samples,
the latter grouped by type of feed (Art
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Appendix 7: Principal component analysis (PCA) and

hierarchical clustering of fatty acid composition in larvae
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Figure A7a. Normalization of fatty acid composition of the larvae. Normalization performed
using “autoscaling” in MetaboAnalyst 6.0 (Pang et al., 2021), corresponding to mean-centering and
dividing by the square root of the standard deviation of each variable.
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Figure A7b. PCA analysis of fatty acid composition in larvae. 2d-scores plot made using
MetaboAnalyst 6.0 (Pang et al., 2021). Groups indicate last feed received, and the shading
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Figure A7c. Heatmap showing hierarchical clustering of the fatty acid composition of the
larvae. Euclidean distance was used as similarity measure and Ward’s linkage as clustering
algorithm. The heatmap was generated using normalized data. Colors from red to blue indicate Z
score (standard deviation from the mean), with deeper red reflecting higher metabolite abundance,
and deeper blue lower abundance. Rows correspond to metabolites and columns to samples, the
latter grouped by type of feed. EC (Experimental cirriped), CA (Copepod-Artemia), RA (Rotifer-
Artemia), CC (Copepod-cirriped), first number indicates replicate; number after underscore indicates
time (DPH).
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Appendix 8: Fatty acid composition and total lipids of the larvae
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Figure A8. Selected fatty acids or groups of fatty acids and total lipids of the larvae at 4
DPH. Means and SD for each 3 tanks are shown. Colors refer to the diet that was supplied
(Experimental cirriped (ExpCir), Copepod-Artemia (Cop-Art), Rotifer-Artemia (Rot-Art) and
Copepod-cirripeds (Cop-cir)). Statistically significant differences (p<0.05, one-way ANOVA followed
by Tukey’s multiple comparisons test) within analytes are denoted by unequal letters above each

bar.



Appendix 9: Normalization of lipidomics data prior to PCA, sPLS-

DA and hierarchical clustering
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Figure A9a. Normalization of lipidomics data of larvae and feed. Normalization performed
using “autoscaling” in MetaboAnalyst 6.0 (Pang et al., 2021), corresponding to mean-centering and
dividing by the square root of the standard deviation of each variable.
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Figure A9b. Normalization of lipidomics data of feed. Normalization performed using
“autoscaling” in MetaboAnalyst 6.0 (Pang et al., 2021), corresponding to mean-centering and dividing
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Figure A9c. Normalization of lipidomics data of larvae. Normalization performed using
“autoscaling” in MetaboAnalyst 6.0 (Pang et al., 2021), corresponding to mean-centering and dividing
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Appendix 10: Hierarchical clustering of lipidomics data in feed

and larvae
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Figure A10a. Heatmap showing hierarchical clustering of the lipidomics profiles of the
feeds. Euclidean distance was used as similarity measure and Ward'’s linkage as clustering algorithm.
The heatmap was generated using normalized data. Colors from red to blue indicate Z score
(standard deviation from the mean), with deeper red reflecting higher metabolite abundance, and
deeper blue lower abundance. Rows correspond to metabolites (top 25 features with highest
differences according to a t-test or ANOVA are shown) and columns to samples, the latter grouped
by type of feed (Art (Artemia); CirS (experimental small cirripeds), CirL (large cirripeds), CopS (n1-
3 copepods); CopL (n4-6 copepods), Rot (rotifers), number indicates replicate.
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Figure A10b. Heatmap showing hierarchical clustering of the lipidomics profiles of the
larvae along the experiment. Euclidean distance was used as similarity measure and Ward’s
linkage as clustering algorithm. The heatmap was generated using normalized data. Colors from red
to blue indicate Z score (standard deviation from the mean), with deeper red reflecting higher
metabolite abundance, and deeper blue lower abundance. Rows correspond to metabolites (top 25
features with highest differences according to a t-test or ANOVA are shown) and columns to samples,
the latter grouped by type of feed. EC (Experimental cirriped), CA (Copepod-Artemia), RA (Rotifer-
Artemia), CC (Copepod-cirriped), first number indicates replicate; number after underscore indicates

time (DPH).
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Appendix 11: Correlations between selected fatty acids in the

larvae and in the last feed they received
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Figure Al11l. Scatter plots showing correlations between selected fatty acids in the larvae
and in the last feed they received. The 11 significant very strong correlations are represented
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(p < 0.05; Spearman’s rho coefficient below -0.8 or above 0.8). Moreover, the correlation for
C22:6n3 (DHA) is shown to illustrate the differences in larvae receiving Artemia. The y axis

indicates fatty acid content in the larvae and the x axis in the feed. Spearman’s rho coefficients and

p values are shown for each correlation in the corresponding panel.
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Appendix 12: Correlations between selected fatty acids in

feed and performance indicators in the larvae
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Figure A12. Scatter plots showing correlations between selected fatty acids in the feed
and performance indicators in the larvae. Only significant very strong correlations are
represented (p < 0.05; Spearman’s rho coefficient below -0.8 or above 0.8). Spearman’s rho
coefficients and p values are shown for each correlation in the corresponding panel.
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