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1. Introduction and discussion

1.1. Abstract 

The objective of the thesis was to enhance the feeding protocol for early developmental stages of 

pikeperch larvae (Sander lucioperca (L., 1758)) in recirculating aquaculture systems (RAS). This 

protocol needed to be species-specific and tailored to the larval development. The impact of two types 

of rotifers, a copepod, micro Artemia, Artemia sp., and microdiets, on pikeperch larvae during different 

larval stages was examined. Control markers included the fatty acid content, growth rate, and survival 

of the pikeperch larvae. 

The survival rate of pikeperch larvae during the initial life stage was significantly improved by utilizing 

the live feed organism Brachionus plicatilis Mueller, 1786. By adjusting the daily feeding quantity of 

live feed organisms per pikeperch larva from day post hatching (dph) 4 to 10, survival rate of 93% was 

obtained with a live feed concentration of 6,300 individuals of B. plicatilis per liter and a daily live feed 

amount of 340 individuals per pikeperch larva. Further increases in live feed concentration or daily 

intake did not yield significant gains. Furthermore, survival rates exceeded 95% when modified feeding 

practices with the pseudo-green water technique were employed, using Monoraphidium contortum 

(Thuret) Komàrková-Legnerová, 1969 and Brachionus calyciflorus Pallas, 1766 in a freshwater RAS. 

During the second life stage from day 11 post-hatching to day 16, the use of live feed organisms Artemia 

sp. and Apocyclops panamensis (Marsh, 1913) also increased survival rates, with no noticeable 

difference between the two species.  

Selection of live feed had a positive effect on pikeperch larval growth. Growth increased up to a live 

feed concentration of 6,300 individuals (Brachionus plicatilis) and a daily live feed amount of 340 

individuals per pikeperch larva. Beyond these values, growth did not further improve. The specific 

growth rates achieved were higher when freshwater rotifers were used (5.0% day-1). Improved growth 

was observed during the first 7 feeding days by employing the appropriate timing and live feed 

organism. From dph 11, Apocyclops panamensis demonstrated better growth than Artemia sp., 

indicating its suitability as a diet for pikeperch larviculture.      

The fatty acid composition of pikeperch larvae served as a quality indicator for the nutrients provided 

by the diet. The proper timing and combination of live feed prey items positively affected the overall 

fatty acid content of the pikeperch larvae. Moreover, the chosen live feed organisms, Brachionus sp. 

and Apocyclops panamensis, had favorable effects on the fatty acid composition. Furthermore, it was 

demonstrated that not all fatty acids classified as essential needed to be available immediately after 

pikeperch larvae hatched. Some essential dietary fatty acids (EFAs), such as linoleic acid (LA) during 
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the first 7 days of feeding and docosahexaenoic acid (DHA) from dph 11, needed to be provided later 

through live feed until the larvae were capable of consuming DHA-rich microdiets. 

Finally, as live feed influenced the lipid phenotypes of pikeperch, these phenotypes can serve as 

indicators to evaluate the nutritional status of the fish larvae. This thesis established a balanced pikeperch 

larval lipid phenotype of minimum 38.8% polyunsaturated fatty acids (PUFAs), which must be higher 

than monounsaturated fatty acids and than the saturated fatty acids. Moreover, 8.1 to 12.4% of the total 

fatty acids should be LA and 12.6 to 18.5% should be DHA with an omega-3/omega-6 ratio 

approximately 2.5. 

1.2. Scope and structure 
In order to enhance the feeding regimen and, consequently, the nutritional composition, survival, and 

growth rates of pikeperch, several live feed species for pikeperch larvae in a recirculating aquaculture 

system (RAS) were investigated with various methodologies in different life stages. 

This cumulative dissertation contains 10 chapters. Chapter 1 gives an overview of the subject of the 

dissertation. The introduction starts with a general overview of RAS systems worldwide and their use 

for fish production from larvae to adults. Then, the trends in RAS aquaculture in Europe and Germany 

are described. The main bottlenecks for obtaining seed to start production and the newest methods in 

fish larviculture are presented. After the fish species Sander lucioperca studied in this thesis is 

introduced, a review of the characteristics of pikeperch aquaculture is presented, including nutrition in 

larval and juvenile rearing. Then, the importance of fatty acids is explained. A description of the fatty 

acids in the different feeds and the pikeperch larvae and juveniles fatty acid needs is given. Afterwards, 

the objectives of the thesis are given. Finally, in the discussion, the most relevant results are summarized 

and discussed with reference to the literature. In particular, the use of freshwater rotifers as natural feed 

during the first 10 days of larval life and its suitable quantity, the subsequent use of copepods, and the 

use of Artemia are discussed. Finally, we discuss the fatty acid dynamics in the larvae in the different 

periods, from dph 0 to 10 when fed with rotifers, A. panamensis, or Artemia sp., and from dph 11 to 

16/18 when fed with A. panamensis, Artemia sp., or microdiets, and the effects of the microdiets on the 

fatty acid composition of the pikeperch juveniles. 

 

Chapter 2 deals with the use of a freshwater rotifer, Brachionus calyciflorus, as a first live feed for 

pikeperch larvae by using the pseudo-green water technique with the alga Monoraphidium contortum. 

It is shown that larvae should be introduced into the system 5 days after establishing the M. contortum 

culture and 3 days before establishing the B. calyciflorus culture. It is discussed how this technique 

should be applied to achieve the highest survival and growth of the larvae. Moreover, B. calyciflorus 

fatty acid composition is suitable for pikeperch until dph 10. 
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Chapter 3 presents the results of two experiments. Different combinations and amounts of the rotifer 

Brachionus plicatilis and the copepod Apocyclops panamensis were analyzed, and their effects on the 

survival, growth, and fatty acid composition of the larvae up to post-hatching day 10 were studied. From 

the results obtained, it was established that the rotifer B. plicatilis is suitable in a certain amount per fish 

per day and that the copepod A. panamensis had no effect as part of the diet during this period. It was 

also shown that the linoleic acid in the diet is important at this stage and that the larvae, in its presence, 

are able to maintain a good level of other EFAs such as DHA. 

 

Chapter 4 describes the use of A. panamensis as a diet for pikeperch larvae from dph 11 in two 

experiments. Larvae previously fed with rotifers grew better than those previously fed with Artemia. 

Subsequent feeding with A. panamensis reversed the poorer growth of larvae that ate Artemia. Better 

growth and FA composition in larvae were found when fed with B. plicatilis and then with A. 

panamensis. The need for dietary DHA for larvae during this period is shown. 

 

Chapter 5 analyzes the effect of two microalgae, Isochrysis galbana Parke, 1949 and Nannochloropsis 

sp., on the development and fatty acid composition of the copepod Apocyclops panamensis. The 

copepod population developed better when the diet included I. galbana, which is rich in DHA. 

Furthermore, the higher amount of DHA in I. galbana was reflected in the fatty acid composition of the 

copepods, which was higher when the diet contained more I. galbana. 

 

Chapter 6 presents the fatty acid dynamics in pikeperch larvae fed with Artemia and microdiets under 

commercial conditions. The objective of Chapter 6 was to determine the change in fatty acid 

composition of pikeperch larvae during early rearing and weaning. This study demonstrated that the lack 

of essential fatty acids in the diet caused deficiencies in larval fatty acid composition in the pikeperch 

during early development. Consequently, the biochemical composition of Artemia and microdiets was 

not sufficient for pikeperch larvae. 

 

Finally, chapters 7 and 8 are declarations; chapter 9 is the acknowledgment section; and chapter 10 is 

the CV. 
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1.3. General introduction 
 

1.3.1. Aquaculture worldwide 

In 2020, the fisheries and aquaculture production for human consumption of fish and fish products was 

estimated at 214 million tonnes and seems to continue increasing by 2030 (FAO 2022). 

The need for food production and protein sources increases due to the growing human population. Fish 

and fish products are known to provide essential nutrients for humans such as omega-3 and iodine, but 

they also represent a high percentage of the diet in developing countries (FAO 2022). The worldwide 

estimated fish consumption per capita has increased from 9 kg in 1990 to 20.2 kg per person in 2020. 

The highest growth sector in fish production since the early 1990s has been aquaculture (until 122.6 

million tonnes in 2020), while capture fisheries have remained stable (FAO 2022). In order to support 

these trends in fish production and demand, sustainable aquaculture systems should be developed and 

optimized (Lekang 2020, Timmons et al. 2018). Aquaculture systems are currently being extensively 

used throughout the world to cultivate aquatic species (Duston and Liu 2020). Ponds, raceways, tanks, 

and cages make up the primary systems (Duston and Liu 2020). Regarding the level of production 

intensity within the system, the systems can be categorized as extensive, semi-intensive, and intensive, 

and according to the type of water supplied to the system, they can be divided into flow through (constant 

water replacement) and water reuse (reusing more than 90% of the water by recirculating aquaculture 

systems) (Lekang 2020, Timmons et al. 2018). 

Intensive aquaculture in conventional production systems, however, may result in the discharge of 

suspended solids, nutrient and organic overload in waters, anoxic sediments, oxygen depletion, water 

quality degradation, changes in benthic communities in natural environments, eutrophication and habitat 

destruction, chemical discharge, parasite and disease introduction, escapees changing the biodiversity 

of natural populations, the introduction of invasive species, etc. (Timmons et al. 2018, Wik et al. 2009). 

It might lead to non-sustainable aquaculture. Moreover, there is a lack of space or limited access to the 

sea (Timmons et al. 2018). Hence, this global trend towards sustainable aquaculture systems requires 

the application of new technologies like RAS to increase production and the introduction of new species 

like Sander lucioperca (L., 1758) to diversify in order to meet the higher demand worldwide (Lekang 

2020). 

RAS is a technology to culture aquatic species that reuses more than 90% of the water by filtering it 

through mechanical and biological filters. Thus, RAS can solve some of the constraints in traditional 

aquaculture described above (Lekang 2020, Timmons et al. 2018). RAS is used for fish production 

because it minimizes the use of water thanks to its recirculation and treatment (Lekang 2020). It allows 

the control of the physico-chemical water conditions that are optimal for each fish species, such as 

temperature, pH, dissolved oxygen, etc. (Lekang 2020, Wik et al., 2009). Controlled conditions avoid 

and prevent parasites and allow treatments against diseases (Timmons et al. 2018). Ponds, for example, 

are more difficult to access since proper cleaning or treatments cannot be applied (Duston and Liu 2020). 
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Besides that, the RAS-controlled environment allows the non-use of antibiotics and medicines. RAS 

also avoids escapes and effluents that have the potential to damage the environment (Wik et al. 2009). 

Moreover, RAS promotes fish availability in regions that did not have access to some cultured species 

before at cheaper prices, improving human nutrition and food safety (Wik et al. 2009). Thanks to this 

developed technology, aquaculture enhances the production of fish for human consumption, reduces 

waste and loss, and increases fish health (FAO 2022, Lekang 2020). Another advantage of RAS use is 

that food production is close to markets or consumers (local production possibilities), which avoids 

excessive transport (CO2 production), making the process more environmentally friendly, saving energy 

and time, and reducing costs (Wik et al. 2009). Nowadays, there is a higher demand for low carbon 

footprints that are reduced by using RAS since the RAS reduces energy, renews water, controls rearing 

conditions, and discharges waste (Timmons et al. 2018). 

However, these systems demand substantial initial investment, high operating costs, and highly trained 

staff (Wik et al. 2009). Therefore, the RAS system has undergone numerous attempts to be made more 

effective, such as by merging the RAS with hydroponics to reuse nutrients (Dediu et al. 2012). Thus, 

aquaponics is a method of growing plants and aquatic animals where more than half of the nutrients 

required to promote proper plant development come from waste from feeding aquatic organisms (Palm 

et al. 2018). Another method for making the RAS system workable is to use co-cultured species 

(polyculture), which enables secondary species to use the waste products from the primary species 

(Knaus and Palm 2017, Metaxa et al. 2006). Another approach is the use of the green water technique 

(Papandroulakis et al. 2001). The green water technique is based on phytoplankton. This technique 

applies microalgae to intensive culture systems together with the zooplankton that will be used as live 

feed for fish and crustacean larviculture (Brown and Blackburn 2013). Green water appears to improve 

larval growth, survival, and feed intake when compared to clear water by simulating the natural 

conditions (Brown and Blackburn 2013, Planas and Cuhna 1999). Several factors could explain the 

positive effects of the green water technique. Microalgae in the water of a RAS may affect the 

microbiology of the system through interaction (Ramli 2018). Moreover, the turbidity of the water 

produced by the microalgae may modify larval feeding behavior (Koven et al. 2019). Besides that, 

microalgae may remove nitrogenous substances from the water, improving the quality of the water 

(Brown and Blackburn 2013). The enrichment of the live feed through the microalgae may improve the 

nutrition of the fish (Planas and Cunha 1999). Microalgae provide macro- and micronutrients to the 

zooplankton. Moreover, the green water technique provides rotifers with higher energy and protein 

content, indicating that these factors are crucial for the larvae to achieve high development and survival 

(Planas and Cuhna 1999). Nevertheless, the type of microalgae employed can also have an impact on 

the development and survival of fish larvae (Planas and Cuhna 1999). Although the green water 

technique has already been used (Bengtson et al. 1999, Nass et al. 1992, Van der Meeren et al. 2007), 

green water conditions are difficult to maintain. After 20–25 days, massive dead microalgae may 

produce high levels of nitrates and nitrites that are negative for the fish larvae and may produce high 
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larval mortality (Papandroulakis et al. 2001). The "pseudo-green" water technique can solve this 

problem. The "pseudo-green" water technique depends on adding phytoplankton and zooplankton to the 

larval rearing tanks on a regular basis instead of culturing plankton in the rearing tanks as in the green 

water technique (Papandroulakis et al. 2001). This thesis is the first attempt to use the pseudo-green 

water technique in pikeperch larvae fed with a freshwater rotifer, B. calyciflorus. 

All these approaches in RAS might enhance the entire production cycle, from larviculture to adulthood. 

One of the growing uses of RAS is in hatcheries and nurseries for juveniles that were reared previously 

in tanks, raceways, or ponds (EUMOFA 2020). Cultured established fish species under well-known 

rearing conditions in captivity have higher survival rates and higher omega-3 (n-3) content than in 

nature, as shown in Sağglık et al. (2014) for gilthead seabream (Sparus aurata L., 1758) and sea bass 

(Dicentrarchus labrax (L., 1758)). For new fish species, these rearing conditions have to be further 

studied. As an example, the highest increase in RAS use is in salmon (Salmo salar L., 1758) smolt 

production, mainly due to the more fragile status of larvae and juveniles than adults in the grow-out 

phase. More environmental control is needed during these delicate stages, which can be accomplished 

by utilizing RAS technology. Afterwards, at a certain size, they are transferred to the normal grow-out 

environment, which can also be performed in RAS (EUMOFA 2020). The grow-out procedure depends 

on the fish species and shall be adapted to the life period, which is different from the larval and juvenile 

stages. Moreover, for the entire production of a fish species, it is essential to understand the factors 

regulating the life cycle and, thus, improve the rearing conditions and control the out-of-season 

reproduction. Fish reproduction is a highly variable trait between species, and therefore, there is a huge 

need to understand the male and female cycles, the reproduction strategy, as well as the natural 

environmental conditions under which the maturation of gonads and gametes take place to optimize the 

RAS (Song et al. 2019). For example, in high-temperature regions, gonad maturation occurs with 

increasing temperature and photoperiod. Under RAS conditions, the environmental conditions can be 

controlled, so out-of-season spawning can be performed. Nevertheless, reproduction has to be fully 

understood to perform an optimal protocol for reproduction because the quality and quantity of the 

larvae will depend on it (Song et al. 2019). 

 

1.3.2. Aquaculture in Europe and in Germany 

Aquaculture in Europe has increased in recent decades, reaching 1.37 million tonnes with a value of 

4990 million euros in 2019. However, the European Union (EU) is one of the major importers of fish 

and fisheries products, with the main producers being Asia and Norway. In 2019, only 22% of the total 

fish production in the EU was from aquaculture (EUMOFA 2021a), with Norway being the main fish 

producer in aquaculture with salmon culture. In Europe, there was an increase in the value of aquaculture 

between 2010 and 2019, mainly due to the production of species such as salmon or sea bass and the 

price increase of other species like sea bream, not only because of higher demand but also because of 

bio-products. A special characteristic of European aquaculture is the specialization of the different 
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countries in different fish species production, like sea bream and sea bass in Greece, mussel (Mytilus 

edulis L., 1758) and turbot (Scophthalmus maximus (L., 1758)) in Spain, or mussel and rainbow trout 

(Oncorhynchus mykiss (Walbaum, 1792)) in Germany and Denmark (EUMOFA 2021a). Freshwater 

aquaculture represented 23% of EU production in 2018, with the main producers being France, Poland, 

and Italy, followed by Denmark, the Czech Republic, and Germany (EUMOFA 2021b). Nevertheless, 

freshwater aquaculture in the EU has had several constraints and has decreased since 2009, especially 

in trout and carp (Cyprinus carpio L., 1758) production. (EUMOFA 2021b). Freshwater aquaculture in 

the EU is done in extensive production in ponds, in intensive production in tanks and raceways, or in 

intensive production in recirculation systems (EUMOFA 2021b). In Europe, RAS has increased only in 

trout production, mainly in Denmark (EUMOFA 2021b). 

In 2018, the EU produced 27.000 tonnes of fish in RAS, belonging 95% to freshwater species, and 

leading this sector were Denmark, the Netherlands, Germany, France, and Poland. The species produced 

in RAS are rainbow trout, North-African catfish (Clarias gariepinus (Burchell, 1822)), and European 

eel (Anguilla anguilla (L., 1758)). Although RAS production in the EU is still low, it is an emerging 

sector due to the interest in sustainable fish production (EUMOFA 2021b). This European trend towards 

RAS is reflected in the increasing number of enterprises in the EU, especially in Germany with 76 

enterprises with commercially significant production in RAS, France with 52, Denmark with 34, the 

Netherlands with 27, and Poland with 24. This type of fish production is more diversified in Germany, 

with European eel, European catfish (Silurus glanis L., 1758), North-African catfish, sturgeons 

(Acipenser sp.), and pikeperch (EUMOFA 2021b). 

Percid fish aquaculture comprises only 1% of the production in Europe. Traditional production in ponds 

is still common and performed together with other freshwater species, which makes the data difficult to 

analyze (Toner 2015). Nevertheless, some countries are increasing their percid production mainly using 

RAS, like Switzerland, Denmark, France, Ireland, and, recently, Germany. 

Germany's per capita fish consumption was 12.8 kg in 2020, which is still significantly below the EU 

average (23.3 kg) (EUMOFA 2022). In terms of fish consumption, Germany is traditional, with only 

five species categories accounting for more than 70% of sales. Freshwater fish, sea fish, and shellfish 

are the major sources of fish product intake. Fish consumption is higher in northern Germany, but 

freshwater fish consumption is expected to be higher in the south and east, near traditional freshwater 

production areas (Toner 2015). In 2020, Germany produced approximately 18,600 tonnes of fish in 

nearly 2,300 aquaculture facilities, an increase of approximately 49 tonnes (+0.3 percent) over the 

previous year and nearly stable (Statistisches Bundesamt 2021). 

A particular characteristic of Europe is that each European country has specialized in certain species 

(Mylonas et al. 2019). This makes European aquaculture highly diversified (Mylonas et al. 2019). The 

diversification of fish species cultured in aquaculture is essential for sustainability (Harache 2002). 

Diversification also has the potential to reduce imports since regional species supply the market, thus 

reducing transport for imports and the consequent CO2 production (Harache 2002). Diversification may 
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also reduce the need for fishing (Harache, 2002). Moreover, higher fish culture diversity can help reduce 

the risk of disease spread and thus avoid huge economic losses (Harache 2002). Pikeperch are regarded 

as having Europe's greatest potential for diversifying inland aquaculture (Mylonas et al. 2019). 

One of the main constraints in the diversification of species like pikeperch is the production of seed 

under controlled conditions since most of the mature fish for new aquaculture species are taken from 

the wild (Mylonas et al. 2019, Policar et al. 2019). Besides that, domestication is an important aspect of 

diversification. High-domesticated species are adapted to artificial conditions and have higher survival 

and growth rates than in nature. Breeding programs are necessary for domestication to select the traits 

needed for the culture of this specie to fill human needs and to avoid the negative consequences of 

inbreeding that will also determine the quality and quantity of the fish eggs, embryos, and finally, larvae 

(Mylonas et al. 2019, Policar et al. 2019). Domestication is a long-term activity that has the potential to 

improve growth, quality, resistance to disease, or digestion of formulated feeds (Duncan et al. 2013). 

The broodstock management should keep the fish healthy, free from injuries and parasites, and allow 

the maximum growth and survival, which might be achieved by the use of RAS. These optimal 

environmental conditions influence the maturation of gonads, the quality of gametes, and, thus, 

embryonic and larval quality. The selection of breeders from well-managed and domesticated 

broodstock under artificial conditions is essential for seed production (Mylonas et al. 2019, Policar et 

al. 2019). 

Controlled reproduction can also influence seed production. Fish have several reproduction strategies, 

and knowledge about reproduction will be crucial for the success of the production (Mylonas et al. 2019, 

Policar et al. 2019). By adjusting specific water factors, such as temperature, salinity, or pH, we can 

simulate natural spawning by recreating the conditions that lead to reproduction (Song et al. 2019). 

Another possibility is the use of hormones to stimulate spawning. A high fertilization rate will require 

proper management of the gametes produced during spawning (Policar et al. 2019). The improper 

temperature, water flow, oxygenation, or water composition during egg incubation may result in errors 

in embryonic development that compromise the reproduction (Policar et al. 2019). Thus, a proper 

protocol is needed. 

Consequently, production of sufficient seed (larvae), especially in new and non-developed species like 

Sander lucioperca, is still a main constraint in aquaculture. Domestication (breeding programs), 

broodstock management, and controlled reproduction protocols will result in more stable egg and larva 

quality and quantity and thus enough seed for the aquaculture sector, particularly for new species 

(Policar et al. 2019). Moreover, rearing the larvae is one of the fundamental keys to the success of seed 

production. 
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1.3.3. Pikeperch (Sander lucioperca (L., 1758)) 

1.3.3.1. Biology 

Pikeperch is a predatory species of freshwater environments that is a member of the Percidae family 

(Stepien and Haponski 2015). It is found in coastal brackish waters as well as lakes, rivers, and 

reservoirs. The fish is indigenous to Eastern Europe, although it is also common in Western Europe. 

Pikeperch typically spawn between April and May. Pikeperch reproduction is governed by a seasonal 

cycle, which in freshwater fishes is influenced by changing environmental parameters including water 

temperature and photoperiod (LFA 2021). In pikeperch, gametogenesis starts as early as the days get 

shorter and the water temperature drops. The quality of the egg and its later viability are influenced by 

the amount of fat and yolk material that is kept in the oocytes during the subsequent vitellogenesis (LFA 

2021). The hatching of the eggs depends on the temperature (in degrees, approximately 100°T). When 

they hatch, the larvae are around 5 mm in size. The larvae start actively feeding just before the yolk sac 

is consumed and after the mouth and intestinal opening have formed. Pikeperch start forming the 

swimming bladder around dph 4 at the same time that they resorb the yolk sac, open the mouth, and start 

exogenous feeding, and around dph 11 they close the pneumatic conduct (Demska-Zakes et al. 2003). 

Pikeperch larvae feed on zooplankton such as cladocerans, copepods, and Daphnia sp. Larvae must 

reach the zooplankton peak after hatching, and the zooplankton available at that time must have a 

suitable size for the small pikeperch larvae. The feeding condition of the larvae in the first few weeks 

determines the production of pikeperch in natural environments. Later, they also eat larger shore and 

benthic animals like lakefly (Diptera-Chironomidae) and mayfly (Ephemeroptera) larvae (LFA 2021). 

Since they are piscivores, they begin to eat other fish species. However, in the absence of other fish 

species of suitable size, pikeperch become cannibalistic (LFA 2021). Moreover, pikeperch contain high 

genetic diversity (Stepien and Haponski 2015), and thus, larvae have high variability in size and quality, 

which may enhance cannibalism. Moreover, another problem in the natural stocks is the presence of 

diseases or parasites, which have a detrimental impact on production or marketing. Toxic compounds 

or substances that enter the natural water cycle through human activities constitute another potential 

risk. Therefore, fish deaths are common in natural aquatic systems because of multiple combinations of 

environmental factors. 

 

1.3.3.2. Pikeperch aquaculture 

Pikeperch is a popular freshwater fish species that is highly valued for its firm and tasty flesh. As wild 

populations have declined and the current supply mainly depends on freshwater-caught fish from 

Kasachstan (LFA 2021). The demand for pikeperch has increased, leading to the development of 

aquaculture production systems to meet the demand for this fish (Mylonas et al. 2019). In Germany, 

pikeperch are present in numerous lakes and the Baltic Sea's coastal waters in Mecklenburg-Western 

Pomerania (MV) (LFA 2021). However, the population sizes are dwindling, which is reflected in 

decreased landings in the catch fisheries. In MV, pikeperch captures declined from 25.3 t in 2019 
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(Brämick 2019) to 18.2 t in 2021 (Brämick and Schiewe, 2021). Pikeperch are mostly raised as 

secondary fish in the carp pond sector, where the fish are typically sold as stock fish when they are 

young (LFA 2021). Pikeperch aquaculture production in recirculating aquaculture systems (RAS) has 

become more significant in recent years and is the only type of aquaculture that results in a significant 

increase in production due to high consumer demand and insufficient domestic production (LFA 2021). 

In fact, pikeperch production in aquaculture systems has increased in Germany from 57 tonnes in 2019 

to 85 tonnes in 2021 (Fisch-Informationszentrum 2022). Nevertheless, a year-round supply of larvae or 

fingerlings, which requires egg production during out-of-season spawning and, thus, a RAS, is a 

fundamental requirement for the establishment of pikeperch in aquaculture. 

 

1.3.3.2.1. Pikeperch larviculture 

Larviculture consists of rearing fish in their early life cycle stages and requires specific culture 

techniques different from those in commercial hatcheries and grow-out procedures. Understanding the 

biological characteristics of fish larvae is necessary in order to create an optimal environment to meet 

the needs of the fish species during early development and bring a high quality and quantity of larvae to 

maturity to produce seed and a source of protein for human consumption, making the process more 

efficient and sustainable. Fish are exposed to high mortalities at the larval stages, which are particularly 

vulnerable. The main constraints in pikeperch larviculture encompass initial quality and size, 

cannibalism, deformations, and swim bladder inflation (Policar et al. 2019). 

Poor understanding of the rearing conditions for breeders that produce reproduction failures can cause 

initial high mortality rates at hatching or at first feeding (Kestemont and Herrote 2015). The nutrition of 

breeders influences gamete quality. Most of the reserves of embryos come from the females' eggs, which 

come directly from their diets (Kestemont and Herrote 2015). As mentioned, egg and larval quality will 

depend not only on the breeders but also on the incubation environment. Broodstock management, 

including nutrition and the environmental changes to induce reproduction, may cause failures in 

embryonic development that are also affected by salinity and temperature and that can lead to larval 

deformities (Schrandinger and Zarski 2015). 

Larval quality and quantity affect production efficiency. The larval quality influences the survival rate 

since the larvae are not able to feed for the first few days of life and they use their reserves from the yolk 

sac and the oil droplet. The properties of the eggs have a considerable amount of influence over the 

quality of the larvae and the entire process of larval rearing (Schaefer et al. 2019). At hatching, pikeperch 

larvae have a relatively small body size between 4.5 and 6 mm (LFA 2021). Generally, fish larvae are 

small, and they need a live feed of a suitable size to be ingested. 

Additionally, they have a yolk sac and a primitive digestive system but no stomach (Kestemont and 

Herrote 2015, Xu et al. 2017). Larvae have a poorly developed digestive system at hatch with non-

specialist cells and poor enzymatic production to digest proteins (Rønnestad et al. 2013), and thus, in 
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this development phase, the fatty acid and free amino acid supply is important to facilitate nutrient 

absorption. 

Another constraint in predator fish larviculture is the initial size heterogeneity related to the initial larval 

quality variability that may enhance cannibalism. Cannibalism is a natural characteristic of some fish 

that serves to control the population. However, in aquaculture, cannibalism is an important constraint. 

In pikeperch aquaculture, individual differences resulting from maternal and paternal effects also play 

a role in this size variability (Policar et al. 2019). Stocking individuals of the same size and age and 

providing enough meal size might diminish this growth heterogeneity in larval rearing, reducing 

cannibalism. To reduce cannibalism, it is essential to have optimal rearing conditions, such as stocking 

density and light, and an adequate feeding protocol (Policar et al. 2019). 

Finally, swim bladder inflation failure may occur. Larvae with an uninflated swim bladder consume 

more energy. Failure of the swim bladder may increase deformation occurrence in pikeperch and 

enhance cannibalism since some larvae grow slower due to difficulties in swimming and preying and 

spend more energy on it (Demska-Zakes et al. 2003). Lack of certain macro- and micronutrients might 

cause deformations in fish larvae. According to Steenfeldt et al. (2015), external parameters that affect 

swim bladder inflation in a production farm include water surface tension, enclosure depth, salinity, 

turbidity, light intensity, photoperiod, and even tank color. Thus, maintenance of the environmental 

conditions is critical during this period, including the right feeding, in order to obtain maximal survival 

and growth rates. Most larvae begin the switch to commercial dry food once their swim bladders have 

filled. Therefore, the methods used to rear pikeperch larvae include the use of recirculation technology 

and live feeds, which are adopted from previous research on marine larval rearing (Steenfeldt 2015). 

Nevertheless, some adaptations to the special characteristics of pikeperch larvae have taken place. 

Larviculture can be done with different rearing systems. Rearing systems for larviculture can be indoor 

or outdoor. Outdoor systems are larger and have a lower cost, such as ponds or semi-intensive systems. 

Indoor systems use smaller tanks, are more expensive, and consume more energy. Nonetheless, the most 

common method is intensive production in RAS, with live feed gradually replaced by artificial feed. 

Adequate rearing conditions are essential and include the use of a high-quality diet (nutrition), the 

maintenance of the water temperature, dissolved oxygen, chemical composition, stocking density, etc. 

(environmental conditions), the procurement of tanks with enough space (rearing system), and the 

avoidance of stressful situations such as unnecessary handling or abrupt changes. This is done by 

including an appropriate system design for the RAS, which can use the green or pseudo-green water 

technique. 

Appropriate feeding strategies have to be established since nutrition is an important factor in larviculture 

to improve larval quality (Hamre et al. 2013). Due to their suitable prey size and simple digestion, 

zooplankton species like Artemia salina (L., 1758), rotifers, or copepods can be used as feed for the 

larvae in the early life stages (Policar et al. 2019, Kestemont and Herrote 2015). 
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The use of live feed, which has replaced formulated diets in recent decades, has improved the feeding 

protocol. Nowadays, the use of live feeds as the first feeding in larviculture is widely used. Live feed 

includes organisms bellowing to the zooplankton such as Artemia, rotifers, copepods, cladocerans, etc. 

that are the natural food for fish larvae in the wild. These organisms are believed to have suitable size, 

behavior, digestibility, and nutritional composition for the fish larvae. Most of the fish larvae are visual 

predators, which feed selectively according to the prey's size, color, and motion (Buskey 2005). 

The identification of particles by the fish as viable food items often depends on the zooplankton's motion 

patterns. In natural environments, zooplankton species have evolved adaptations to hide from potential 

predators in response to fish predation (Buskey 2005). Adequate movement will catch the attention of 

the fish larvae and allow them to catch it. However, fast movements of the live feeds avoid predation 

(Buskey 2005). The movement of the prey should be adequate for the fish species, but this also depends 

on the prey density in the water. This is in close relation to coevolution and the match-mismatch in 

natural environments, and thus, it should be taken into account for nutrition in larviculture. 

Newly born fish larvae have a small mouth gap. Encounter enhancement between predator and prey is 

only worthwhile if the size of the prey is suitable for the fish larvae (Buskey 2005). Therefore, a suitable 

size of the live feed organism is essential for ingestion. 

The digestive system of fish larvae is poorly developed. This results in a low absorption rate and, thus, 

limited energy and/or nutrient intake (Buskey 2005). Consequently, adequate digestibility of the prey is 

crucial for successful nutrition during early development. Another important characteristic of the live 

feeds is that they should include all the essential nutrients, such as fatty acids. 

In pikeperch larviculture, highly saline Artemia and marine rotifers are commonly used. However, they 

can only survive in freshwater for a few hours. With the help of these organisms, there have been various 

attempts to increase the survival and growth rates of pikeperch. For example, Imentai et al. (2019a) used 

increased salinity to increase B. plicatilis survivability in the RAS and subsequently larval feeding and 

growth rates. However, the use of natural feed, such as freshwater rotifers like B. calyciflorus, might be 

more appropriate to increase production efficiency. Enriching the marine rotifers (B. plicatilis) with 

phytoplankton (Chlorella vulgaris Beijerinck, 1890) has improved the pikeperch's performance, 

according to Yanes-Roca et al. (2020). However, to our knowledge, neither green water nor pseudo-

green water techniques have been applied to pikeperch larviculture. Since most of the live feeds are 

marine zooplankton, there is a need to establish a freshwater organism as the first live feed for pikeperch. 

Consequently, the green water or pseudo-green water technique has the potential to improve pikeperch 

larviculture by improving rearing conditions and larval nutrition. This thesis is the first attempt to use 

the freshwater rotifer B. calyciflorus with the pseudo-green water technique in pikeperch larviculture. 

In order to maintain high enough ingestion rates to cover nutrient assimilation and catabolism, larvae 

should be fed feed that satisfies their nutritional needs and is readily available in sufficient amounts 

(Steenfeldt 2015). Therefore, an adequate feeding protocol includes feeding suitable live organisms at 

the right time of day and period of life and in the optimal amount to increase survival and growth rates. 
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Imentai et al. (2019b) have evaluated the minimum concentration of B. plicatilis needed for pikeperch 

during the first days of feeding. Although this was a first attempt to evaluate nutritional requirements, 

there is still a lack of a direct or indirect amount of feed that pikeperch larvae need per day. Both 

parameters should be considered with the stocking density to supply the optimal live feed quantity to 

improve survival and growth. 

However, rotifers are limited to the first few days of feeding. Larger live prey has to be provided to the 

pikeperch larvae to increase growth. Copepods have shown promising results for halibut larvae 

(Hippoglossus hippoglossus (L., 1758)) (Evjemo et al. 2003), for winter flounder larvae 

(Pseudopleuronectes americanus (Walbaum, 1792)) (Martinez-Silva et al. 2018), or for Atlantic cod 

(Gadus morhua L., 1758) (Karlsen et al. 2015). Nauplii of copepods have been found in the stomachs 

of pikeperch larvae (Peterka et al. 2003). Nevertheless, to our knowledge, only Acartia tonsa Dana, 

1849 has been successfully used in combination with Artemia for pikeperch larvae (Jonathan 2020), 

where they reported a benefit between dph 15 and dph 18. Therefore, more species of copepods like 

cyclopoids, which have shown good results, must be studied as live feed for small fish larvae. 

The dry food is gradually raised, while Artemia nauplii supply decreased from days 12–15 to days 19–

22 after hatching, according to Kestemont and Henrotte (2015). 

Increasing larval growth may enhance further growth since the fish may be able to swim faster, prey 

more, or ingest bigger prey (Feiner and Höök 2015). The presence of the appropriate nutrients avoids 

deformations (Kestemont et al. 2007). Moreover, enough feed reduces the formation of an oil layer at 

the surface, avoiding failure of swim bladder inflation, and, at the same time, provides enough energy 

to the fish larvae to swim to prey and/or break the oil layer. All this will increase survival, growth rate, 

and fish nutrient composition, bringing more larvae to commercial sizes and, therefore, optimizing 

production and sustainability. The development of protocols to reduce nutrient inputs (feed) that 

optimize fish growth and welfare and reduce the energy required for waste removal and 

nitrification/denitrification is essential for future sustainable production. This can be achieved by 

understanding the nutritional and energetic needs of the early larvae for the large-scale production of 

juvenile fish. Since the larvae catabolize a variety of energy substrates present in the yolk for 

development, mainly fatty acids, it is plausible to assume that the composition of the yolk sac covers the 

needs of the larvae during initial feeding, when they consume live feed species. However, it is known 

that these requirements fluctuate with growth. 

 

1.3.3.2.2. Pikeperch juveniles 

One of the key challenges in pikeperch aquaculture is the production of juveniles. In pikeperch 

aquaculture, juveniles are typically produced by spawning adult fish in captivity. As the larvae develop 

into juveniles, their nutritional requirements change. While live prey is suitable for the early stages, as 

the fish grow, their diet must be supplemented with other protein sources, such as fishmeal, soy protein, 

or insect meal. The completion of the metamorphosis in percid larvae occurs together with the stomach's 
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ability to function and pepsin activity, and it typically occurs 29 days after hatching at a total length of 

about 25 mm (Kovalev et al. 1976). At this point, pikeperch juveniles can be fed commercial feed. The 

feed should be of appropriate size, texture, and shape for the fish's mouth and digestive system 

(Steenfeldt 2015, Steenfeldt and Lund 2008). Overfeeding should be avoided as it can lead to digestive 

problems and water quality issues (Steenfeldt 2015). The feeding protocol for pikeperch juveniles should 

consist of several small meals per day with high-quality proteins, lipids, vitamins, and minerals. 

However, pikeperch juveniles fed diets for rainbow trout showed an unbalanced diet composition, 

particularly in the lipid content (Schulz et al. 2005). Thus, to create diets that meet pikeperch nutritional 

needs, further research on the quantitative and qualitative nutritional composition is essential (Schulz et 

al. 2005). Lipid sources, such as fish oil or vegetable oil, are also important for proper growth and 

development (Schulz et al. 2005). In addition to diet, water quality is a critical factor in pikeperch 

production. Juvenile fish are sensitive to fluctuations in temperature, pH, and oxygen levels and must 

be kept in clean water with optimal conditions to ensure their survival and growth. 

To address these challenges, advanced technologies have been developed in recent years, such as 

recirculating aquaculture systems and automated feeding systems, which allow for more precise control 

of water quality and feeding regimes (Peter et al. 2023). These technologies have helped to improve the 

survival rates and growth of pikeperch juveniles, making their production more sustainable and 

economically viable. By using advanced technologies and best practices, aquaculture producers can 

successfully produce healthy and high-quality pikeperch for the market. 

However, pikeperch juveniles have a high metabolic rate and require a balanced diet to grow and develop 

properly. Therefore, their nutritional requirements need to be better understood to develop more precise 

feeding protocols. By providing adequate fatty acids, pikeperch juveniles can grow and develop 

properly, leading to a successful aquaculture operation. 

 

1.3.3.3. Fatty acids 

Fatty acids are essential nutrients for life, as are proteins and carbohydrates. Fatty acids have a polar 

carboxylic group on one side and a chain of nonpolar hydrocarbon bonds on the other, giving the 

molecule two ends that are hydrophobic and hydrophilic, respectively. They are divided into two 

categories: saturated and unsaturated fat, and they are often in the form of triglycerides, phospholipids 

or free fatty acids (Dey et al. 2022). The nutrient composition of fish flesh varies between species. Most 

animals have a high amount of saturated fatty acids (SFAs), which have no double bonds (only single 

C-C-bonds). Unsaturated fatty acids, on the other hand, contain one double bond between carbon atoms 

(monounsaturated fatty acids or MUFAs) or more than one double bond (polyunsaturated fatty acids or 

PUFAs). In general, fish have a high proportion of fatty acidsandh a high content of polyunsaturated 

fatty acids (PUFAs) in comparison to othermeatst like chicken, pork, or beef. The benefits of eating fish 

for humans are mainly related to the high content of PUFAs (Thomas et al. 2015).  
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Fatty acids play an important role as an energy store and in the chemical structure of cells. Fatty acids 

are the main source of energy. Through the ß-oxidation of the fatty acids, fish obtain adenosine 

triphosphate (ATP). SFAs and MUFAs are used for energy, although PUFAs may also be used. SFAs 

like palmitic acid (C16:0) and MUFAs like oleic acid (C18:1) are likely found in the liver to be used for 

energy. However, PUFAs are also needed for structural functions, and thus they are retained in the 

tissues. 

 

1.3.3.3.1. Fatty acids in live feed 

Artemia. Artemia sp. is a genus of aquatic crustaceans, also called brine shrimp. This primordial 

arthropod has a segmented body with leaf-like appendages. There are seven to nine species of Artemia 

sp. Artemia can be found worldwide in saltwater lakes and in the sea (Lavens and Sorgeloos 1996). The 

abundance of Artemia in aquaculture is a result of its capacity to create cysts, which are dormant eggs 

(Dhont et al. 2013). The largest known Artemia cyst collection is housed in the Laboratory of 

Aquaculture and Artemia Reference Center (ARC) at Ghent University. The nutritional composition in 

terms of fatty acids, amino acids, or vitamins depends not only on the species of Artemia but also on the 

strain (Lavens and Sorgeloos 1996). Artemia is still used in many hatcheries to rear fish larvae, despite 

some constraints such as the nutritional composition, the high price, the dependency on extraction from 

nature, or the large nauplii size for some fish larvae. Artemia is known to be unsuitable for some fish 

species (Bischoff et al. 2018). Artemia lacks DHA, which is considered the most important fatty acid 

for marine fish larvae (Tocher 2010). Different enrichment products have been developed to address 

these nutritional limitations, including microalgae, yeasts, bacteria, microencapsulated feeds, emulsified 

products, microparticulate products, or mixtures of these (Dhont et al. 2013, Kandathil Radhakrishnan 

et al. 2020). The use of such diets allows the modification of the content of total lipids, lipid classes, 

fatty acids, fatty acid ratios, protein, or ascorbic acid. Nevertheless, most commonly used fatty acid 

enrichments provide the zooplankton lipids in their neutral form, which may cause an imbalance 

between protein and lipids. On the other hand, microalgae provide lipids in the polar fraction, 

particularly high unsaturated fatty acids (HUFAs), and thus may be more adequate for enrichment 

(Dhont et al. 2013). Artemia nauplii are still the most commonly used first feed in commercial intensive 

pikeperch production (Kestemont and Herrote 2015). 

  

Rotifers. Rotifers form part of the zooplankton in marine, brackish, and freshwater environments. The 

genus Brachionus is the most widely used group of rotifers in aquaculture. Rotifers can be cultured in 

high densities, have a high reproduction rate (life cycle, asexual reproduction), and are resistant to a 

wide range of abiotic factors such as salinity or temperature. Rotifers' size may be suitable for ingestion 

by fish during their early development stages, and it has been reported to improve initial feeding 

performance at larval stages (Planas and Cunha 1999). The nutritional composition depends on the 

microalgae diet since they are nonselective filter feeders (Laven and Sorgeloos 1996, Lubenz 1989). 
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This characteristic is used to enrich them before feeding them to the fish larvae, as done by Yanes-Roca 

et al. (2020). Rotifers enriched with yeast are known to have fewer fatty acids, especially PUFAs, than 

those fed with microalgae (Oie and Olsen 1997, Dhont et al. 2013). Moreover, rotifer fatty acid will 

depend on the microalgae's quantity and quality, as seen for B. calyciflorus (Kennari et al. 2008, 

Schälicke et al. 2019, 2020). Therefore, the use of the previously described "green water technique" may 

enrich the rotifers just before the fish larvae prey on them. Nowadays, the most commonly used marine 

rotifer for fish larval rearing is B. plicatilis (Hamasaki et al. 2009, Imentai et al. 2019a, 2019b, 2020, 

2022, Pantazi et al. 2014, Rodriguez et al. 1997), and the freshwater rotifer is B. calyciflorus (Awaiss et 

al. 1992, 1996, Harzevili et al. 2003, Lim and Wong, 1997). 

  

Copepods. Copepods are the major group of organisms forming the zooplankton and are the main link 

between primary production and higher levels of the food web (Lavens and Sorgeloos 1996). The life 

cycle of copepods is more complicated than the Artemia or rotifer life cycle (Lavens and Sorgeloos 

1996), and thus, the culture needs more time to achieve high densities. The lack of some FA in rotifers 

and Artemia makes them dependent on fish oil, which is limited and has unstable prices (Nielsen et al. 

2017). In copepod culture, the main constraint is economic feasibility due to the slower growth rates. 

Nevertheless, the culture of copepods has improved in recent years (Santhosh et al. 2018). These are the 

reasons to believe that copepods may fill the fish larvae's requirements better than Artemia or rotifers 

since they have more protein, n-3 fatty acids, polar lipids, vitamins, and nutrients (summarized in Hamre 

et al. 2013). Nevertheless, the nutrient composition of copepods may vary between species, microalgae 

diets, and/or environmental conditions. Phytoplankton is the basis of the aquatic food web. Despite 

accounting for only 1% of total plant biomass, they are thought to be the major contributors to global 

oxygen production as well as the primary source of essential fatty acids for the food chain. They are 

mainly used as feed for the production of bivalves, crustaceans, and some early fish stages. In relation 

to fish larviculture, they are used as a feed for the zooplankton that will be provided to the fish larvae, 

like Artemia, rotifers, or copepods (Brown and Blackburn 2013). In general, the lipid profile of 

microalgae will determine the lipid profile of live feed organisms. The fatty acid composition of each 

microalgae will depend on the species and environmental conditions. In general, microalgae have a high 

percentage of lipids. However, light intensity, photoperiod, temperature, pH, or nutrient limitation may 

affect the lipid composition. During the exponential phase, microalgae have a higher percentage of fatty 

acids, although in the stationary phase they accumulate fatty acids belonging to the SFAs group and the 

MUFAs group. Under nutrient limitation, PUFAs tend to decrease during the stationary phase (Brown 

and Blackburn 2013). PUFAs are considered the most important group in aquaculture. Docosahexaenoic 

acid (DHA, 22:6n-3), eicosapentaenoic acid (EPA, 20:5n-3), and arachidonic acid (ARA, 20:4n-6) seem 

to be essential for most of the fish species, as explained above. Thus, the nutritional requirements of 

copepods have to be evaluated before they are used as live feed for larviculture, as done for some 

copepod species (Drillet et al. 2006, Fahradian et al. 2014, Lee et al. 2006, Nielsen et al. 2019, Rahmati 
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et al. 2020, Rasdi et al. 2018, Rasdi and Qin 2018, Van Someren et al. 2020, Velasquez et al. 2001). The 

present thesis evaluates the effects of three different microalgae diets on population performance and 

the FA composition of the copepod Apocyclops panamensis for pikeperch larviculture. 

 

1.3.3.3.2. Fatty acids requirements of pikeperch 

The early life stages of freshwater fish are crucial for their growth and development, and the dietary 

fatty acid composition plays a significant role in these processes. Understanding the effects of dietary 

fatty acids on growth and fatty acid composition is essential for optimizing nutrition and ensuring the 

production of high-quality fish. 

Within PUFAs, EPA, DHA, and ARA represent a high proportion of the lipids in fish (Dhont et al. 2013, 

Geay and Kestemont 2015, Hamza et al. 2015, Kestemont and Henrotte 2015, Tocher 2010). 

Nevertheless, more studies are needed to identify which fatty acids are relevant for the larvae and 

quantify them (Hamre et al. 2013). In terms of nutrients, fatty acids are crucial for pikeperch. Pikeperch 

has a high content of PUFAs, and it is supposed to need them in the diet. Moreover, pikeperch larvae 

use as energy SFAs, MUFAs, and PUFAs. However, the high content of PUFAs in the larvae indicated 

that they retained this group of FAs for growth. Pikeperch use LA as energy under starvation conditions, 

and later, other PUFAs such as alpha-linolenic acid (ALA), EPA, and DHA (Kestemont and Henrotte 

2015). Besides that, an increase in polar lipids in the diet increased growth rate in the study of Hamza 

et al. (2008) and also showed earlier digestive structure development. 

As already explained, Artemia lacks DHA, which is believed to be essential for pikeperch. Although it 

is possible to enrich Artemia to rear pikeperch larvae (Lund and Steenfeldt 2011), the use of B. plicatilis 

for pikeperch larviculture has increased in recent years (Imentai 2019, 2020a, 2020b, 2022, Yanes-Roca 

2018, 2020). Rotifers are one of the main natural feeds for pikeperch larvae (Peterka et al. 2003), and 

they are supposed to meet the nutritional requirements. Even when they are enriched, Artemia and 

rotifers do not appear to adequately satisfy the nutritional needs of some fish species throughout their 

early life stages (Rasdi and Qin, 2016). Because of their high natural amounts of PUFAs, free amino 

acids, and antioxidant pigments, copepods are believed to have a higher nutritional value than rotifers 

and Artemia (Conceiço et al., 2010). Provision of a high omega-3 (n-3) PUFA content is a requirement 

for copepod production to maintain their high values of PUFAs. These HUFAs in copepods are stored 

in the polar lipid fraction (Brown and Black 2013). Fish seem to need lipids in the polar fraction as 

phospholipids for their cell membranes. In the case of the intestine, phospholipids in the diet might 

contribute to better absorption and transport of long-chain fatty acids through enhanced lipoprotein 

synthesis (Tocher et al. 2008). Phospholipid composition is high in copepods, and pikeperch larvae seem 

to improve their growth rate when the diet contains a higher amount of phospholipids (Hamza et al. 

2008). Copepods also have higher amounts of PUFAs, in particular DHA, than rotifers and Artemia 

(Hamre et al. 2013). Furthermore, copepod nauplii may be able to fit into the mouth of a pikeperch 

(Kestemont and Henrotte 2015). 
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Fatty acids are essential nutrients for pikeperch juveniles, as they play important roles in growth, 

development, and health. Pikeperch juveniles require both omega-3 (n-3) and omega-6 (n-6) fatty acids 

in their diet, as they cannot synthesize these fatty acids on their own. Omega-3 fatty acids, such as EPA 

and DHA, are crucial for the development of the nervous system, immune system, and eyesight. Omega-

6 fatty acids, such as LA and ARA, are important for the growth and maintenance of tissues. The optimal 

n-3/n-6 ratio in the diet of pikeperch juveniles is still under investigation. 

 

 

 

 

 

1.4.Working hypotheses 
Five different chapters (chapter 2 to 6) are included to study the following hypotheses: 

 

 (1) It is possible to establish new adequate first feed prey items for pikeperch aquaculture based on 

natural feeding sources. 

(2) It is possible to establish a minimum amount and concentration of live feed per pikeperch larva. 

 (3) It is possible to use A. panamensis to rear pikeperch larvae. 

(4) It is possible to obtain the copepod A. panamensis in high culture density and with an adequate fatty 

acid profile to be used as live feed in pikeperch larviculture. 

 (5) It is possible to use larval fatty acid composition to detect the malnutrition status of pikeperch larvae. 

(6) It is possible to identify the best life feed organisms for pikeperch during the first life cycle stages 

by focusing on relevant fatty acids, detectable already during the early days of life.  

 

The overall aim of this study was to gain new knowledge of a balanced and “in time” fatty acids 

composition for pikeperch larval development during early life cycle stages based on suitable live feed 

provision in terms of quality, quantity, duration and fatty acid supply, to improve pikeperch larviculture 

in recirculating aquaculture systems (RAS). 
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1.5. Discussion 
The aim of this work was to analyse the effect of different live feed organisms on pikeperch larval 

survival, growth, and fatty acid composition and to identify areas for feeding improvement during the 

early life stages. For this purpose, several live feed organisms were applied as diet in different qualities, 

quantities, and at different larval periods. We studied two types of rotifers until dph 10, a saltwater 

rotifer, B. plicatilis, which is the most commonly used in aquaculture to replace Artemia nauplii in 

pikeperch larviculture, and the freshwater B. calyciflorus. Both have a suitable size for rearing larvae 

during the first days of exogenous feeding. (1) The use of the freshwater rotifer B. calyciflorus was 

applied under a pseudo-green water technique in order to improve the survival, growth, and nutrition of 

pikeperch larvae. However, pikeperch larvae are commonly reared with B. plicatilis, and thus, (2) B. 

plicatilis was studied in different quantities and densities to obtain the best larval performance. 

Furthermore, (3) the use of A. panamensis was evaluated from dph 11 and compared with the use of 

Artemia nauplii. (4) The copepod A. panamensis was studied to determine its nutritional composition 

under different microalgae diets. Finally, (5) the dynamics of the fatty acids in pikeperch larvae and 

juveniles were evaluated under the use of Artemia and microdiets at a commercial scale.  

This thesis is the first attempt to apply the pseudo-green water technique in larval pikeperch rearing, to 

determine the minimum quantity of live feed per larva per day, and to apply exclusive feeding with 

copepods in pikeperch larviculture. Moreover, this thesis brings to light important information on timely 

and balanced nutrition during the early developmental stages of S. lucioperca. Four zooplankton species 

were considered as live feed, two different techniques, clear- and pseudo-green water, were used in a 

RAS, and different periods within the larval stage of pikeperch were evaluated.   

 

1.5.1. Pikeperch larviculture  
 

1.5.1.1. Rotifers as live feed 

The use of rotifers has increased in recent years in fish larviculture due to the need to improve nutrition 

from the beginning of exogenous larval feeding. In pikeperch, the rotifer Brachionus plicatilis showed 

promising results (Imentai et al. 2019a, 2019b, Yanes-Roca et al. 2018, 2020). However, there is still 

room for improvement since survival rates must be optimized. In this section, the progress made in the 

feeding strategies with rotifers as the first live feed organism in Bischoff and Kubitz et al. (2022) and 

Ballesteros-Redondo et al. (2023a) is discussed. This section focuses on the implications of the use of 

rotifers for pikeperch survival and growth and on the implications of natural characteristics on feeding 

strategies, which include feed quality, quantity, and duration. 

 

Feed quality. The feeding protocol for S. lucioperca larvae has been based on the methods developed 

for marine fish species (Steenfelt 2015). However, in pikeperch rearing facilities, the freshwater 

environment does not support the survival of B. plicatilis and Artemia, as they are native to saline 
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environments (Dhont et al. 2013). To stimulate the fish's prey response, the use of freshwater B. 

calyciflorus is more suitable, although freshwater rotifers are not commercially available as live prey to 

replace Artemia easily (Dhont et al. 2013). Considering the natural characteristics of pikeperch as a 

freshwater or brackish-water species, the use of freshwater rotifers, such as B. calyciflorus, is more 

appropriate. Additionally, due to co-evolution, B. calyciflorus may better fulfill the nutritional 

requirements of the fish larvae. As freshwater rotifers can introduce infections that affect fish and shrimp 

(Yan et al., 2007), the use of saltwater zooplankton remains common in freshwater aquaculture. 

Nevertheless, the presence of parasites does not always result in disease and can enhance the fish's 

immunity (Hennersdorf et al. 2016). Moreover, certain bacteria can benefit rotifers in the same 

environment by producing vitamin B12 (Rombaut et al. 1999). Furthermore, microalgae in larval rearing 

have demonstrated probiotic effects and the ability to autoregulate the microbial community (Cahu et 

al. 1998, Van der Meeren et al. 2007). Therefore, utilizing organisms from the same environment might 

be advantageous in larviculture, enabling techniques like green water or pseudo-green water. 

Consequently, in our study, we investigated B. calyciflorus as the initial live feed for pikeperch 

larviculture using the pseudo-green water technique for continuous feed supply. 

After the use of B. calyciflorus, pikeperch survival rates of 94% in system I (experiment I) and 64–74% 

in system II and III (experiment II) were reached at dph 10 (see Table 2 in Bischoff and Kubitz et al. 

2022). These survival rates were similar to those found for pikeperch larvae fed with the saltwater rotifer 

B. plicatilis (64-93.7%) in Ballesteros-Redondo et al. (2023a). However, the specific growth rate (SGR) 

reached the highest value (5% d-1) (considering linear growth) with B. calyciflorus in the System I 

(experiment I) than with B. plicatilis (3% d-1) (Ballesteros-Redondo et al. 2023). Consequently, our 

study demonstrated suitable survival and growth rates by using B. calyciflorus. Therefore, these data 

confirm hypothesis 1 that "it is possible to establish new adequate first feed prey items for pikeperch 

aquaculture based on natural feeding sources”. 

Our study demonstrated the potential of using natural feed sources as a solution for improvement in fish 

larviculture. When there is a good match between feed (prey) and predator, the results were maximized 

(see figures 2 and 3 in Bischoff and Kubitz et al. 2022). This is of great importance for increasing the 

production efficiency of S. lucioperca in the future since there is a growing demand for this species in 

Germany. Improving production will improve the economic profits of the companies by producing 

pikeperch and bringing a high-quality, regionally produced species to the market, making their 

production more and more sustainable. Pikeperch larval rearing is still characterized by significant 

mortality rates during the early developmental phases. Bischoff and Kubitz et al. (2022) described a 

recently created culture system that enables the modern, sustainable farming of fish larvae while 

obtaining high survival and growth rates. Additionally, it demonstrated that the positive outcomes under 

the applied conditions were due to the adoption of the freshwater zooplankton organism B. calyciflorus 

rather than the typical saltwater species. The fatty acid readings demonstrate a healthy larval nutritional 

state (see 1.5.3). 
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Feed quantity. The saltwater B. plicatilis was given exclusively or in combinations with the copepod 

A. panamensis in different amounts of individuals (ind.) per larva per day. We evaluated different 

amounts of B. plicatilis per lava per day in two different experiments (see table 1 in Ballesteros-Redondo 

et al. 2023a). Our findings showed the highest growth rate with the diet B340+A60, when we fed larvae 

with 340 ind. of B. plicatilis and 60 ind. of A. panamensis per larva per day and there were 6.3 B. 

plicatilis/mL at each feeding time. Increasing the amount of B. plicatilis by more than 340 ind. per larva 

per day did not significantly increase the survival and/or growth rates. On the one hand, Ballesteros-

Redondo et al. (2023a) illustrated the significance of taking into account live feed density and the 

amount of feed consumed per larva daily. Yanes-Roca et al. (2020) fed 13 ind./ml with a larval stocking 

density of 100 larvae per liter, which is a similar amount of feed per larva than in our study. However, 

they obtained lower growth and survival rates. Thus, our results indicated that a stocking density of 50 

larvae per liter is adequate to rear pikeperch larvae. Our data showed that the larval stocking density of 

pikeperch should be considered for feeding, as shown by Król and Zielinski (2015) for perch (Perca 

fluviatilis L., 1758), Ramos et al. (2016) for leaf fish (Monocirrhus polyacanthus Heckel, 1840), and 

Zarski et al. (2011) for common barbel (Barbus barbus (L., 1758)), all of which used the same amount 

of feed per fish. Larval stocking density is therefore crucial for larval feeding. As long as larval survival 

and growth are not negatively impacted, high larval densities result in lower production costs (Steenfeldt 

2015). Consequently, our study showed that the combination of the optimal feeding organism, feed 

density, feed quantity, and fish stocking density must be taken into account for successful pikeperch 

larviculture to improve the efficiency of the entire production (Ballesteros-Redondo et al. 2023a). 

On the other hand, our results indicated a maximum ingestion rate, or satiety, in pikeperch larvae. Instead 

of looking for the "golden density" (Saraiva et al. 2022), this maximum feeding intake indicates an 

appropriate feed density in the water at each feeding time of 6 ind./ml in accordance with Imentai et al. 

(2019b) and Bischoff and Kubitz et al. (2022). Our minimum recommended amount of B. plicatilis per 

larva per day indicated an indirect measurement of the nutritional requirements of pikeperch larvae 

between dph 4 and 10 (see 1.5.3). Therefore, our study demonstrated hypothesis 2: "It is possible to 

establish a minimum amount and concentration of live feed per pikeperch larva”. Ballesteros-Redondo 

et al. (2023a) showed that live feed for pikeperch larviculture has to be adequate in terms of quality and 

quantity, together with the fish stocking density, to maximize larval performance, reduce the production 

of dissolved and particulate nutritional wastes and feed losses, and consequently maintain a good 

nutritional profile of the larva for further development. Our data indicated a maximum amount of 340 

B. plicatilis per pikeperch larva per day during the first days of exogenous feeding, at which a plateau 

of survival and growth rate is reached, which was also confirmed by the fatty acid profile of the 

pikeperch larvae. This pattern might be related to the match-mismatch of prey and predator in natural 

environments. This is significant because feeding above the minimum required amount of live feed per 

fish increases performance, reduces waste, and decreases costs. Therefore, Ballesteros-Redondo et al. 

(2023a) showed how environmental characteristics of the fish larvae might affect nutrition and, hence, 
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feeding strategies and stocking practices, which affect the larval growth rate of emergent species like S. 

lucioperca. 

Ensuring an adequate supply of feed is crucial when pikeperch larvae begin feeding. This aligns with 

the match-mismatch theory, which says that fish reproduction corresponds to environmental conditions 

that optimize food availability for larvae (Cushing 1974). In aquatic ecosystems, light availability and 

temperatures increase during spring, influencing the production of microalgae, the primary producers. 

Unlike photoinhibition, primary producers engage in maximal photosynthesis. Subsequently, 

herbivorous zooplankton, following the phytoplankton bloom, experience population growth, 

coinciding with the emergence of larval fish. However, these larvae may encounter herbivorous 

zooplankton consuming late-blooming phytoplankton rather than early-blooming phytoplankton 

(Boerman et al. 2008). This autoregulation is a common feature in ecosystems and contributes to the 

characteristics of farmed fish through evolution. Incorporating these natural characteristics into future 

nutrition and feed research can optimize fish culture, enhance feeding strategies, and promote 

sustainability in fish production. 

This match-mismatch pattern was observed in Bischoff and Kubitz et al. (2022). In system I (experiment 

I), the highest survival and growth were reached with a mean of 3 B. calyciflorus/ml from 4 to 10 dph, 

meaning 300 ind. per larva per day. These results were obtained when microalgae were stocked 5 days 

before and B. calyciflorus 3 days before the stocking of the pikeperch larvae. This amount of B. 

calyciflorus was similar to the recommended amount of B. plicatilis in Ballesteros-Redondo et al. 

(2023a), also confirming hypothesis 2. However, stocking the microalgae 10 days before stocking the 

larvae resulted in a poorer match between the needs of the larvae and the feed, leading to lower survival 

and growth rates (see systems II and III in experiment I in table 2 in Bischoff and Kubitz et al. 2022).  

Phytoplankton nutrient levels vary according to nutrient availability, with the exponential phase 

considered optimal. A mismatch in feeding on late-bloom algae indicates their higher depletion of 

phosphorus and nitrogen, making them a lower-quality feed source for larval fish (Boerman et al. 2008). 

This mismatch drives pikeperch larvae to seek alternative prey, such as smaller larvae of other fish 

species. However, in RAS-based pikeperch culture, a mismatch can result in cannibalism due to their 

carnivorous nature. Therefore, utilizing these ecological characteristics becomes crucial to prevent larval 

cannibalism in larviculture. 

This thesis underscored the significant implications of the match-mismatch theory for aquaculture 

feeding practices, specifically in larval fish culture and sustainability. It demonstrated how applying the 

principles of this theory can optimize feeding strategies, enhance fish larval growth and survival, and 

promote sustainable aquaculture practices. By aligning prey availability with larval nutritional 

requirements, aquaculture can address challenges in live feed production, minimize environmental 

impacts, and improve overall efficiency. By optimizing feeding efficiency and minimizing reliance on 

live prey, aquaculture operations can reduce environmental impacts associated with live feed production, 

including resource consumption and waste generation. While the match-mismatch theory shows promise 
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for improving fish larval culture and sustainability in aquaculture, several challenges remain, such as 

understanding the nutritional requirements of fish larvae during different developmental stages (see 

1.5.3). 

 

Duration. There is increasing scientific evidence that rotifers are necessary in the early days of 

pikeperch larval feeding (Imentai et al. 2019a, 2019b, 2020, 2022, Yanes-Roca et al. 2018, 2020). All 

these studies showed that feeding B. plicatilis followed by Artemia sp. improved survival and growth in 

pikeperch larvae. Nevertheless, the use of rotifers must be restricted to the first days of feeding to avoid 

significantly decreased enterocyte height in the anterior intestine. Thus, feeding pikeperch larvae rotifers 

for more than 12 dph may negatively influence their growth and intestinal development (Imentai et al. 

2020).  

 

 

1.5.1.2. Copepods as live feed 

Fish larvae undergo various physiological changes during the early life cycle stages; hence, it is 

necessary to provide appropriate feeding throughout the entire larval time to meet the larval nutritional 

needs (Planas and Cunha 1999). Several studies have shown that pikeperch larvae need DHA on dph 20 

(El Kertaoui et al. 2019, Lund et al. 2018). Although freshwater fish are known to have a certain capacity 

to elongate FAs, this desaturation or elongation of ALA into EPA or DHA consumes energy, and thus, 

feeding larvae differently with enough amounts of EPA or DHA seems to be more effective. Therefore, 

finding a natural source for DHA seems to be essential for pikeperch larviculture. Cyclopoids nauplii 

have been found in the stomach of pikeperch larvae (Peterka et al. 2004), and thus, they might have a 

suitable nutrient profile. Although A. panamensis is a saltwater copepod, it belongs to the cyclopoids, 

which have already shown a high potential for aquaculture (Pan et al. 2018). Thus, the use of A. 

panamensis for pikeperch was studied in the period 3–10 dph in Ballesteros-Redondo et al. (2023a) and 

from dph 11 in Ballesteros-Redondo et al. (2023c). A. panamensis was studied under different 

microalgae diets in Ballesteros-Redondo et al. (2023b). This section focuses on the implications of the 

use of copepods for pikeperch growth and feeding strategies. 

 

Feed quality. Since we saw no advantages to using A. panamensis (Ballesteros-Redondo et al. 2023a), 

we hypothesized that larvae were not able to ingest A. panamensis. The quality of the feed includes the 

organism’s behavior, its nutritional composition, and its size, which determine the likelihood of 

ingestion by the larvae. Ballesteros-Redondo et al. (2023b) measured the size of each A. panamensis 

stage. The average size of our A. panamensis population was 158.7 µm for nauplii, 372.4 µm for 

copepodites, and 637.2–676 µm for adults. However, our size measurements are within the range of a 

closely related species, Apocyclops royi (Lindberg, 1940) (78–250 m for nauplii and 260–997 m for 

copepodites and adults) (Jepsen et al. 2021). Therefore, A. panamensis nauplii were suitable as live feed 
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for pikeperch larviculture from the beginning of the exogenous feeding as they are similar in size to 

rotifers.  

In a poster-published study, we analyzed daily the stomach contents, survival rate, and growth rate of 

the pikeperch larvae from 3 to 7 dph. Significant higher survival rates were found on dph 7 in larvae fed 

with B. plicatilis (56%) than with diets containing A. panamensis (~ 40%) (ANOVA, p = 0.07). The 

total body length did not show any significant difference between diets (ANOVA, p = 0.411). From dph 

7, we observed feed in the stomach of the fish larvae, although we could not determine the amount when 

they fed on B. plicatilis. Conversely, larvae did not digest the copepods (Figure 1). 

 

  
Figure 1. Serial photo shooting of one larva defecating the copepod on dph 7. 

 

This demonstrated for the first time that pikeperch larvae can ingest A. panamensis on dph 7, but they 

were not able to digest them well. The difficulty in counting individuals in the stomach of larvae fed 

with B. plicatilis indicated that digestion took place. This might be related to the higher survival rates 

of the pikeperch, confirming previous studies (Yanes-Roca et al. 2018, Imentai et al. 2019, Imentai et 

al. 2020). Our studies showed important information about the ingestion and digestion of different live 

feeds by the pikeperch larvae.  

Nevertheless, the exclusive use of A. panamensis as live feed for pikeperch larvae was studied from dph 

11 (Ballesteros-Redondo et al. 2023c). In experiment 1 (E1), pikeperch larvae at dph 11 grew more with 

B. plicatilis (length of 6.18 mm in diets B+Apo300 and B+Apo600) than with Artemia sp. (length of 

4.89 mm in diets Art+Apo300 and Art+Apo600) (see figure 2 in Ballesteros-Redondo et al. 2023c). 

After feeding all groups with A. panamensis on dph 18, diet B+Apo300 produced the longest size (7.13 

mm). Despite the initial shorter size of pikeperch larvae fed with Artemia sp., the SGR of larvae 

previously fed with Artemia sp. was higher from dph 11 to dph 18, suggesting better larval development. 

According to this finding, larvae that had previously consumed Artemia sp. during the first 10 days were 

capable of compensating for reduced growth from dph 0 to dph 11 by consuming A. panamensis later 

on. However, B+Apo300 exhibited an even higher SGR (4.33% d-1) than the SGR data in Ballesteros-

Redondo et al. (2023a) and Imentai et al. (2019a). This suggests that, even though the growth was 

compensated, the initial feeding diet had an impact on the larva's long-term growth (Hou and Fuiman 

2020). In experiment 2 (E2), A. panamensis increased larval growth compared to the application of 

Artemia sp. on dph 16 (Ballesteros-Redondo et al. 2023c). On dph 16, larvae fed Artemia sp. had a 

slightly better survival rate (93.0%) than larvae fed A. panamensis (87.9%). The SGR was substantially 
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higher in larvae fed A. panamensis (2.95% d-1) than Artemia sp. (1.32% d-1) on dph 16, and in 

comparison to Imentai et al. (2020), who fed pikeperch larvae various combinations of B. plicatilis 

and/or Artemia sp. Hence, when compared to Artemia sp., our findings on larval growth showed that A. 

panamensis had a distinctly positive impact on the growth of pikeperch larvae between dph 11 and dph 

16 (Ballesteros-Redondo et al. 2023c). Consequently, chapter 4 confirmed hypothesis 3, which stated 

that "it is possible to use A. panamensis to rear pikeperch larvae”. It must be considered that the better 

performance of pikeperch larvae with A. panamensis occurred during the five consecutive days after an 

initial 7-day B. plicatilis feeding. This suggested adequate timing and availability of both live feed 

organisms, making the larviculture of pikeperch more complex. The high cost of copepod production is 

another constraint to be considered by the pikeperch hatcheries. Therefore, the economic viability and 

production efficiency of the combined use of rotifers and A. panamensis must be further assessed. 

However, our data showed that they satisfied the fish's nutritional needs better than rotifers and Artemia 

(Conceiço et al. 2010). To fully realize the potential of copepods in aquaculture, there is a need to 

improve copepod culture techniques in practical, economic, and sustainable terms (see 1.5.2). 

 

Feed quantity. An attempt to introduce A. panamensis was made in order to increase survival and 

growth (Ballesteros-Redondo et al. 2023a). Diets with A. panamensis showed no advantages over those 

with B. plicatilis. Larvae fed with a higher amount of A. panamensis (diets B280+A120, B510+A90, or 

B420+A180) did not show higher survival or growth rates than larvae fed with less A. panamensis (diet 

B340+A60) (Ballesteros-Redondo et al. 2023a). Moreover, in E1 of Ballesteros-Redondo et al. (2023c 

A. panamensis was introduced on dph 11 to the larvae after feeding them with B. plicatilis or Artemia 

sp. in two different amounts, 300 and 600 ind. per larva per day. No benefits of using higher amounts 

of A. panamensis were identified in terms of survival or growth rates. Thus, the recommended amount 

might be considered 300 ind. of A. panamensis per larva per day from dph 11. These results are similar 

to the recommended amount of B. plicatilis during the first period (3–10 dph). Thus, a minimum feed 

amount with a maximum survival and growth rate will improve the efficiency of larval rearing, as 

discussed previously. Despite the shown benefits of A. panamensis as a diet for pikeperch larvae, there 

are still knowledge gaps that should be addressed, like investigating the long-term effects of copepod 

feeding on growth, development, and health of fish larvae, including the potential effects on later life 

stages, or assessing the economic feasibility of copepods. 

  

Duration. In E1 of Ballesteros-Redondo et al. (2023c), survival rates were the highest for protocols with 

B. plicatilis and A. panamensis. However, the mortality drastically increased in all treatments from dph 

16. This might indicate that A. panamensis should be best used until dph 16 (for a five-day feeding 

period) after being fed with B. plicatilis or B. calyciflorus. 
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1.5.2. Fatty acids in live feed  

Manipulating environmental factors such as temperature, salinity, or feeding can enhance live feed 

reproduction, growth, and nutritional quality. Understanding the specific requirements of different 

zooplankton species and tailoring culture conditions accordingly can maximize their production 

potential. This section focuses on the implications of microalgae diets on the fatty profiles of rotifers 

and copepods. 

 

1.5.2.1. Fatty acid of rotifers  

As seen, rotifers were the best option as the first live feed organisms (Bischoff and Kubitz et al. 2022, 

Ballesteros-Redondo et al. 2023a). However, the fatty acid composition of the rotifers depends on the 

microalgae diet. Although Ferreira et al. (2017) showed that the quality of microalgae is the most 

important factor influencing the biochemical composition of the rotifers, the FA composition of the 

rotifers will also depend on the quantity. Kennari et al. (2008) found that at a higher concentration of 

microalgae, rotifers obtained a higher HUFA content. Schälicke et al. (2019) stated that quality is as 

important as quantity. Enough feed and energy but lack of some individual nutrients can negatively 

affect rotifers. 

We observed that B. plicatilis had a higher LA while B. calyciflorus had a higher ALA. B. plicatilis was 

fed with Nannochloropsis sp. and fed to the larvae when they were not enriched (Ballesteros-Redondo 

et al. 2023a). B. calyciflorus was fed with Monoraphidium contortum and fed continuously to the larvae 

with a pseudo-green-water technique; thus, B. calyciflorus was enriched (Bischoff and Kubitz et al. 

2022). Nevertheless, as the microalgae diet is not similar, it is difficult to compare the nutritional value 

between these fresh- and saltwater rotifers as live feed for pikeperch larvae. Schälicke et al. (2020) found 

out that C18 PUFAs seem to be more important for rotifers than C20 PUFAs. M. contortum also 

provided high ALA to B. calyciflorus in Schälicke et al. (2020) in comparison to Nannochloropsis 

limnetica Krienitz, 1998. In Kennari et al. (2008), the best results in B. calyciflorus culture were obtained 

after feeding with Chlorella sp., obtaining high ALA content only with a sufficient microalgae supply. 

However, the content of LA was higher than ALA with Chlorella sp. Yanes-Roca et al. (2020) used 

Chlorella sp. to feed B. plicatilis and obtained a similar profile of LA and ALA to that in B. plicatilis 

by Ballesteros-Redondo et al. (2023a). However, the best results in pikeperch larval survival and growth 

were with the rotifer B. calyciflorus, which had the highest n-3/n-6 (approximately 2) when fed with M. 

contortum. The next best larval survival and growth were found when feeding B. plicatilis with 

Nannochloropsis sp., which had a ratio n-3/n-6 around 1.66 (Ballesteros-Redondo et al. 2023a), and 

finally feeding B. plicatilis with Chlorella sp., obtaining rotifers with a ratio n-3/n-6 around 1.53 (Yanes-

Roca et al. 2020). 

Marine organisms have more EPA and DHA than freshwater organisms, which have more ALA 

(Twinning et al. 2021). Therefore, M. contortum (a freshwater species) may have provided a better FA 

profile with high ALA to the freshwater rotifers B. calyciflorus, which resulted in a suitable n-3/n-6 ratio 
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of 2 for pikeperch larvae during this larval period and providing enough LA at the same time. Moreover, 

the pseudo-green water technique supplies microalgae in sufficient quantity. After some time, the high 

PUFA content in rotifer decreased (Kennari et al. 2008), and thus, pseudo-green water might be better 

for the supply of PUFAs in the food web. Thus, pseudo-green water provided high-quality fatty acids to 

B. calyciflorus eaten by the pikeperch larvae, yielding higher larval survival and growth (Bischoff and 

Kubitz et al. 2022) than clear water (Ballesteros-Redondo et al. 2023a). Therefore, our data showed that 

pikeperch larvae should be fed with rotifers with a n-3/n-6 ratio of approximately 2. All these data again 

confirm hypothesis 1: "It is possible to establish new adequate first feed prey items for pikeperch 

aquaculture based on natural feeding sources”. However, the benefits might also come from the fact 

that the use of the pseudo-green water technique might improve light conditions (Heidemann et al. 2019) 

or the microbiome, as well as allowing the rotifers to remain swimming longer than if they were in 

saltwater. The reduced waste of food and its non-death and decomposition may also improve the water 

conditions in favor of the larvae. 

 

1.5.2.2. Fatty acid of copepods  

Although copepods have shown promising results for fish larvae (Barroso et al. 2013, Evjemo et al. 

2003, Karlsen et al. 2015, Malzahn et al. 2022, Martinez-Silva et al. 2018), there are still many gaps in 

knowledge about the culture of these organisms. To fully realize the potential of copepods in 

aquaculture, there is a need to improve copepod culture techniques in practical, economical, and 

sustainable terms. Environmental conditions such as water parameters have been studied for several 

species (Cruz-Rosado et al. 2020, Jepsen et al. 2015). Nevertheless, they seem to be species-specific, 

and thus, optimal conditions, including feeding, must be studied for each species. According to the 

literature, since enrichment approaches are appropriate only for some copepods and since it is essential 

to include a high PUFA content in their feed (Rasdi and Qin 2016), microalgae diets must be applied. 

This is thus essential before feeding fish larvae with a certain copepod species. Therefore, exploring 

innovative culture techniques, such as copepod culture with microalgae or bacteria, is essential to 

enhance copepod nutritional quality and improve overall production efficiency. 

The PUFAs in the microalgae diet influenced the PUFAs in A. panamensis. Higher n-3/n-6 ratios in 

microalgae increase n-3/n-6 ratios in copepods within PUFAs (Ballesteros-Redondo et al. 2023b). In 

E1, copepods given Isochrysis galbana (ISO) and a combination of I. galbana and Nannochloropsis sp. 

(N+I) had reduced PUFA levels. Nevertheless, the highest n-3/n-6 ratio was achieved in A. panamensis 

fed wtih ISO (2.20), which was similar to the ratio of the rotifers. In E2, the highest final densities were 

achieved by feeding A. panamensis with ISO and N+I also reaching the highest n-3/n-6 ratios. The diet 

ISO, which had a higher n-3/n-6 ratio (4) than Nannochloropsis sp. (3.6), showed the highest n-3/n-6 

ratio in A. panamensis in both experiments (Ballesteros-Redondo et al. 2023b). When A. royi fed I. 

galbana instead of Nannochloropsis oculata (Droop) Hibberd, 1981, the same pattern was seen in Pan 

et al. 2018. Therefore, our results showed that the PUFAs in A. panamensis were influenced by the 
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PUFAs in the microalga diet. This was also supported by the concentrations of stearidonic acid (SDA), 

eicosatetraenoic acid (ETA, C20:4 n-3), and DHA. Copepods given ISO had a higher DHA content of 

2.6% in E1 and 1.9% in E2. Tocher (2010) advocated for a minimum amount of 1–2.6% DHA in live 

feed for fish larvae, although our data showed lower DHA levels than for A. royi reported by Jepsen et 

al. (2021), Nielsen et al. (2019), and Pan et al. (2018). However, since DHA is linked to copepod 

fecundity (Kleppel et al. 2005), the DHA levels in our copepods were sufficient. 

As a result, our findings showed that A. panamensis has the capacity to satisfy the DHA needs of fish 

larvae (Ballesteros-Redondo et al. 2023b). Although it is possible to culture A. panamensis in fertilized 

ponds (Phelps 2005, Sumiarsa and Phelps 2007), feeding A. panamensis with I. galbana resulted in a 

higher DHA/EPA ratio (2.5–2.9). The DHA/EPA ratio reported for species like Acartia tonsa (1.35) and 

Tisbe holoturidae Humes, 1957 (1.63) was lower than this result (Drillet et al. 2006). Our DHA/EPA 

ratio was in the range of 0.3–2.0, which is necessary for fish (Tocher 2010). A. panamensis might 

therefore satisfy the nutritional needs of fish larvae. Additionally, El Kertaoui et al. (2019) found that 

3.5% of EPA+DHA and the calcium/potassium (Ca/P) ratio were the optimal dietary components for 

pikeperch larvae. Our study showed that A. panamensis fed ISO in E1 displayed a 3.5% EPA+DHA 

concentration (Ballesteros-Redondo et al. 2023b). Moreover, A. panamensis fed ISO in E1 showed also 

an n-3/n-6 ratio of approximately 2 as rotifers (see 1.5.2.1). Therefore, our results demonstrated that the 

fatty acid composition of A. panamensis was adequate to fulfill the nutritional needs of pikeperch larvae. 

Our results confirmed hypothesis 4, which stated, "it is possible to obtain the copepod A. panamensis 

in high culture density and with an adequate fatty acid profile to be used as live feed in pikeperch 

larviculture´. 

Copepods are not regularly used in pikeperch larviculture; however, they might be considered adequate 

feed. A. panamensis can provide adequate and optimal feed after it has been fed with I. galbana. 

Traditional feeds such as dry feeds or Artemia nauplii have shown some limitations, in particular for 

small and sensitive larvae species. Consequently, the use of live feed organisms is expanding rapidly in 

aquaculture, especially copepods, which are becoming more important. Our data about this novel species 

in aquaculture indicated that A. panamensis size, density, population composition, and fatty acid profile 

are suitable, on the one hand, for efficient live feed cultures and, on the other hand, for feeding fish 

larvae. This is significant because it provides new relevant information for the proper management of 

A. panamensis culture, which might reduce the high costs that are the main constraint in copepod culture 

and lead to more sustainable production. Furthermore, best practices concerning nutrition produce high 

quality live feed, which has the potential to increase the survival and growth rates of the fish larvae. 

Incorporating copepods into aquaculture systems requires practical and economically viable approaches. 

Strategies such as optimizing copepod production protocols have the potential to reduce production costs 

through efficient use of resources, and exploring potential value-added markets for copepods can 

contribute to their commercial viability. Developing sustainable copepod culture methods is crucial to 

minimizing environmental impacts and promoting long-term viability. This thesis proportions novel 
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information for the culture of A. panamensis with relevant information to develop large-scale production 

techniques. 

 

 

1.5.3. Fatty acid in pikeperch larvae 

In this final part of the discussion, we compared the fatty acid composition of larvae during different 

periods: from dph 0 to 10, we compared rotifers with A. panamensis and Artemia sp., and from dph 11 

to 16/18, we compared A. panamensis and Artemia sp. Moreover, we discussed about proper weaning 

time between dph 16 and 25 based on the larval fatty acid composition. A comparison of all the FA 

dynamics under the different live feed organisms provided the information needed to establish the best 

feeding protocol and informs what the balanced fatty acid composition of the pikeperch larvae must be. 

Lipid profiles, or lipid phenotypes, are part of the fitness of organisms (Twinning et al. 2021). Changes 

in these physiological phenotypes might have been nutritionally programmed via live feed (Hou and 

Fuiman 2020). Therefore, lipid phenotypes might be used to evaluate the nutritional status of fish larvae. 

 

1.5.3.1. Period dph 0- dph 11 

The quality of the gametes of the parents influences the quality of the eggs and, therefore, of the larvae. 

It is important to consider that the higher the quality at hatching, the better the larvae might perform. In 

Bischoff and Kubitz et al. (2022), the larvae hatched with a total FA of 110.4 µg /mg dry weight (DW), 

which was one of the lowest values of all the studies included in this thesis. However, the SGR was one 

of the highest when we applied the right feeding protocol. This showed the importance of proper feeding 

and also confirmed that B. calyciflorus can be used as a natural feed source for pikeperch larviculture 

(hypothesis 1). 

The use of rotifers seemed to be essential as the first feed source for pikeperch larvae (Bischoff and 

Kubitz et al. 2022, Ballesteros-Redondo et al. 2023a). PUFA content increased in pikeperch larvae fed 

with B. plicatilis and A. panamensis (diet B100+A100), particularly the DHA content and the DHA/EPA 

ratio (Ballesteros-Redondo et al. 2023a). A. panamensis was fed with I. galbana, which had a high 

content of DHA (Dustan et al. 1993, Roncarati et al. 2004), and thus, A. panamensis contained high 

levels of DHA (Figure 2). Higher DHA content in larvae fed with diet B100+A100 showed that A. 

panamensis was ingested and digested by pikeperch larvae during the trial, contrary to what was 

previously discussed. However, higher DHA content in the diet did not result in higher survival or better 

larval growth. These results were opposite to some studies that showed that pikeperch larvae need 

PUFAs and, in particular, DHA around dph 20 (Hamza et al. 2008, Hamza et al. 2015, Kestemont et al. 

2007, Lund et al. 2012, Lund et al. 2014, Lund et al. 2018). Consequently, our study showed that at this 

larval stage, they did not need dietary DHA as long as they have reserves in the sac. This result supported 

the suitability of rotifers as first live feed and, thus, the suitability of their fatty acid composition for 

pikeperch larvae. Furthermore, other authors have shown that pikeperch need PUFAs like linoleic acid 
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(LA) (Yanes-Roca et al. 2020). B. plicatilis was fed with Nannochloropsis sp., which contains high LA, 

and thus, B. plicatilis fed on Nannochloropsis sp. contains high LA (Figure 2). Animals are not able to 

synthesize LA and ALA de novo. The amounts in the pikeperch larvae depend on their reserves from 

the yolk sac or on their diets. Ballesteros-Redondo et al. (2023a) showed that over a certain amount of 

rotifers per fish larvae per day, they did not perform better, and they did not get higher amounts of ALA 

or LA, showing a maximum in ingestion or digestion (see figure 3 in Ballesteros-Redondo et al. 2023a). 

Thus, with the fatty acid data, we confirmed the minimum feed to supply to the pikeperch larvae in this 

period. Our results showed that this minimum amount of B. plicatilis per larva and day filled the 

nutritional requirements of pikeperch larvae in terms of fatty acids since high survival and growth rates 

were achieved. Therefore, we established an indirect measurement of the fatty acid requirements for 

pikeperch larval rearing until dph 10, which kept the LA in the larvae at 8.8-12.4% of the total fatty 

acids (TFAs) (Ballesteros-Redondo et al. 2023a). Consequently, an optimal B. plicatilis concentration 

and density enabled the highest larval survival and growth rates and optimal fatty acid composition in 

the early life cycle stages of pikeperch (hypothesis 2).  Morevoer, this percentage of LA in pikeperch 

larvae fed with B. plicatilis was similar to the LA percentage of pikeperch larvae fed with B. calyciflorus 

(Bischoff and Kubitz et al. 2022). 

 
Figure 2. Main polyunsaturated fatty acids found in our experiment for B. plicatilis reared with 

Nannochloropsis sp. (left), Artemia sp. after hatch (middle), and A. panamensis cultured with Isochrysis 

galbana (right). 

 

B. plicatilis is becoming a regular live feed, but no one is using it in the right and best concentrations, 

as can be seen by the higher mortalities in the literature. Artemia sp. is still employed since rotifers are 

too tiny and constrained for fast growth after dph 11 (Policar et al. 2019, Yanes-Roca et al. 2018). 

Although these authors considered the use of Artemia sp. adequate after B. plicatilis, Bischoff et al. 

(2018) showed that the exclusive use of Artemia resulted in the starvation of the pikeperch larvae. 

Nevertheless, Abi-Ayad et al. (2004) showed that Artemia together with microdiets containing DHA are 

suitable for pikeperch larvae. Besides, Artemia species are deficient in crucial fish nutrients, including 

docosahexaenoic acid (DHA) (Figure 2) (Hamre et al. 2013). Since it depends on fish oils to increase 

its levels of long-chain polyunsaturated fatty acids (LC-PUFAs), enriched Artemia is constrained 

(Nielsen et al. 2017). Although even enriched, they appear to meet the nutritional needs of the larvae 
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poorly since the fatty acids are in the neutral fraction (Rasdi and Qin 2016). Moreover, high levels of 

DHA have also been linked to a rise in malformations due to free-radical oxidation (Izquierdo et al. 

2013). 

In Bischoff et al. (2023), pikeperch larvae were fed with micro Artemia the first seven days. The absolute 

amounts of LA, ALA, and DHA per larva declined. The depletion of C18 PUFAs throughout the first 

seven days of larval development might be caused by low concentrations of LA and particularly ALA 

in micro Artemia. Moreover, EPA content increased. This proved that the larvae consumed micro 

Artemia. However, LA levels dropped below 6% and DHA levels below 2%. Our DHA findings on dph 

7 were lower than those of Bischoff et al. (2018) on dph 10 during starvation of the pikeperch larvae 

(28.8%). These values are below larval DHA content of 12–15% on dph 10 in Bischoff and Kubitz et 

al. (2022) and Ballesteros-Redondo et al. (2023a), which were considered adequate due to the high 

survival and growth rates achieved. Therefore, these results showed the nutritional deficiencies caused 

by the Artemia feeding. In Bischoff et al. (2023), the pikeperch growth of the surviving larvae was 

comparable to Ballesteros-Redondo et al. (2023a). However, survival rates were lower (Schmidt and 

Kühn, 2014). Our results demonstrated hypothesis 5, which stated that "it is possible to use larval fatty 

acid composition to detect the malnutrition status of pikeperch larvae” with LA under 6% and DHA 

under 2%, an indication of poorly nourished pikeperch larvae. The sole use of Artemia as a live feed 

caused problems for larviculture and fish survival, including fatty acid transfer into the pikeperch. This 

might explain the still high mortality rates in hatcheries and require feed adjustments in the future. 

Moreover, in Ballesteros-Redondo et al. (2023c), the applied B. plicatilis contained less total FAs and 

PUFAs per dry weight than Artemia sp. Hence, compared to pikeperch larvae fed Artemia sp., B. 

plicatilis-fed larvae had reduced total FA and PUFA levels. However, the larvae fed with B. plicatilis, 

grew more. As noted by Bischoff and Kubitz et al. (2022), Ballesteros-Redondo et al. (2023a), and 

Yanes-Roca et al. (2018), LA appears to be an important fatty acid in the diet of pikeperch. This was 

confirmed by the results of larval DHA on dph 10 in E1 when feeding Artemia sp., which kept an 

acceptable DHA level of 17%, but the LA was under 6% (Ballesteros-Redondo et al. 2023c).  

  

Analyzing patterns of fatty acid preservation and loss is a technique to learn about the requirements for 

fatty acids in fish larvae. Therefore, the fatty acid composition of pikeperch larvae fed with Artemia sp. 

in Bischoff et al. (2018), Ballesteros-Redondo et al. (2023c) and Bischoff et al. (2023) and of larvae fed 

with Brachionus sp. in Ballesteros-Redondo et al. (2023a), Bischoff and Kubitz et al. (2022), and 

Ballesteros-Redondo et al. (2023c) was analysed together in terms of fatty acid content (µg per mg DW), 

percentage of increase or decrease during the trials, and in percentage of the TFAs. Any significant 

difference in fatty acid content or percentage increase or decrease was found in larvae fed different live 

feeds (Brachionus sp. vs. Artemia sp.). Moreover, the percentages of SFAs, MUFAs, and PUFAs in the 

larvae were not significantly different. SFAs were 18–36%, MUFAs 19–39%, and PUFAs 39–51% of 

the total fatty acid content.  
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In all these studies, PUFAs were the dominant and least variable group, independently of the feed or the 

growth rate, which indicated that this might be a stable parameter for the pikeperch larvae (Figure 3, 

Table 1). When fish starved, some polyunsaturated fatty acids were conserved (Bischoff et al. 2018). 

This allows fish the preservation of vital biological membranes. PUFAs maintain membrane structure 

and function and are precursors of bioactive compounds in vertebrates (Hou and Fuiman 2020). Less 

variability in our studies indicated that PUFAs were retained in the larval body. However, single PUFAs 

such as DHA have different functions. DHA is important in eye development and thus essential for 

visual predators like pikeperch (Bell et al. 1995). Consequently, the present thesis establishes a balanced 

minimum relative content of at least 39% PUFA and a 12.6% of DHA of the TFAs together with the 

percentage of LA, which seems to be adequate to maintain functions in pikeperch larvae. However, for 

somatic growth, larvae also need energy. SFAs and MUFAs are commonly used as energy in aquatic 

environments (Turchini et al. 2022). Our analysis indicated that SFAs and MUFAs were probably used 

upon availability by the larvae since no pattern was identify in relation to the live feed (Figure 3). 

Nevertheless, a significantly higher LA percentage was found in the larvae fed with rotifers (p = 0.019 

Mann-Whitney) (Figure 3). 

 

 
Figure 3. Percentage of fatty acids in larvae fed with Artemia sp. (mean based on Bischoff et al. (2018), 

Ballesteros-Redondo et al. (2023c) and Bischoff et al. (2023)) and with Brachionus (mean based on 

Ballesteros-Redondo et al. (2023a), Bischoff and Kubitz et al. (2022), and Ballesteros-Redondo et al. 

(2023c)). Significant differences are indicated with *. 

 

As seen previously, B. plicatilis was characterized by high LA (Figure 2). As animals are not able to 

synthesize LA de novo, the differences in LA in pikeperch larvae should be related to the dietary LA of 

the rotifers. Yanes-Roca et al. (2018) have speculated that the benefits of the LA from B. plicatilis during 
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the first 12 days of life were due to the esterification of the dietary LA to obtain DHA. However, Reis 

et al. (2020) showed that larvae were not able to do this, at least on dph 20. Perez and Reis et al. (2022) 

showed that B. plicatilis has a low capacity to esterify DHA, but what they mainly do is esterify C18 

PUFAs into phospholipids (PL). Hamza et al. (2008) showed that the growth rate of pikeperch was 

accelerated and the development of their digestive systems was seen earlier when dietary polar lipids 

were higher. By increasing lipoprotein synthesis, phospholipids in the diet may help to improve long-

chain fatty acid absorption and transport (Tocher et al. 2008). Thus, if LA is in the form of PL, the 

advantages might be due to an improvement in lipid absorption and transfer in the intestine of pikeperch 

larvae. The cells of the intestine absorb dietary fat by the diffusion of monoglycerides and fatty acids 

(Izquierdo et al. 2000). Therefore, LA might be monoglycerides or free fatty acids (FFAs).  

Hachero-Cruzado et al. (2020) observed higher lipid vacuoles in the intestines of sole (Solea solea (L., 

1758)) larvae fed low-phospholipid (PL) diets compared to high-PL diets, indicating less effective lipid 

mobilization and transport when phospholipids are limited. Similarly, Imentai et al. (2020) associated 

increased hepatocyte vacuolation in pikeperch with higher lipid content in Artemia. However, lower 

accumulation in pikeperch larvae fed with B. plicatilis suggests more efficient lipid mobilization 

facilitated by phospholipids, specifically linoleic acid (LA) in the form of PL. Wang et al. (2022) 

demonstrated that phospholipids promote lipid oxidation, supporting the hypothesis that LA in the form 

of PL enhances the oxidation of yolk sac reserves, leading to better larval growth. Ballesteros-Redondo 

et al. (2023c) observed a decrease in almost all fatty acids (FAs) in pikeperch, indicating that LA 

increases beta-oxidation, thereby improving yolk sac reserve mobilization. Contrarily, the slower-

growing larvae (after feeding Artemia sp.) may simply consume energy (carbohydrates and SFA) 

without developing, increasing their proportion of MUFAs and PUFAs as a result of a less suitable diet 

(Ballesteros-Redondo et al. 2023c). 

This hypothesis is also supported by the fact that the micro Artemia and Artemia contained LA (Figure 

2) (Bischoff et al. 2023). Artemia is known to have a lower amount of PL (Brown and Blackburn, 2013). 

Larvae fed with micro Artemia and Artemia increased their content in SFAs and MUFAs (Bischoff et 

al. 2023). This shows that the benefits of LA might be because LA is in the form of PL. Therefore, 

rotifer-LA is important; it could enhance the oxidation of yolk sac fatty acids and benefit larval growth. 

Other studies have shown the benefits of LA in the larval stages of other fish species. Jiao et al. (2020) 

recently demonstrated that a higher LA content in the tilapia (Oreochromis niloticus (L., 1758)) diet 

improved growth compared to a diet based on fish oils. They found that LA was not more abundant than 

ALA in tilapia, but LA produced more expression of fatty acid transporters. They also observed that LA 

was more efficiently oxidized in hepatocytes than ALA. Leaver et al. (2006) demonstrated that after LA 

feeding, salmon liver triacylglycerol significantly decreased along with an overall drop in total body 

lipid. They saw an increase of the acyl-CoA oxidase by LA via a PPAR-dependent mechanism, which 

meant a large rise in liver oxidation. Consequently, our data indicate that LA might have caused more 

oxidation, which suggests that it improves growth, showing on the one hand that this minimal amount 
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of B. plicatilis covered the needs of the larvae and that the larvae improved their growth with the addition 

of LA. Moreover, Hou and Fuiman (2020) observed that vegetable-based diets (assuming more LA and 

ALA) as the first feeding produced faster growth and higher retention of EPA and DHA in salmon. 

The same occurred when feeding B. plicatilis to pikeperch larvae, increasing retention of DHA. 

Ballesteros-Redondo et al. (2023a) showed that pikeperch larvae appear to retain DHA during this 

period with high-LA-B. plicatilis, oppositely to rich-EPA-micro-Artemia (Bischoff et al. 2023). Larvae 

fed the high-ALA-Artemia also retained DHA, even higher than when feeding B. plicatilis (Ballesteros-

Redondo et al. 2023c). DHA is part of the important omega-3 group. Bischoff and Kubitz et al. (2022) 

showed that the n-3/n-6 ratio of 2:1 reflects the natural ratio for pikeperch larvae and may indicate that 

B. calyciflorus meets the requirements of pikeperch in relation to these PUFAs. In fact, this ratio was 

approximately 2:1 for B. plicatilis and more than 3:1 for Artemia sp. (Ballesteros-Redondo et al. 2023c). 

However, higher omega-3 levels in the larvae did not correspond to the best larval performance in these 

studies. The ratio n-3/n-6 was not significantly higher when feeding Artemia or micro-Artemia (3.0-

3.7), which are higher in ALA or EPA, than when feeding on rotifers (1-2.5) (Ballesteros-Redondo et 

al. 2023a, Bischoff and Kubitz et al. 2022, Bischoff et al. 2023). Freshwater fish species, in contrast to 

the majority of marine fish species, have significant needs for both n-3 and n-6 PUFAs, as previously 

reported by Sargent et al. (2002). Henrotte et al. (2010) found that in perch breeders, an n-3/n-6 ratio of 

between 0.8 and 2.5 was ideal for the success of sexual reproduction, while a higher proportion of n-3 

PUFAs reduced fertilization and spawning rate, and too high a concentration of n-6 PUFAs, on the other 

hand, can result in inflammation and diseases in fish (Tocher et al. 2003). Omega-3 and omega-6 fatty 

acids connect to the PPAR transcription factor in several steps. Both together form a complex that 

directly binds to DNA. Thus, fatty acids directly affect gene expression. The breakdown of omega-6 

fatty acids such as LA promotes inflammation due to higher oxidation. Higher oxidation increases 

reactive oxygen species (ROS) that produce cell damage. However, Luo et al. (2012) showed an increase 

in lipoprotein lipase (LPL) and hepatic lipase (HL) and low ALA, EPA, and DHA when feeding LA. 

These enzymes are involved in glycolysis and lipid metabolism in the liver. This indicated higher lipid 

utilization (oxidation). Moreover, the authors demonstrated a decrease in antioxidant activity, which 

indicates indirectly that less ROS were formed when feeding LA. This study showed an antioxidant 

effect of dietary LA. 

After feeding pikeperch larvae with rotifers and Artemia, Imentai et al. (2022) found that digestive 

enzymes such as lipase and trypsin do not increase with more use of B. plicatilis. In this study, larvae 

that grew larger produced more enzymes. Enzyme production seemed to be more related to larval 

development than to diet, not forgetting that diet influences larval development. In fact, Izquierdo et al. 

(2000) showed that larvae fed a prepared diet experienced a delayed improvement in their ability to 

absorb fat. Izquierdo et al. (2000) showed that increasing dietary phosphatidylcholine (a type of PL) 

levels increased lipid absorption, but the latter improved hepatic lipid consumption. Since triglycerides 

are hydrolyzed by lipoprotein lipase, the fact that Imentai et al. (2022) did not find higher lipase activity 
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and/or expression might mean that the diet does not provide lipids in the form of triglycerides. This 

reinforces the hypothesis that the LA is in the form of PL.  

Moreover, Brachionus provides a low-lipid diet. Rotifers are only 12% lipids and more than 50% 

proteins and have fewer lipids than Artemia (Kandathil Radhakrishnan et al. 2020). 

Kennedy et al. (2006) found that higher oxidation due to LA only happened when the diet was low in 

lipids. When there were many PUFAs, the opposite happened. In addition, they found that it did not 

influence oxidation in the muscle; this only happens in the liver. 

This might indicate that the diet with rotifers provides enough LA to increase the oxidation of the 

reserves but does not provide too many lipids, which have the potential to increase ROS production and 

its consequent damage. Although the effect of LA on the oxidation process of pikeperch larvae has to 

be proven in future studies, our data indicated that the diet with B. calyciflorus and B. plicatilis was 

balanced and drived the larvae into a metabolic homeostasis between oxidation and anti-oxidation 

processes. Besides the effect of LA, omega-3 FAs, such as EPA and DHA, on the other hand, have anti-

inflammatory capabilities. LA might be producing oxidation, and the omega-3 FAs are sufficient to 

provoke the antioxidant effect, reaching a metabolic homeostasis that we suppose benefits larval 

development. Consequently, our data demonstrated that dietary LA from rotifers made the n-3/n-6 ratio 

lower than when feeding Artemia sp., suggesting a metabolic match with n-3/n-6 ratio of approx. 2, 8–

12% of LA, 12.6 to 18.5% of DHA and 39% of PUFAs in pikeperch larvae (Table 1). These results were 

obtained by feeding the larvae from dph 3 until dph 10 with rotifers. Consequently, our studies 

demonstrated hypothesis 6: “it is possible to identify the best live feed organisms for pikeperch during 

the first life cycle stages by focusing on relevant fatty acids, detectable already during the early days of 

life”. 

The present thesis establishes a healthy fatty acid profile for the first feeding period of pikeperch larvae, 

which improves survival and growth rates (Table 1). 

  

Table 1. Fatty acid composition of pikeperch larvae and juveniles on the different periods considered 

in this thesis. 

 

Dph Diet SFA/MUFA/PUFA PUFAs n-3/n-6 LA DHA 

On dph 10 B. calyciflorus 1.7 / 1 / 2.5 47.4% 2.4 8.1% 15.2% 

On dph 10 B. plicatilis 1 / 1.4-1.6 / 1.6-2 38.8-46.2% 2.5 8.8-12.4% 12.6-18.5% 

On dph 16 A. panamensis 1 / 1.5-2 / 2.3-4.1 48-58% 1.6-3.2 7.3-10.9% 25% 

On dph 25 
Artemia + 

microdiets 
1.2 / 1 / 1.6 42% 2.6 8.2% 16.7% 

On dph 41 Microdiets 1/1.1/1.5 41.2% 1.8 13.9% 15.7% 

Dph 56 Microdiets 1/ 1.5/ 1.3 36.9% 1.2 14.7% 10.4% 
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1.5.3.2. Period dph 11- dph 18 

As seen, DHA might be relevant in the period of dph 3–10 as part of the n-3 PUFAs. However, Lund et 

al. (2012) showed the effects of DHA-deficient diets during the larval stage (7–29 dph) on the neural 

development of juvenile pikeperch. Therefore, dietary DHA seems to be essential for pikeperch larvae, 

at least from dph 10. 

Bischoff et al. (2023) showed a deficiency of DHA in pikeperch larvae. Larvae were fed micro Artemia, 

Artemia sp., and microdiets in this period (dph 7–13). The increasing amount of ALA in the larvae 

showed that the larvae were feeding Artemia sp, which is rich in ALA. The conversion from C18 PUFAs 

to their higher homologous n-3 and n-6 HUFAs happens in other freshwater species. Despite Artemia 

sp. being rich in ALA, there was a decrease in DHA in the larvae, which indicated that the larvae did 

not synthesize DHA from ALA. This is in accordance with Reis et al. (2020), who recently demonstrated 

that pikeperch larvae on dph 20 did not synthesize DHA themselves. Moreover, Tan et al. (2009) have 

shown that the increase in ALA produced an increase in lactate dehydrogenase (LDH), which is a marker 

for tissue damage in fish. Therefore, larvae with increasing ALA and decreasing DHA cannot be 

considered to have a balanced fatty acid profile. This highlights the importance of considering more 

than one fatty acid at a time. ALA and DHA are both omega-3 FAs, which made the ratio n-3/n-6 stay 

stable; however, the DHA was more relevant for the pikeperch larvae. Consequently, these results 

confirmed hypothesis 5: fatty acids can be used to detect malnutrition in pikeperch larvae. 

The microdiets were either eaten or digested by the larvae since they did not increase their DHA content, 

which is present in the microdiets (Bischoff et al. 2023). However, the inclusion of DHA in the diet 

through the use of the copepod A. panamensis showed advantages. Larvae fed with A. panamensis raised 

their DHA levels (Ballesteros-Redondo et al. 2023c). A. panamensis distinguished itself from B. 

plicatilis and Artemia sp. by having a higher DHA content (Figure 2). Therefore, our data demonstrate 

that pikeperch larvae are able to ingest and digest A. panamensis and, consequently, were able to utilize 

the supplied nutrients. This confirmed the possibility of rearing pikeperch larvae from dph 11 until dph 

18 with this copepod (hypothesis 3). Besides, the larvae previously fed with Artemia sp. were able to 

recover after a lower initial growth when feeding A. panamensis (Ballesteros-Redondo et al. 2023c). 

The fatty acid profile of the larvae after feeding A. panamensis was similar regardless of whether they 

previously fed B. plicatilis or Artemia sp. (Ballesteros-Redondo et al. 2023c). The cephalic index of 

juvenile pikeperch decreased irreversibly as a result of dietary DHA deprivation during the larval stage 

(Hou and Fuiman 2020). The authors showed that the fatty acid content of the brain recovered over time. 

However, the restoration of DHA in the brain through nutrition does not always imply the repair of brain 

functions. The lack of DHA during larval rearing might lead to later problems since early nutrients might 

program the larvae for further development (Malzahn et al. 2022). Therefore, the fatty acid profile of 

the larvae must be considered along with other markers such as growth and survival rates. 

The DHA content of the pikeperch larvae fed with A. panamensis rose in comparison with larvae fed 

Artemia sp. (Ballesteros-Redondo et al. 2023c). Our results showed that pikeperch larvae fed with A. 
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panamensis have superior fatty acid content than those fed with Artemia sp. Moreover, the larvae fed 

with Artemia sp. raised their EPA concentration less than the larvae fed with A. panamensis, despite the 

fact that Artemia sp. had greater EPA. Moreover, copepods are known to have more fatty acids in the 

form of PL than Artemia sp. (Brown and Blackburn 2013). Phospholipids might increase the production 

of lipoproteins, which promote long-chain fatty acid absorption and transport (Tocher et al. 2008). It 

might be because copepods have more phospholipids than Artemia spp. that the pikeperch larvae in our 

study incorporated EPA more effectively. This demonstrated how much more effectively the larvae 

incorporated these nutrients when they fed A. panamensis. As a result, our data showed that using A. 

panamensis instead of Artemia sp. improved pikeperch larviculture. Besides, A. panamensis might be 

used in this period to supply the DHA that was not taken by the larvae from the microdiets (Bischoff et 

al. 2023). This is relevant for aquaculture since nutrition during the larval stage can have a long-lasting 

impact (Hou and Fuiman 2020). 

As fish larvae grow, they require more energy. Both groups of fatty acids (SFAs and MUFAs) are used 

through ß-oxidation to obtain ATP. The total FA concentrations, SFAs, and MUFAs decreased more in 

larvae fed with A. panamensis between dph 11 and dph 16, coinciding with higher growth (Ballesteros-

Redondo et al. 2023c). This suggests that the pikeperch larvae used these groups of FAs for growth. 

However, PUFAs decreased more in larvae fed with Artemia sp., which had a higher content of PUFAs 

than A. panamensis (Ballesteros-Redondo et al. 2023c). This allows the conclusion that the PUFA 

profile of Artemia sp. lacks important single fatty acids and that the FA provided by A. panamensis was 

optimally used. Consequently, Ballesteros-Redondo et al. (2023c) confirmed hypothesis 3. Our data 

indicate that A. panamensis fulfills the nutritional requirements of the pikeperch larvae better than 

Artemia sp. after the first feeding with B. plicatilis. Our study shows that high DHA content in A. 

panamensis provided essential fatty acids to pikeperch larvae and, consequently, the dietary need for 

this essential fatty acid from day 11 post-hatch in pikeperch. Moreover, comparing larval fatty acid 

composition of pikeperch between period 0-10 dph and 11-16, a pattern was identified. Pikeperch larvae 

kept SFAs and MUFAs lower than PUFAs, being PUFAs at least 39% of the TFAs, probably because 

they used these fatty acids for energy production (Table 1). 

Our studies demonstrated that, also in this period, it is possible to identify the best live feed organisms 

for S. lucioperca during the first life cycle stages by focusing on certain relevant fatty acids (hypothesis 

6). A diet with a more favorable fatty acid composition promotes faster growth. This is significant 

because suitable and "in-time" live feed increases performance, reduces feed waste, and decreases costs. 

Our research improves the feeding strategy, and thus, it has the potential to optimize fish cultivation. 

Therefore, our work showed how new developments in the nutrition of fish larviculture can contribute 

to improving the farming of emergent species like S. lucioperca. Improved feeding protocols increase 

production, which reduces costs and mitigates the environmental impact, thus achieving sustainability 

goals. 
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Increasing DHA also increases the DHA/EPA ratio. Luo et al. (2018) showed that with increasing levels 

of DHA/EPA ratios from 0.73 to 2.33, Siberian sturgeon (Acipenser baerii Brandt, 1869) larval growth 

was enhanced but kept stable (dph 30). They hypothesized that higher DHA/EPA will favor the larvae 

to keep a higher amount of DHA over EPA and then over MUFAs and SFAs, and this will be beneficial 

for early development. DHA is known to have an antioxidant effect, while the oxidation of MUFAs and 

SFAs might produce ROS. As our data indicated a suitable growth rate, we conclude that the fatty acid 

profile of the larvae shows a healthy status with SFAs/MUFAs/PUFAs 1/1.5-2/2.3-4.1, PUFAs 48-58%, 

LA 7.3-10.9%, DHA 25%, and a n-3/n-6 ratio of 1.6–3.2, which shows that the omega-3 PUFA, DHA, 

is the essential FA in this period of larval development (Ballesteros -Redondo et al. 2023c). 

The present thesis showed a change in the fatty acid-related dietary requirements of pikeperch larvae 

around dph 8–13. Our studies show the necessity of DHA in the diet for better larval growth and that a 

decrease in this fatty acid below 6% (Bischoff et al. 2023) leads to an unbalanced fatty acid composition, 

confirming hypothesis 5. Therefore, it is important to know the nutritional needs of larvae, which may 

change until adulthood. 

 

1.5.3.3. Period dph 16- dph 25 

A. panamensis was only suitable until dph 16 since the survival rate decreased substantially later on 

(Ballesteros-Redondo et al. 2023c). In Bischoff et al. (2023), Artemia sp. and microdiets were used from 

dph 11 until dph 20. As seen at dph 13, we demonstrated that larvae are not able to feed on microdiets. 

Between dph 13 and dph 25, an increase in DHA and a decrease in ALA were found. The decrease in 

ALA might be caused by the removal of Artemia sp. (dph 20) from the diet. However, the increase in 

DHA indicated that at a certain point between dph 13 and dph 25, the larvae started feeding on 

microdiets. As Artemia sp. was removed at dph 20 without negatively affecting growth rate, we conclude 

that weaning can be performed around dph 20, as demonstrated by Kestemont et al. (2007).  

In this period, we obtained a similar larval fatty acid composition for pikeperch with SFAs and MUFAs 

lower than PUFAs, being PUFAs 42.0%, LA 8.2%, DHA 16.7% and n-3/n-6 ratio 2.6 (Table 1, Figure 

4) than in the periods before. These data confirmed that Artemia sp. and microdiets might be used in this 

period for a successful weaning.  
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Figure 4. Percentage of larval fatty acids on dph 0 (mean calculated with all the studies of this thesis), 

on dph 10 (mean calculated after feeding Brachionus sp. in Ballesteros-Redondo et al. (2023a), Bischoff 

and Kubitz et al. (2022), and Ballesteros-Redondo et al. (2023c)), on dph 16 after feeding with A. 

panamensis and, dph 25, dph 41 and dph 56 after feeding with microdiets. 

 

1.5.4. Fatty acid in pikeperch juveniles 

Studies comparing the effects of dietary fatty acids on growth performance in juvenile fish have shown 

species-specific variations. Dietary fatty acids significantly influence the fatty acid composition of 

pikeperch juveniles (Bischoff et al. 2023). The fatty acid profiles of juvenile freshwater fish were 

reflective of their dietary intake. In Bischoff et al. (2023), pikeperch juveniles were only given 

microdiets. Pikeperch juveniles contained large amounts of fatty acids, particularly DHA, which is a 

dietary component in high abundance. However, pikeperch only contained trace amounts of ALA and 

ARA, which were present in small amounts in the diet. If these fatty acids were present in greater 

quantities in the diet, we expected that pikeperch to accumulate them, and their initial level at hatch 

might serve as a form of reference. In fact, DHA and EPA in the juveniles fed microdiets increased until 

dph 41 and stayed stable until dph 56, reaching similar levels as in the yolk sac. The dietary fatty acid 

composition has profound health implications for juvenile fish. Omega-3 fatty acids, particularly EPA 

and DHA, play a crucial role in immune system development, reducing inflammation, and promoting 

cardiovascular health. The presence of these fatty acids in the diet can improve the nutritional quality of 

the fish, making them more desirable to consumers. However, the optimal levels and ratios of other 

dietary fatty acids have to be considered. Our data showed low dietary ARA yielded low ARA content 

in the juveniles. Although growth rates were high, metabolic homeostasis was not assured. A decrease 
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in ARA might yield to an unbalanced n-3/n-6 ratio. A balanced n-3/n-6 ratio in pikeperch is important 

to avoid deformations, according to El Kertaoui et al. (2019), who demonstrated a substantial interaction 

between EPA + DHA, and ARA in pikeperch. Microdiets seemed to fill these nutritional requirements 

until dph 41. On dph 41, SFAs and MUFAs lower than PUFAs, being PUFAs 41.2%, LA 13.9%, DHA 

15.7% and n-3/n-6 ratio 1.8 (Table 1, Figure 4), which is the same pattern found for the pikeperch larval 

stage. However, on dph 56, PUFAs were lower than MUFAs, being PUFAs 36.9%, LA 14.7%, DHA 

10.4% and n-3/n-6 ratio 1.2 (Table 1, Figure 4). From dph 25, there was a decrease in PUFAs, an increase 

in LA, a decrease in DHA and thus, a decrease in n-3/n-6 ratio. These data showed that the microdiets 

did not provide suitable PUFAs to the juveniles. Although any disturbance in the juvenile growth was 

found in Bischoff et al. (2023), the lack of adequate and sufficient PUFAs could be impairing the 

development of juvenile pikeperch. By including vegetables oils in the diet as done by Schulz et al. 

(2005), pikeperch juveniles might increase their levels of DHA and EPA. However, pikeperch larvae 

showed a reduced use of these vegetables oils (Schulz et al. 2005). Therefore, it is still necessary to 

better understand their nutritional requirements for the reformulation of specific microdiets for juvenile 

pikeperch. 

 

1.6.Conclusion and further research 
The present thesis shows that a crucial step toward the effective culture of the pikeperch larvae is the 

adaptation of the live feed organisms to the age and subsequently to the developmental stage of the 

pikeperch larvae. Due to the wide range of sizes of the utilized organisms, a change in live feed 

organisms was required. With a size range of between 150 and 200 µm, Brachionus spp. provided an 

ideal first feeding for the freshly hatched pikeperch larvae. Moreover, this thesis demonstrates that the 

use of natural freshwater feed organisms has advantages over saltwater rotifers. Larvae fed B. 

calyciflorus with an adequate protocol to match feed and larval development showed the best results, 

even when the initial quality of the larvae was lower. The use of natural feeds has the potential to reduce 

waste and water degradation in larviculture. Additionally, Brachionus plicatilis was able to supply the 

pikeperch larvae with enough fatty acids, applying an adequate amount per larva, and, most likely, other 

nutrients, including proteins and vitamins. Nevertheless, as the pikeperch larvae grow, rotifers with a 

small size range are no longer able to provide enough energy and nutrients, and the cost:benefit ratio for 

the pikeperch larvae to catch the life feed decreased starting around day 8 after hatching. Therefore, a 

change to a larger live feed organism should be performed at the latest on day 10 after hatching. The 

copepod Apocyclops panamensis was used in this instance. This copepod has a size range of 80 to 600 

µm depending on the developmental stage of the nauplii, through the copepodite stages to the adults, 

and is thus ideally suited as a follow-up diet. A. panamensis demonstrated its suitability for intensive 

cultures and was thus made accessible in the necessary numbers at the requisite time. A. panamensis has 

also shown that its fatty acid composition is adequate. In comparison with Artemia sp., larvae fed with 

this copepod reached higher growth rates. Our data have shown the larval need for dietary DHA from 
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dph 11. Based on our studies, the feeding regime was successfully adjusted to the needs of the pikeperch 

larvae during their early developmental stages, resulting in good survival and growth rates, an adequate 

dietary supply of total fatty acids, and a balanced larval fatty acid composition. This thesis highlights 

the importance of dietary PUFAs in pikeperch rearing, specifically LA from dph 4 until dph 11, and 

DHA from dph 11 onward. Consequently, this thesis provides relevant information about the balanced 

and "in time" fatty acid composition of the pikeperch larvae and its future use as a health parameter. 

Our findings are in agreement with the literature; however, the full potential of the pikeperch larviculture 

has not yet been fully realized. Consequently, further investigation using the learned information has to 

be performed. 

Moreover, the study of a single nutrient is limited in larviculture (dose studies). Rotifer LA is part of a 

dietary matrix formed by several macronutrients and micronutrients. Since live feed organisms 

constitute a matrix of nutrients, the study of the fatty acids should be performed together with proteins 

and carbohydrates, as well as other micronutrients such as vitamins and antioxidants, as they may have 

a synergistic effect on the larvae. Furthermore, future studies should include additional types of fatty 

acids (FFAs, PL, or triglycerids (TG)) or proteins (free amino acids (FAAs)), which might influence 

larval nutrition. Characterizing the exact composition of rotifers might allow us to find out about other 

formulated synthetic diets, and consequently, his multi-nutrient approach should be considered in fish 

nutrition in the future. 

Further study of the effect of LA on adult pikeperch might open the door to feeds of vegetable origin 

richer in LA and more ecologically and economically sustainable than fish oils. 

Finally, the use of freshwater organisms in this thesis has been demonstrated to be superior to saltwater. 

However, this needs to be further developed by finding organisms such as freshwater copepods to 

continue the feeding protocol in the pseudo-green water technique. 

The use of live feed in freshwater fish larviculture presents several challenges, including the high cost 

and limited availability of live feed, the need for specialized culture systems, and the risk of introducing 

pathogens and parasites to the fish larvae. To overcome these challenges, research efforts should focus 

on developing cost-effective and sustainable techniques, including the implementation of the match-

mismatch theory in aquaculture feeding practices, while also considering the broader ecological context. 

Understanding the potential impacts on natural prey populations and the associated food web dynamics 

is crucial to ensuring the long-term sustainability of aquaculture operations. 

Furthermore, there is a need for a better understanding of the specific fatty acid requirements and 

metabolic adaptations of freshwater fish species during their early life stages. By elucidating the 

mechanisms by which freshwater fish species utilize and metabolize fatty acids, it will be possible to 

formulate more tailored diets that meet their specific nutritional needs. This knowledge can also 

contribute to the development of improved larviculture protocols and the optimization of fish health and 

growth. In the case of pikeperch, future studies should verify the effect of LA and DHA on pikeperch 

during its early development. The nutritional status of the larvae should be checked by analyses of 
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digestion (digestive enzymes and their gene expression), genes related to the nutritional status (PPAR, 

lipoproteins), and genes related to growth (growth hormone receptor GHR and insulin growth factor 

IGF, or BMP4 and BMP7) (Schaefer et al. 2021). Identifying key genes and regulatory pathways 

involved in fatty acid synthesis, uptake, and utilization will enable targeted genetic selection and 

breeding programs to enhance the ability of freshwater fish species to utilize dietary fatty acids 

effectively. Advancements in nutrigenomics, the study of how nutrients interact with genes, can provide 

valuable insights into the molecular mechanisms underlying the effects of dietary fatty acids on growth 

and fatty acid metabolism. Integrating nutrigenomics approaches with functional feed development can 

lead to the formulation of customized feeds that optimize growth performance, health, and fatty acid 

composition in juvenile fish. This interdisciplinary approach holds promise for enhancing aquaculture 

practices and producing nutritionally superior fish products. 

  

In conclusion, the use of live feed in freshwater fish larviculture holds promise as a nutritionally rich 

food source. However, there is a need for further research to understand the specific fatty acid 

requirements and metabolic adaptations of different freshwater fish species, develop cost-effective 

feeding strategies, and ensure sustainable production practices. By addressing these challenges, the 

aquaculture industry can optimize the nutrition and growth of freshwater fish larvae and juveniles while 

minimizing environmental impacts. 
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