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Aquaculture is developing, expanding and intensifying in almost all regions of 

the world, and is probably the fastest growing food-producing sector. In 2004, 

aquaculture produced 59.4 million tones of animals and plants, mainly fish and 

crustaceans. Aquaculture already accounts for almost one third of the world’s food fish 

production (FAO, 2006). While global demand for aquatic food products increases, 

fisheries production has stabilized as most of the primary fishing areas have reached 

their maximum potential. Sustaining fish supplies from capture fisheries will, therefore, 

not be able to meet the growing global demand for aquatic food. Aquaculture has the 

potential to significantly contribute to the increased demand for aquatic food. However, 

protocols for increasing productivity require development and improvement. Besides 

marine food products, marine ornamentals species culture protocols also need to be 

developed and improved, as the demand for marine ornamentals has increased 

exponentially in the past  decade (Wood, 2001; Green, 2003) and most trade still comes 

from wild-caught stock (Moe, 2003; Olivier, 2003; FAO, 2006).  

Despite the advancement of aquaculture techniques, there remain several 

bottlenecks in the culture of marine species, which are more difficult to rear than fresh 

and brackish water species. Of the numerous problems, variable larval quality, 

maintenance of appropriate environmental parameters and the nutritional profiles of 

currently used prey items and broodstock diets have received much attention.  

Parental condition and quality of maternal nutrition have been shown to affect 

reproductive performance and the viability of resultant embryos (Cahu et al., 1994; 

McCormick, 1999; Kokita and Nakasono, 2000; Green and McCormick, 2005). This 

may affect the physiological condition of newly hatched larvae and subsequent 

development, survival and growth, particularly during the period when the larvae are 

dependent upon endogenous energy reserves (Rainuzzo et al., 1997; Anger, 2001). 

Broodstock maturation and reproduction in captivity has been a challenge for 

aquaculture. The ability of captive broodstock to produce competent larvae often 

declines in captivity (Harrison, 1990; Palacios et al., 1998). While stress and 

environmental factors may contribute to this decline, the ability of an animal to 

sequester adequate nutrient reserves prior to and during oocyte development can also be 

a major impediment (Teshima and Kanazawa, 1983; Teshima et al., 1989; Palacios et 

al., 1998).  

Most marine fish spawn huge numbers of small eggs that hatch as small and 

sensitive larvae. In nature, successful reproduction is partially dependent upon the 



release of larvae during periods when both abiotic and biotic factors, such as 

temperature, predation and food availability, are optimal for survival (Thorson, 1950; 

McConaugha, 1985; Anger, 1987). In captivity, natural optimal conditions must be 

reproduced to enhance the survival and development of larvae. As temperature, salinity 

and/or stocking density deviate from optimal values, larval survival, growth and 

metabolism are reduced (Agar, 1999; Penha-Lopes et al., 2007). Survival and growth 

rate generally increase with increasing prey density until an optimum level; a prey 

density higher than the optimum may decrease survival through the pollution of the 

water (increased ammonia levels) by decayed, uneaten prey.  

The embryo and pre-feeding larvae of most marine crustaceans and fish are 

lecithotrophic, as their nutrition is solely supplied by egg yolk reserves (Harrison, 1990) 

that must contain all nutrients required for maintenance and development (Anger, 1998; 

Rosa et al., 2007). The quality and quantity of nutrients in egg yolk is dependent on 

maternal body reserves, capacity for biosynthesis, and dietary intake during maturation 

(Harrison, 1990). In captivity, maternal nutrition must be augmented to provide 

sufficient energy and appropriate nutrients to meet the metabolic cost of biosynthesis 

and of nutrient mobilization for the manufacture of gonads, oocytes and egg yolk 

(Smith et al., 2004). Broodstock dietary intake must also provide and replace all 

essential nutrients lost to the eggs in support of embryogenesis and early larval 

development (Harrison, 1990). An improvement in broodstock nutrition and feeding has 

been shown to promote (or induce) maturation, to enhance fertility, sperm quality, and 

promote mating. Fecundity also increases as a result of improving egg quality, egg 

quantity and hatching rates. Consequently, offspring viability and aquaculture 

productivity also increases (Izquierdo et al., 2001; Lochmann et al., 2007). However, 

formulation of diets requires enhanced knowledge of the lipid, fatty acid and amino acid 

requirements of the broodstock. Recent research has emphasized determining the 

nutritional requirements, particularly fatty acid, of broodstock (to increase egg and 

larval quality) and larvae (to increase growth, survival, and productivity) that are 

essential to various biological processes. 

Most newly hatched marine larvae have an underdeveloped digestive system 

(Blaxter, 1986) lacking some proteases such as trypsin, a proteolitic enzyme responsible 

for 40-60% of digestion. Without the necessary amount of trypsin, marine larvae require 

live prey containing this enzyme to facilitate digestion (Kumlu and Jones, 1995a, b). 

Larval nutritional requirements are satisfied in nature by the enormous diversity and 



variability of wild plankton; thus, it is difficult to formulate commercial diets that could 

replace the natural diet during the first larval stages. Since the use of wild plankton as a 

larval diet in captivity is ethically questionable and not feasible from a production 

perspective, live prey needs to be cultured in the laboratory. Prey items used in 

aquaculture must have adequate size, nutritional profile, swimming behaviour, 

availability in the water column, and ability to survive in the target species media 

(McConaugha, 1985; Beck and Turingan, 2007). The most common prey items used are 

Artemia sp. nauplii and rotifers Brachionus sp. since they are small and can be reliably 

cultured at high densities (Dhert et al., 1993; Rainuzzo et al., 1997; Narciso, 2000; 

Hagiwara et al., 2001; Sorgeloos et al., 2001; Zmora and Shpigel, 2006). Both prey 

exhibit a slow swimming behaviour which contributes to the ease of capture by the 

larvae (Beck and Turingan, 2007). However, rotifers and Artemia have an unsatisfactory 

nutritional profile for most larvae, particularly in their lack of essential polyunsaturated 

fatty acids (Léger et al., 1987; Tocher et al., 1997; Narciso and Morais, 2001; Sorgeloos 

et al., 2001).  

Polyunsaturated fatty acids (PUFA) are essential components in higher 

eukaryotes that confer fluidity, flexibility and selective permeability to cellular 

membranes, affecting many cellular and physiological processes, including cold 

adaptation and survival, modulation of ion channels, endocytosis/exocytosis, pathogen 

defense, eicosanoids production and activities of membrane-associated enzymes that are 

sensitive to the biophysical properties of lipid membranes (Izquierdo et al., 2001; Bergé 

and Barnathan, 2005). Eicosapentaenoic acid (EPA) is effective in promoting larval 

survival, while docosahexaenoic acid (DHA) appears to be particularly important for 

promoting larval growth, development of neural tissues such as the brain and retina, 

hastening larval duration and producing larger larvae and juveniles (Mourente et al., 

1993; Bell et al., 1995; Jones et al., 1997; Sulkin and McKeen, 1999). Arachidonic acid 

(ARA) promotes growth, survival and improves resistance to acute stress in marine 

larvae and postlarvae (Bell and Sargent, 2003). Several authors have suggested that both 

the concentration and ratio of all three essential fatty acids (EFA, DHA: EPA: ARA) are 

nutritionally important to larvae of marine species (Bell et al., 1995; Rainuzzo et al., 

1997; Sargent et al., 1999; Bell and Sargent, 2003). While the optimum ratio would be 

species specific, a ratio of ca. 10 DHA: 5 EPA: 1 ARA has been suggested (Sargent et 

al., 1999; Castell et al., 2001). However, an imbalance in the ratio of these EFA has 

been found to promote deleterious effects. For example, high amounts of EPA in 



relation to DHA may create an imbalance in the structural composition of the 

phospholipids, which could affect the normal growth and the quality of the larvae 

(Rainuzzo et al., 1997). A relative excess of EPA also competitively inhibits the 

production of eicosanoids from ARA (Sargent et al., 1999; Bell and Sargent, 2003).  

Marine species can convert EPA to DHA, albeit at low rates not likely to fully 

meet the high demand for DHA during larval growth (Sargent et al., 1997). 

Ecosapentanoic acid (20:5n-3) is chain elongated to 22:5n-3 and hence to 24:5n-3. The 

latter is then converted by ∆-6 desaturase to 24:6n-3, which is finally chain shortened 

by peroxisomal β-oxidation to DHA (22:6n-3) (Voss et al., 1991; Teshima et al., 1992; 

Sargent et al., 1997). However, ∆-6 desaturase also actively converts 18:3n-3 to 18:4n-

3, so that 18:3n-3 and 24:5n-3 are substrates for the same enzyme. The result is that 

dietary 18:3n-3 (in higher amounts than 24:5n-3) will competitively suppress the 

conversion of EPA (20:5n-3) to DHA (22:6n-3) (Buzzi et al., 1996; Sargent et al., 

1997). Also, marine species are not capable of converting 18:3n-3 to EPA (20:5n-3) and 

18:2n-6 to ARA (20:4n-6) due to the fact that they have low to negligible ∆-5 fatty acid 

desaturase activity (Ghioni et al., 1999; Tocher and Ghioni, 1999; Bell and Sargent, 

2003). Since the long chain PUFA DHA, EPA and ARA cannot be sufficiently 

synthesized de novo by marine species, they are considered essential dietary 

constituents for marine species and must be included in the diet (Sargent et al., 1989; 

Sargent et al., 1999; Anger, 2001; Bell and Sargent, 2003). Due to the competition 

between 18:3n-3 and 24:5n-3 for the enzyme ∆-6 desaturase, it is essential not to add 

18:3n-3 to the diets to minimize this competition and increase the conversion of EPA to 

DHA. 

As mentioned, while heavily utilized, Artemia and rotifers lack many of the EFA 

required of marine larvae. Rotifers and Artemia can be deficient in EPA (20:5n-3), 

although most common Artemia strains (particularly marine strains) contain a relatively 

high content of EPA (Dhert et al., 1993; Sargent et al., 1997; Sorgeloos et al., 2001). 

Rotifers and Artemia nauplii naturally lack DHA (22:6n-3) but are rich in linolenic acid 

(18:3n-3) and, to a lesser extent, linoleic acid (18:2n-6) (Fernández-Reiriz et al., 1993; 

Narciso and Morais, 2001) which will suppress conversion of EPA to DHA. A low level 

of essential PUFA in the diet compromises larval physiological condition, and therefore, 

their chances of survival and growth (Anger, 1998). Efforts to develop protocols to raise 

alternative prey items with a more complete nutritional profile (Bamstedt et al., 2001; 

Chen et al., 2006), such as copepods, have been undertaken. The advantages of 



copepods as a live feed are a preponderance of phospholipid levels and ratios of DHA: 

EPA: ARA; copepods are also a  natural larval prey/diet (Shields et al., 1999; Payne and 

Rippingale, 2000; Bell et al., 2003; Peck and Holste, 2006; Rajkumar and Kumaraguru, 

2006; Jepsen et al., 2007; Sørensen et al., 2007) However, this ratio is dependent on the 

copepod’s algal consumption and can vary between life stages (nauplii, copepodites and 

adults) (Bergé and Barnathan, 2005). Despite inherent advantages, copepod culture 

remains unreliable, as they often cannot be raised at high densities to support an 

aquaculture industry.  

Both rotifers and Artemia are non-selective and continuous filter feeders 

(Narciso, 2000). These characteristics allow us to improve the nutritional profile via 

enrichment, whereby prey items are placed in a solution rich in the nutritional contents 

they lack. The desired nutrients are accumulated in the prey digestive tract and become 

available to the larvae when they consume both the prey and the nutrients 

“encapsulated” in the prey digestive tract (Sorgeloos et al., 2001). Enrichment can be 

achieved with natural emulsions such as rice, corn, soy, algae or with inert enrichment 

products like Selco
®
 and AlgaMac2000

®
 (Southgate and Lou, 1995; Tinh et al., 1999; 

Narciso, 2000).  Prey enrichment contributed to breakthroughs in the culture of many 

species (Sorgeloos et al., 2001; Olivotto et al., 2006). However, there are several 

problems associated with the enrichment process, particularly in the enrichment with 

Artemia nauplii. As the nauplii are enriched and the fatty acid profile is improved, 

nauplii continue to grow (Sorgeloos et al., 2001). This can be problematic if we desire 

to culture mouth gape-limited species such as fish (Krebs and Turingan, 2003; Turingan 

et al., 2005). Also, mortality associated with the enrichment process of the Artemia 

nauplii has been documented (Narciso, 2000).  

Aquaculture research tends to focus on the biological aspects of the culture and 

often overlooks production perspective when a culture protocol is developed. Some of 

the major goals required to aid the aquaculture industry are the optimization of 

protocols (particularly mass-scale culture) and profitability prediction. Modeling offers 

the advantage of using accumulated data in a production perspective. As opposed to 

statistical analysis, which only reveals the relationships between the data, a model can 

provide an improved and simplified understanding of the processes to yield a better 

management plan. The biological aspects of culture are important to producers; 

however, this information needs to be adjusted for production. As an example, some of 

the questions a producer would like to have answered in larval culture are: What are the 



most productive abiotic and biotic conditions for larval rearing? How many juveniles 

will one obtain at the end of larval culture to initiate grow-out?  

Modeling applications have increased in aquaculture management (Nunes and 

Parsons, 2006) and have been utilized to describe and predict the effects of biological 

and environmental factors on survival, growth, production, profitability and economic 

feasibility of aquaculture operations (Hanson et al., 1985; Yi, 1998; Zhu et al., 1998; 

Hernández et al., 2003; Christensen et al., 2004; Halachmi et al., 2005; Halachmi, 

2006; Yu et al., 2006; Grant et al., 2007). Models can yield a better management plan 

and can be used for decision support contributing to reduced production costs and 

increased product quality in aquaculture facilities (Forsberg and Guttormsen, 2005). To 

minimize the impacts of wild harvesting, protocols and information on culture 

productivity should be addressed.  

 

 

OBJECTIVES: 

 

The main objective of this work was to contribute to the development and 

improvement of aquaculture protocols. Fatty acid analysis and modeling procedures 

were used as tools to: 

 

- Determine larval fatty acid requirements; 

- Evaluate the need of prey enrichment to fulfill larval nutritional requirements 

without expensive, laborious and time-consuming trial and error experiments;  

- Optimize Artemia nauplii enrichment procedures by manipulating abiotic factors 

(temperature, salinity and enrichment time) to minimize mortality and growth 

during enrichment while maximizing fatty acid content.  

- Optimize culture protocols, specifically, improving larval and juvenile survival, 

growth and metamorphosis synchronism, hastening culture duration, and 

increasing productivity, through optimization of abiotic and biotic factors via 

modeling; 

- Develop models as a management tool for aquaculture facilities which 

predict/improve profitability by combining the effects of varying abiotic and 

biotic factors (and their interactions) on larval and juvenile survival and growth, 



with aquaculture facility characteristics (e.g. number and volume of tanks) and 

economic parameters (e.g. culture costs and sale profit).  

 

Case-studies are provided to exemplify the advantages of the use of fatty acid 

analysis and modeling as tools to develop and improve aquaculture protocols. Data was 

obtained from both literature and experimental works developed.  
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