Artemia Enrichment Model - How to Keep Them Small, Rich and Alive?

. . 1 ) .2 , .1
Joana Figueiredo *, Robert van Woesik”, Junda Lin“, Luis Narciso

1. Laboratdrio Maritimo da Guia / Centro de Oceanografia
Faculdade de Ciéncias da Universidade de Lisboa
Avenida Nossa Senhora do Cabo, 939
2750 — 374 Cascais

Portugal

2. Florida Institute of Technology
150 W. University Boulevard
Melbourne, FL 32901

U.S.A.

* corresponding author: joana_figueiredo@portugalmail.pt
tel: +(351) 214 869 211

fax: + (351) 214 869 720

Abstract

Artemia nauplii are among the most commonly used prey in aquaculture, but
lack some essential fatty acids, particularly DHA. While enrichment can improve prey
nutritional profile, enrichment procedures cause undesired effects such as mortality and
growth (which is a problem for larvae with small mouth gape). In this study we tested

the effect of salinity (3-33), temperature (16-28°C) and enrichment time (0-24 h) on



survival, total length and fatty acid profile of Artemia nauplii using a factorial design.
Results were utilized to construct an Artemia nauplii enrichment model. Temperature
was the most important forcing function for the processes of mortality, growth and fatty
acid incorporation; an increase in temperature causes greater mortality, growth and fatty
acid incorporation. Salinity affected primarily growth and ARA incorporation; lower
salinities reduce growth and maintain ARA levels higher. The model allows us to test
different combinations of temperature and salinity, predict their outcomes, and
consequently, to choose the optimal combination of these abiotic factors and enrichment
time to produce a prey with the desired properties (a specific total length and fatty acid

profile), while minimizing mortality.
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1. Introduction

Aquaculture is developing, expanding and intensifying in most regions of the
world, and is probably the fastest growing food-producing sector. In 2004, aquaculture
produced 59.4 millions tonnes of animals and plants, mainly fish and crustaceans (FAO,
2006). One of the major constraints in marine aquaculture is the larval culture
(Rainuzzo et al., 1997), since marine larvae are generally small and underdeveloped
(Sargent et al., 1997). Most marine larvae require live prey as they do not have
sufficient enzymes to digest the prey (Kmulu and Jones, 1995a; Kmulu and Jones,
1995b). The use of wild plankton as larval diet in captivity is ethically questionable,
costly and unreliable, therefore live prey need to be cultured. 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 used are
Artemia nauplli and rotifers since they swim slowly (which turns them easy to be
captured by the larvae) and can be reliably cultured at high densities (Rainuzzo et al.,
1997; Narciso, 2000; Sorgeloos et al., 2001; Zmora and Shpigel, 2006; Beck and
Turingan, 2007). However, these animals are not natural prey in the wild and have an

unsatisfactory nutritional profile, particularly lack the essential polyunsaturated fatty



acids (Léger et al., 1987; Tocher et al., 1997; Narciso and Morais, 2001; Sorgeloos et
al., 2001). Lipids are very important to growth, development and survival of marine
larvae (Harrison, 1990; Anger, 1998): phospholipids are structurally bound in
membranes where they fulfil crucial physiological functions; triacylglycerides constitute
a major energy reserve that can be rapidly mobilized during periods of nutritional,
thermal or osmotic stress; sterols are precursors of hormones; long-chain
polyunsaturated fatty acids (polyunsaturated fatty acid with > 20 C atoms, PUFA) such
as eicosapentaenoic (EPA, 20:5#-3) and docosahexaenoic (DHA, 22:6n-3) acid are
particularly important for larval growth but cannot be synthesized de novo, and
therefore, need to be taken up from food (Bergé and Barnathan, 2005). A low level of
essential PUFA in the diet reduces larvae physiological condition, and therefore, their
chances of survival and growth (Anger, 1998). Efforts have been made to find a
protocol to raise other prey more nutritionally adequate for the larvae such as copepods,
which are natural prey and display a better fatty acid profile (Shields et al., 1999; Payne
and Rippingale, 2000; Chen et al., 2006; Peck and Holste, 2006; Rajkumar and
Kumaraguru, 2006; Jepsen et al., 2007; Serensen et al., 2007). However, their culture is
still unreliable and/or cannot be raised at high densities to support an aquaculture
industry. Therefore, Artemia nauplii and rotifers are still the most commonly used prey

in aquaculture (Rainuzzo et al., 1997; Narciso, 2000; Sorgeloos et al., 2001).

Both rotifers and Artemia are non-selective and continuous filter feeders that
consume particles in suspension (Narciso, 2000). These characteristics permit one to
improve their nutritional profile by placing them in a solution rich in the nutrients that
they are lacking, such as DHA. Thus, the desired nutrients are accumulated in the
digestive tract and become available to the larvae when they consume both prey and the
nutrients contained in the digestive tract (Sorgeloos et al., 2001). The enrichment can be
made with natural emulsions such as rice, corn, soy, algae or with inert commercial
enrichment products like Selco™ and AlgaMac 2000 (Southgate and Lou, 1995; Tinh et
al., 1999; Narciso, 2000). It is believed that a balanced larval diet fro marine species
should have a DHA/EPA ratio of 2 or higher (Sorgeloos et al., 2001). Since Artemia
nauplii have low DHA/high EPA content (Narciso and Morais, 2001), the enrichment
product should have a high DHA/ low EPA content. Linolenic acid (18:3n-3)
competitively suppresses the conversion of EPA (20:5n-3) to DHA (22:6n-3) (Buzzi et



al., 1996; Sargent et al., 1997), and should not be incorporated in the enrichment

solution.

The prey enrichment contributed to several breakthroughs in the culture of
several species (Sorgeloos et al., 2001; Olivotto et al., 2006). A total of 442 species
were reported to have been cultured at least once between 1950 and 2004 (FAO, 2006).
The use of Artemia as live feed for fish and crustacean larvae was during a long time
restricted to the fist nauplii stage (Vanhaecke and Sorgeloos, 1980), since Artemia
nauplii use the majority of their reserves during the first nauplii stage (Sorgeloos et al.,
2001). Therefore, the enrichment also allows the use of Artemia in more advanced
nauplii stages (greater in size) as larval diet. Several studies have already shown that as
the larvae grow, they will display better survival and growth rates if fed with larger prey
(Pryor and Epifanio, 1993; Mookerji and Rao, 1994; Mayer and Wahl, 1997; Narciso,
2000; Ritar et al., 2003).

However, the enrichment process can have a negative side. As the prey is
enriched and its fatty acid profile is improved, Artemia nauplii are also growing
(Sorgeloos et al., 2001). This can be a problem for species with mouth gape limitations
such as fish (Krebs and Turingan, 2003; Turingan et al., 2005). Besides, we also have to
take into account that there is Artemia nauplii mortality associated with the enrichment
process (Narciso, 2001); Harel et al. (2002) reported 18% mortality after 16 h of
enrichment at salinity of 20 and temperature of 28°C. Recent studies on enrichment
process have been mainly focusing on developing more suitable enrichment products
(Southgate and Lou, 1995; McEvoy et al., 1996; Tocher et al., 1997; Thinh et al., 1999),
and less attention has been paid to the abiotic conditions during the enrichment process.
Several studies have addressed the effect of temperature, salinity and enrichment time
on survival, growth and fatty acid profile (Narciso, 2000; Han et al., 2001; Ritar et al.,
2004). However, to our knowledge, none has examined all factors simultaneously using

a factorial design to understand their interactions.

Integration of ecological and experimental data through computer modeling
allows synthesis of data and simulations to be performed, facilitating the design and
understanding of the system structure and its relationships (Nunes and Parsons, 2006).
Models have traditionally been used to address multiple ecological systems such as

prediction of the impacts of disturbances in a certain ecosystem, allowing ecosystem



managers to more wisely decide on the policies that should be applied (Miller, 2001;
McCarthy et al., 2007). Models have also been increasingly applied in aquaculture
(Nunes and Parsons, 2006) to describe and predict the effects of biological and
environmental conditions on survival, growth, production, profitability and economic
feasibility of aquaculture operations (Hanson et al., 1985; Yi, 1998; Zhu et al., 1998;
Hernandez et al., 2003; Christensen et al., 2004; Forsberg and Guttormsen, 2005;
Halachmi et al., 2005; Figueiredo and Narciso, 2006; Halachmi, 2006; Yu et al., 2006;
Grant et al., 2007; Penha-Lopes et al., 2007; Figueiredo et al., 2008). The
implementation of predictive models to the culture of a wider range of species would
improve aquaculture efficiency and profitability and therefore, protect the environment

by minimizing wild harvesting (Figueiredo et al., 2008).

Our objective was to construct a model for the enrichment of Artemia nauplii
that would allow us to predict the optimal temperature, salinity and enrichment duration
to improve Artemia nauplii profile, control or minimize their growth (if the prey size is

a problem for the target species) and reduce mortality during the enrichment process.

2. Materials and Methods
2.1. Experimental design and data analysis

Artemia franciscana cysts (Unibest™ 020730, marine strain) were hatched under

standard conditions (Sorgeloos et al., 1986; Sorgeloos et al., 2001): cysts were
decapsulated and subsequently incubated for 24 h in 6 L cylindrical tanks with water at
28°C and salinity 28, strong bottom aeration (near saturated oxygen levels) and light
(2000 lux) at a maximum density of 2 g/L. The number of newly hatched Artemia

nauplii obtained was estimated by sub-sampling (3 replicates of 1 mL subsamples).

Artemia nauplii were stocked at a density of 50 nauplii.mL™" in 5 L cylindrical
tanks with strong bottom aeration (near saturated oxygen levels) and light (2000 lux),
and enriched with 0.2 gL' of AlgaMac 2000® (Aquafauna — Biomarine Inc.) (as
recommended by the manufacturer). According to the manufacturer, this product has 27
DHA: 0.54 EPA ratio. The effects of temperature (16, 20, 24 and 28°C), salinity (3, 13,
23 and 33) and enrichment time (6, 12, 18 and 24 h) on Artemia nauplii survival, total

length and fatty acid profile during enrichment were tested using a factorial design.



Three replicates were used for each combination. Temperature was controlled through
the use of demersible thermostats. The different salinities were used by dilution of

seawater. All water used was sterilized through ultraviolet radiation.

The enriched Artemia survival in each replicate of a treatment was estimated by
counting the number of live nauplii in ten 1mL sub-samples. Percent survival was then

estimated using average number of live nauplii counted in the ten sub-samples.

For each treatment, 30 nauplii per replicate were haphazardly chosen, fixed with
a solution of iodine (2%) for total length (TL) measurement under a stereomicroscope
(Olympus™, model SZ6045TR) with a calibrated micrometer eyepiece to the nearest

0.001 mm. The TL of newly hatched Artemia nauplii was measured in triplicate.

To determine the fatty acid profile of Artemia nauplii enriched under the
different combinations of salinity, temperature and enrichment time, enriched nauplii
were rinsed in freshwater and sampled (one sample per replicate, 3 replicates for each
treatment). Each sample weighted 1.06 -1.75 g. Newly hatched Artemia nauplii were
also sampled in triplicate. After freeze-dried, samples were ground in a Potter
homogenizer with chloroform-methanol-water (2:2:1.8) (Bligh and Dyer, 1959). An
internal standard fatty acid (19:0) was added to the extracts. After saponification and
esterification of the lipid extracts (Metcalfe and Schmitz, 1961), the fatty acid methyl
esters (FAME) were injected into capillary columns (30 m fused silica, 0.32 1L.D.)
installed in a Varian Star 3400CX gas-liquid chromatograph (GLC). Helium was used
as carrier gas at a flow rate of ImL.min"'; oven temperature was 180°C for 7 min, then
200°C (with a temperature gradient of 4°C.min™") over a period of 71 min. Both the
injector and the FID detector were set at 250°C. GLC data acquisition and handling
were performed using a Varian integrator 4290 connected to the GLC. Peak
quantification was carried out with a Star Chromatography workstation. Peak
identification was performed using well-characterised cod liver oil chromatograms as a

reference.

Knowing the average TL of the Artemia nauplii in each sample, individual

Artemia nauplii dry weight for each sample was calculated using the equation:

Artemia nauplii dry weight=1.7065 740 Tk (R?=0.98),



where dry weight (DW, ng) and TL (mm) , obtained by conjunction of data published
by Reeve (1963) and Narciso (2000). Knowing the fatty acid (FA) dry weight per unit
of dry weight in each sample and individual Artemia nauplii dry weight for all
combinations of the factorial design, the fatty acid content of each Artemia nauplii was

estimated.

This is important since DW of FA per DW of sample might lead to erroneous
conclusions (Rennestad, 1995). For example, a newly hatched Artemia nauplii
(0.455mm, 2.4 pg=2400 ng) has 0.1 ng FA X.ng dw', but when reaches nauplii stage V
(1.4mm, 4.8 ng=4800 ng) has 0.05 ng FA X.ng dw™'. At first it appears the FA X was
consumed through development. However, in fact, it was conserved since both newly

hatched nauplii and nauplii stage V have 240 ng FA X.Artemia nauplii.

Response surface regression were used to analyze interactive, polynomial and
interactive by polynomial effects of the continuous predictors (temperature, salinity and
enrichment time) on the survival, total length and fatty acid profile of the Artemia
nauplii. A backward stepwise method was used in these regressions to eliminate the
predictors that do not significantly affect survival, total length and fatty acid profile of
the Artemia nauplii (Kuehl, 1994). Analyses were performed in Statistica 7.0 at a level
of significance of 0.05.

2.2 Enrichment model
2.2.1 State variables, forcing functions and processes

The initial values of the state variables (Artemia percent survival, total length
and fatty acid composition) were the ones presented by the newly hatched Artemia
nauplii (enrichment time=0). To build a model to predict Artemia survival, length and
fatty acid profile (state variables), it is important to understand how the forcing
functions temperature, salinity and enrichment time affect the most important processes
occurring during enrichment (Table I). The forcing functions may accelerate, delay or
not affect the different processes. The equations of the processes were obtained
differentiating the response surface regressions for survival, total length and fatty acid
composition (for the most important fatty acids and groups of fatty acids) in order to

enrichment time.



Table I — Notation, value, unit and interpretation of forcing functions, state variables

and parameters of the Artemia enrichment model (* user defined, - not applied)

Notation Value Unit Interpretation
Forci T °C Temperature
orcing S
functions S ) Salinity .
ET h Enrichment time
ARA - ng.Artemia nauplii’  Arachidonic acid (20:4n-6) content
EPA - ng.Artemia nauplii’  Eicosapentaenoic acid (20:5n-3) content
DHA - ng.Artemia nauplii’  Docosahexaenoic acid (22:6n-3) content
LA - ng.Artemia nauplii”’  Linoleic acid (18:2n-6) content
State ALA - ng.Artem@a nauplﬁ'; Linolenic acid (13:3n—3) content
variables SFA - ng.Artemia naupln'1 Saturated fatty acids content
BFA - ng.Artemia nauplii-  Branched fatty acids content
MUFA - ng.Artemia nauplii’  Monounsaturated fatty acids content
PUFA - ng.Artemia nauplii’  Polyunsaturated fatty acids content
Survival% - % Artemia nauplii percent survival
TL - mm Artemia nauplii total lenght
a 0.005527 ng.h’ ARA incorporation rate
b -9.3x107 ng.h’ Effect of S on ARA incorporation rate
c 2.60007 ng.h’ EPA incorporation rate
d -0.17662 ng.h? Effect of ET on EPA incorporation rate
e -1.1898 ng.h’ DHA incorporation rate
f 0.103962 ng.°C.h" Effect of T on DHA incorporation rate
g 1.04863 ng.h’ LA incorporation rate
h -0.05854 ng.h? Effect of ET on LA incorporation rate
i -0.01071 ng.°C.h"! Effect of T on LA incorporation rate
] 0.63024 ng.h’ ALA incorporation rate
k -0.0383 ng.h? Effect of ET on ALA incorporation rate
1 -0.00515 ng.°C.h"! Effect of T on ALA incorporation rate
m 3.36076 ng.h’ SFA incorporation rate
n -0.26914 ng.h? Effect of ET on SFA incorporation rate
Parameters 0 0.110064 ng."C.lll'1 Effect of T on SFA incorporation rate
P 0.590757 ng.h’ BFA incorporation rate
q -0.03338 ng.h? Effect of ET on BFA incorporation rate
r -0.00704 ng.°C.h" Effect of T on BFA incorporation rate
] 11.4903 ng.h’ MUFA incorporation rate
t -0.73634 ng.h? Effect of ET on MUFA incorporation rate
u 5.54718 ng.h’ PUFA incorporation rate
v -0.37766 ng.h? Effect of ET on PUFA incorporation rate
W -0.073906 ng.°C.h"! Effect of T on PUFA incorporation rate
X 0.79353 %.h! Mortality rate
y -0.094576 %.h? Effect of ET on mortality rate
z 0.03273 %.°C.h™" Effect of T on mortality rate
a2 -0.00516 mm.h’ Growth rate
a3 -0.00023 mm.h? Effect of ET on growth rate
a4 0.000774 mm.°C.h"! Effect of T on growth rate
as 2.59x107 mm.h’! Effect of S on growth rate

As mentioned in section 2.2, the response surface regressions were obtained

through a back ward stepwise method that eliminates the effect of the forcing functions

(temperature, salinity and enrichment time) which do not significantly affect the



processes. Percent Survival decreases over enrichment time (ET) through the process of
Mortality. Artemia nauplii total length increases due to growth process. The FA
composition of the nauplii changes over enrichment time due to processes of FA
ingestion, catabolism and synthesis. The ideal enrichment model would take into
account the concentration of each fatty acid in the enrichment product and its oxidation
rate (McEvoy et al., 1995), as well as the filtration rate of the Artemia nauplii (that
would probably vary over development), and fatty acid conversions (synthesis and
catabolism) (Navarro et al., 1999). This approach is, however, too complex to access
with exactness since it is very difficult to know what is happening in the nauplii and,
even more difficult, to distinguish between the processes of ingestion, excretion,
synthesis and catabolism. Therefore, the enrichment model developed used a process
that we named FA incorporation which entails all of these processes without
differentiating them. The differential equations that represent the change in each state
variable over enrichment time (due to the processes of FA incorporation, mortality and

growth) are:

dARA_ + Incorporation of ARA
dET

dEPA _ + Incorporation of EPA
dET

dDHA =+ Incorporation of DHA
dET

drd _ + Incorporation of LA
dET

gdrd _ + Incorporation of ALA
dET

dSFA _ + Incorporation of SFA
dET

4BFA =+ Incorporation of BFA
dET

aMUFA =+ Incorporation of MUFA

dET



dPUFA
dET

=+ Incorporation of PUFA

dSurvival%

=- Mortality
dET

dTL

—— =+ Growth
dET

where ALA is linolenic acid, LA is linoleic acid, SFA is saturated fatty acids, BFA is
branched fatty acids and MUFA is monounsaturated fatty acids.

The model was developed in STELLA 9.0.3.

2.2.2 Sensitivity analysis

Sensitivity analyses were carried out to determine which inputs in the model
contributed most for the output variability. The analysis was conducted by means of
successive simulations, varying each parameter and forcing function included in the
model 10% up and down of their initial baseline values (keeping the others equal to
their baseline) and recording the corresponding change in the state variables. Thus, the

sensitivity, S, of a parameter, P, is defined as:

S:5W/W
oP/P

where Y7 is the state variable under consideration (Jergensen and Bendoricchio,

2001). Sensitivity analysis was performed in STELLA 9.0.3.

2.2.3 Calibration

The model was calibrated by simulating Artemia nauplii percent survival, total
length and fatty acid profile, and comparing it with the original data. All combinations
of temperature, salinity and enrichment time tested (see section 2.1) were compared
with simulated data to check for fitness. Regression analyses between observed and

expected values (R”) were used to test the data adjustment to the model.



2.2.4 Models predictions

To exemplify the application and usefulness of the model, predictions of
Artemia survival, total length and DHA content were done and compared for two

scenarios: (1) temperature of 28°C, and (2) temperature of 16°C.

Model was also used to determine the optimal combination of temperature,
salinity and enrichment time to produce a prey with TL < 0.65 mm (nauplii stage II)
with maximized DHA content, more suitable DHA: EPA: ARA ratio and minimal
mortality through enrichment. To do so, model was run with possible combinations of
the forcing functions (temperature, salinity and enrichment time), and TL, percent
survival and DHA content of the prey were predicted. Of all the enrichment protocols
that enabled the production of a prey with the desired size, it was chosen the one that

maximized DHA content, improved DHA: EPA: ARA ratio and minimized mortality.

3. Results
3.1 Experimental data

Artemia survival for all combinations of salinity, temperature and enrichment
time are presented in Table II (N=192). During enrichment, nauplii mortality occurred.
The response surface regression revealed that salinity and enrichment time have a
quadratic effect on survival and that enrichment time interacts with temperature

affecting survival (Table III).

Newly hatched nauplii measured 0.455 £ 0.005 mm (N=90). Artemia total
length for all combinations of salinity, temperature and enrichment time are presented
on II (N=5760). The response surface regression revealed that all independent variables
have a quadratic effect on survival, and that the there is interaction between enrichment

time and the other two variables (Table III).



Table II — Survival and total length (average + standard error) of Artemia nauplii

enriched under different conditions of salinity (S), temperature (T) and enrichment time

(ET).
S T ET Survival TL
AVG _S.E. AVG S.E.
3 16 6 9556 250 0.498 0.006
3 16 12 80.89 3.23 0486 0.007
3 16 18 97.11 226 0.553 0.008
3 16 24 8578 0.89 0.544 0.007
3 20 6 9022 1.82 0.500 0.006
3 20 12 8356 0.22 0.589 0.008
3 20 18 94.00 391 0.615 0.006
3 20 24 94.67 2.04 0.656 0.006
3 24 6 81.11 5.58 0.551 0.008
3 24 12 88.00 5.75 0.619 0.006
3 24 18 9889 1.11 0.677 0.006
3 24 24 9378 3.32 0.722 0.007
3 28 6 8378 547 0.578 0.008
3 28 12 92.89 1.35 0.646 0.006
3 28 18 67.56 345 0.707 0.006
3 28 24 6378 5.17 0.759 0.006

13 16 6 9133 0.77 0.477 0.007
13 16 12 87.56 531 0.503 0.007
13 16 18 9222 6.49 0516 0.007
13 16 24 85.78 8.16 0.540 0.007
13 20 6 89.33 1.68 0.507 0.007
13 20 12 86.22 323 0.570 0.007
13 20 18 9556 235 0.611 0.006
13 20 24 88.89 3.78 0.669 0.007
13 24 6 9333 4.06 0506 0.007
13 24 12 8733 038 0.648 0.005
13 24 18 90.89 584 0.684 0.005
13 24 24 8933 468 0.766 0.005
13 28 6 80.67 6.57 0.563 0.009
13 28 12 9244 6.58 0.655 0.005
13 28 18 92.00 3.85 0.709 0.006
13 28 24 83.56 4.64 0.784 0.007
23 16 6 9356 0.44 0.450 0.004
23 16 12 86.89 5.76 0.531 0.007
23 16 18 9289 1.74 0.559 0.007
23 16 24 9422 232 0.554 0.007
23 20 6 84.67 4.54 0502 0.007
23 20 12 98.89 1.11 0.573 0.008
23 20 18 99.11 0.89 0.619 0.008
23 20 24 9022 647 0.656 0.006
23 24 6 9178 4.15 0.551 0.009
23 24 12 82.67 4.67 0.623 0.005
23 24 18 8933 2.67 0.659 0.006
23 24 24 8244 1.82 0.736 0.006
23 28 6 84.00 240 0.556 0.008
23 28 12 89.56 9.14 0.632 0.005
23 28 18 88.44 1.46 0.747 0.006
23 28 24 91.11 541 0.765 0.007
33 16 6 86.67 1.92 0454 0.004
33 16 12 92.00 5.55 0.505 0.006
33 16 18 78.00 1.39 0.555 0.007
33 16 24 91.56 3.20 0.536 0.007
33 20 6 83.78 828 0.498 0.007
33 20 12 87.11 3.20 0.553 0.007
33 20 18 9244 349 0.610 0.006
33 20 24 96.67 333 0.650 0.006
33 24 6 8311 5.61 0499 0.007
33 24 12 78.00 4.67 0.607 0.005
33 24 18 71.78 270 0.662 0.007
33 24 24 85.11 1.74 0.733 0.005
33 28 6 7622 2.89 0.557 0.007
33 28 12 7822 146 0.634 0.005
33 28 18 95.11 1.24 0.755 0.006
33 28 24 7822 1.46 0.793 0.007




Table III — Response surface regression (and respective R?) of Survival (%) and Total
length (TL, mm) of enriched Artemia nauplii (S — salinity; T — temperature; ET —

Enrichment time)

Response surface regression (backward stepwise method) R’
Survival 95.99+0.5S-0.028%-0.79ET+0.05ET?-0.03TXET 0.28
TL 0.24+0.02T-4.06x10*T>-1.28x107°8°-5.16x10”ET-1.16x 10“ET*+ 0.72

7.74x10*TXxET+2.59x10SXET

The fatty acid profile of newly hatched Artemia nauplii is presented in Table I'V.

Table IV — Fatty acid composition (ng.Artemia nauplii’') of newly hatched Artemia
nauplii (N=3)

FA Newly. hatche(.i.

Artemia nauplii

AVG S.E.

14:0 5.93 0.33
16:0 4747 3.31
17:0 1.97 0.15
18:0 14.65 1.14
SFA 72.76 5.12
Anteiso 15:0  2.68 0.15
Iso 17:0 1.52 0.12
Anteiso 17:0  2.39 0.19
BFA 9.97 0.68
15:1 2.90 0.18
16:1n-7 73.61 4.94
17:1n-8 4.00 0.30

18:1n-7 38.20 2.54
18:1n-9 57.02 4.88

19:1n-8 2.53 0.21
20:1n-9 1.98 0.14
MUFA 183.21 13.38
16:3n-4 8.12 0.64
18:2n-6 14.07 1.13
18:3n-3 8.23 0.69
18:4n-3 3.59 0.26
20:4n-6 0.32 0.00

20:4n-3 10.35 0.86
20:5n-3 51.93 3.86

22:4n-6 0.06 0.00
22:5n-6 0.01 0.01
22:5n-3 0.50 0.08
22:6n-3 1.09 0.08
PUFA 100.87  7.90

TFA 381.55 28.15

The fatty acid profile of Artemia nauplii enriched under different temperature,
salinity and enrichment time are presented in Tables V-X (N=192). Temperature,
salinity and enrichment time significantly affected Artemia FA profile. The response
surface regressions for each fatty acid and groups of fatty acids are presented in Table

XL



Table V — Saturated fatty acids (14:0, 16:0, 17:0, and 18:0) content of Artemia nauplii
enriched under different combinations of salinity (S), temperature (T) and enrichment

time (ET) (fatty acids which content was < 2ng were excluded)

9]
=
=
-

14:0 16:0 17:0 18:0
AVG SE. AVG SE. AVG SE. AVG SE.
16 6 903 035 7190 282 289 0.10 23.60 0.88
16 12 9.72 066 71.82 1.64 266 0.14 2284 0.69
16 18 865 0.19 6788 135 277 0.05 21.83 0.43
16 24 840 022 6550 140 2.65 0.07 20.88 0.42
20 6 934 0.15 7275 1.00 278 0.03 2444 0.36
20 12 959 006 7358 1.18 273 0.06 2456 0.61
20 18 9.84 0.11 7133 059 2.60 0.08 2321 0.22
9.70 _0.71 6989 365 2.66 0.14 22.58 1.11

24 6 1263 071 7864 210 253 0.05 26.06 0.50

24 12 954 024 69.08 204 244 0.07 2258 0.64

24 18 1275 295 79.07 7.89 2.77 0.09 25.04 1.05

24 24 10.17 0.60 74.00 330 2.66 0.07 2471 0.92

28 6 11.65 086 7793 440 326 0.72 2690 2.36

28 12 10.04 044 69.69 253 221 0.08 22.69 0.82

28 18 1044 053 7162 130 238 0.06 23.51 0.30

28 24 1059 0.07 7264 1.65 2.69 020 2371 0.49
13 16 6 829 045 6441 328 244 0.14 20.72 1.05
13 16 12 913 0.19 6812 153 267 0.08 21.82 0.52
13 16 18 9.18 0.18 6822 1.89 267 0.12 21.89 0.64
13 16 24 9.16 064 6825 436 2.50 020 2248 1.26
13 20 6 1299 058 8059 280 252 0.06 26.80 0.92
1320 12 1211 054 7315 478 249 0.19 2426 144
13 20 18 1196 0.01 7533 1.88 241 0.19 2459 049
13 20 24 1196 0.01 7533 1.88 241 0.19 2459 0.49
13 24 6 1534 060 81.75 1.16 2.05 0.16 2693 0.74
13 24 12 18.04 091 8448 131 1.79 0.09 2594 0.49
13 24 18 1694 084 79.07 477 1.77 0.12 2414 1.28
13 24 24 17.67 031 85.07 1.88 322 0.87 26.64 043
13 28 6 16.07 177 86.01 432 208 027 30.01 1.18
13 28 12 2250 1.77 91.04 316 1.80 0.11 2735 0.60
13 28 18 2099 048 92.03 033 212 0.13 28.61 0.38
13 28 24 2166 1.19 89.63 2.79 1.70 0.15 2597 0.29
23 16 6 1047 043 7324 2,60 246 021 23.65 0.92
23 16 12 1144 089 7271 132 252 0.03 2284 0.27
23 16 18 1037 031 7220 0.08 2.65 0.02 2325 0.07
23 16 24 1028 037 7639 1.87 2.83 0.07 24.73 0.60
23 20 6 1350 088 84.06 4.02 257 020 27.54 1.34
23 20 12 1566 087 8861 1.75 279 0.05 28.52 0.33
23 20 18 1545 093 79.49 140 225 0.07 24.12 0.38
23 20 24 1434 042 80.10 321 2.18 0.10 2471 0.65
23 24 6 1293 044 8333 2.67 197 0.16 30.70 1.62
23 24 12 21.12 0.63 9211 3.07 2.62 047 2892 1.22
23 24 18 16.71 134 83.12 1.57 2.00 0.04 27.63 0.77
23 24 24 2364 135 93.07 275 1.78 0.11 28.06 0.89
23 28 6 1519 035 8197 4.06 2.14 049 3128 0.68
23 28 12 18.03 1.76 8427 7.63 1.55 0.14 27.83 2.04
23 28 18 2175 125 9192 278 216 040 30.03 1.01
23 28 24 2157 101 9654 273 150 0.15 29.53 1.81
33 16 6 11.31 097 7848 539 272 030 2547 1.96
33 16 12 11.85 026 79.73 046 274 0.01 26.00 0.18
33 16 18 7.87 121 4458 871 1.53 029 13.78 3.09
33 16 24 828 031 5248 1.09 1.89 0.05 16.59 0.37
33 20 6 17.73 085 89.25 283 223 020 2832 0.97
33 20 12 19.12 094 92.04 274 255 0.05 28.57 0.46
33 20 18 1585 044 7956 048 216 0.08 2508 0.19
33 20 24 1670 275 9375 1595 242 038 2841 4.09
33 24 6 1729 125 9046 286 1.65 022 3253 0.94
33 24 12 2294 1.66 10135 647 282 049 3337 212
33 24 18 1693 1.66 6627 794 153 020 21.06 2.94
33 24 24 1725 155 7277 067 145 0.06 2246 0.30
33 28 6 1932 181 9328 1.69 1.56 0.05 3598 0.99
33 28 12 21.60 0.79 92.83 131 138 0.05 3457 0.96
33 28 18 21.70 037 93.08 139 150 0.14 32.52 0.08
33 28 24 1727 1.12 7598 846 127 0.13 2645 3.73
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Table VI — Branched fatty acids (Anteiso 15:0, Iso 17:0, and Anteiso 17:0) content of
Artemia nauplii enriched under different combinations of salinity (S), temperature (T)

and enrichment time (ET) (fatty acids which content was < 2ng were excluded)

|72]

T ET Anteiso 15:0 Iso 17:0 Anteiso 17:0

AVG _SE. AVG SE. AVG _SE.
16 6 4.08 020 247 006 363 0.14
16 12 423 031 230 006 335 0.14
16 18 391 0.09 218 0.05 344 0.09
16 24 379 0.7 211 0.08 327 0.10
20 6 395 0.15 228 0.07 3.58 0.08
20 12 3.84 0.17 235 0.03 3.56 0.03
20 18 353 016 218 0.04 326 0.04
20 24 3.65 030 2.17 0.09 335 0.17
24 6 3.74 0.15 231 0.03 345 0.04
24 12 396 0.15 227 0.12 325 0.12
24 18 380 0.19 226 0.10 336 0.13
24 24 384 027 228 0.12 335 0.21
28 6 408 044 207 0.11 3.64 0.34
28 12 378 021 221 0.06 3.08 0.08
28 18 3.57 022 226 0.07 322 0.02
28 24 352 0.04 197 0.28 323 0.09
16 6 3.65 031 213 0.12 3.17 0.18
16 12 383 022 219 0.04 337 0.08
16 18 4.00 0.13 224 006 3.38 0.15
16 24 361 026 215 0.6 3.13 0.24
13 20 6 3.70 0.06 232 0.07 3.34  0.12
13 20 12 323 0.13 211 0.14 3.03 0.25
13 20 18 3.62 0.17 221 0.08 3.16 0.18
13 20 24 362 0.17 221 0.08 3.16  0.18
13 24 6 362 0.14 220 0.08 299 0.20
13 24 12 359 011 217 0.09 278 0.12
13 24 18 322 025 202 014 264 0.16
13 24 24 342 0.07 222 0.04 302 0.06
13 28 6 3.59 0.10 235 0.09 3.08 0.19
13 28 12 299 0.12 212 0.07 273 0.13
13 28 18 330 029 219 0.09 283 0.06
13 28 24 2.89 021 202 0.08 262 0.22
23 16 6 383 0.12 226 0.10 3.18 0.18
23 16 12 371 0.04 219 0.02 326 0.03
23 16 18 376 0.01 221 0.04 333 0.03
23 16 24 4.04 0.14 240 0.08 3.56  0.12
23 20 6 398 0.15 242 0.10 337 0.13
23 20 12 429 0.08 251 0.03 3.70 0.05
23 20 18 359 0.10 2.12 0.08 3.05 0.08
23 20 24 373 016 222 0.0 297 0.08
23 24 6 341 0.14 229 0.07 3.05 0.19
23 24 12 3.07 0.19 219 0.07 295 0.06
23 24 18 327 022 215 0.06 291 0.06
23 24 24 2.87 0.16 2.01 0.05 2.70  0.12
23 28 6 2.67 007 206 006 247 0.13
23 28 12 312 024 206 0.16 253 020
23 28 18 323 022 221 0.05 2.69 0.11
23 28 24 2.89 0.13 2.13 0.03 242 0.11
33 16 6 398 026 233 0.16 344 034
33 16 12 414 0.01 246 0.03 3.54 0.04
33 16 18 228 039 128 0.28 1.95 0.38
33 16 24 274 0.05 1.56 0.03 242 0.05
33 20 6 3.87 0.12 230 0.05 3.14 0.17
33 20 12 399 0.03 236 0.02 340 0.06
33 20 18 347 0.09 210 0.04 3.01 0.09
33 20 24 372 056 231 0.33 328 0.50
33 24 6 378 024 238 0.02 280 022
33 24 12 394 026 248 0.18 329 0.20
33 24 18 249 024 156 020 207 024
33 24 24 263 003 1.63 000 220 0.03
33 28 6 325 023 239 0.13 2.78 0.08
33 28 12 282 0.15 2.10 0.05 242 0.04
33 28 18 275 0.08 218 0.04 264 0.04
33 28 24 272 029 1.72 0.23 2.07 _0.23
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Table VII — Mono-unsaturated fatty acids (15:1, 16:1n-7, 17:1n-8, 18:1n-9, 18:1n-7,
19:1n-8, and 20:1n-9) content of Artemia nauplii enriched under different combinations
of salinity (S), temperature (T) and enrichment time (ET) (fatty acids which content was

< 2ng were excluded)

ET 15:1 16:1n-7 17:1n-8 18:1n-9 18:1n-7 19:1n-8 20:1n-9
AVG SE. AVG SE. AVG SE. AVG SE. AVG SE. AVG SE. AVG S.E.
6 418 0.17 11037 440 621 025 9080 3.82 59.05 175 376 022 3.04 0.13
12 4.04 0.10 10520 347 6.05 0.18 8487 243 5924 230 373 025 315 021
18 391 0.09 10393 219 575 0.13 8500 1.80 5483 121 371 0.19 267 0.06
24 381 0.11 98.79 230 559 0.16 8093 251 5275 064 296 0.07 257 0.05
6 409 0.04 11059 129 6.15 009 90.15 192 62.09 063 382 0.06 298 0.03
12 411 004 11142 182 6.17 0.10 91.63 185 6238 143 366 0.19 299 0.07
18 393 0.06 10408 1.07 585 0.05 8428 117 6036 0.19 339 027 286 0.05
24 385 0.9 10327 506 571 028 8488 500 5740 205 362 0.19 277 0.13
6 411 0.08 10990 178 624 0.12 8823 147 6843 095 379 0.05 3.13 0.09
12 389 0.11 10097 3.07 584 0.18 8331 271 5798 130 331 020 294 0.03
18 4.09 0.23 107.97 560 6.07 027 8739 3.60 6498 3.63 358 022 293 0.12
24 407 020 10576 483 6.14 028 8628 486 6405 186 334 022 288 0.13
6 401 021 11338 789 586 029 9482 8.00 6247 233 330 031 326 0.21
12 393 0.16 98.58 324 577 020 82.00 3.08 5736 169 274 0.03 281 0.09
18 3.8 0.16 10042 1.89 581 0.17 8477 201 5954 036 3.14 0.13 284 0.06
24 379 0.09 10095 228 563 0.16 8505 306 6005 122 325 0.03 285 0.10
6 375 0.18 96.65 497 551 029 7829 457 5326 228 267 0.18 256 0.12
12 395 0.08 101.77 241 580 0.15 8292 271 5553 120 292 0.08 2.67 0.07
18 397 0.12 101.73 341 582 020 8349 299 5550 157 288 0.16 268 0.10
24 386 027 99.90 623 570 038 8132 577 5686 334 3.14 0.63 2.77 0.15
6 406 012 1089 381 624 021 8694 3.14 6775 233 344 049 354 0.62
12 3.67 026 98.33 742 561 042 7831 641 61.16 413 3.05 025 273 0.18
18 385 0.15 102.68 456 585 021 83.09 387 6280 1.62 297 024 279 0.09
24 385 0.5 10268 456 585 021 8309 387 6280 1.62 297 024 279 0.09
6 391 0.14 100.77 386 593 022 80.78 386 67.06 1.68 267 027 295 0.09
12395 0.09 97.79 303 574 0.17 7793 270 6521 152 227 0.16 294 0.03
18 355 022 89.80 515 528 032 7099 440 6121 321 242 036 2.60 0.19
24 390 0.07 10022 2.02 580 0.09 80.16 177 6590 120 3.13 0.18 2.79 0.06
6 391 0.2 10130 397 6.15 019 8328 3.06 7216 222 275 027 3.03 0.06
12 378 0.06 95.73 265 558 010 76.09 223 6945 124 256 028 276 0.02
18 3.88 0.15 99.34 346 582 0.17 7837 277 7194 1.65 2.68 0.04 286 0.11
24 381 0.16 90.98 308 530 0.17 7085 404 6584 108 2.16 047 2.65 0.07
6 413 020 10472 381 6.00 022 8509 4.05 5962 152 279 034 294 0.15
12 389 005 101.87 121 578 0.07 8294 128 57.75 0.65 291 0.07 272 0.07
18 397 002 10466 040 596 0.04 84.63 094 5926 030 3.19 0.03 278 0.04
24 425 0.0 11201 295 643 0.14 9063 271 6413 113 339 0.09 299 0.06
6 433 021 11217 424 643 026 8957 339 6888 269 282 023 3.13 0.13
12 452 0.06 11752 1.84 6.81 0.08 9484 134 72.01 084 341 005 3.14 0.04
18 3.88 0.06 99.91 1.34 575 010 7879 183 6123 071 275 0.08 2.61 0.06
24 408 0.11 103.17 164 591 020 8061 2.16 6358 174 278 038 296 0.11
6 391 013 10227 472 628 032 8215 358 72,04 313 275 032 3.05 0.12
12 388 008 101.62 1.68 582 0.14 79.19 141 7062 133 282 0.13 278 0.07
18 3.69 0.07 9730 093 571 0.16 7745 293 67.59 078 284 0.15 272 0.04
24 369 0.05 96.63 248 546 0.14 7509 245 69.61 227 234 026 2.67 0.06
6 325 0.08 86.63 3.13 545 0.19 70.74 1.55 7128 152 2.04 034 270 0.10
12 3.61 027 90.05 584 546 042 7235 505 68.88 4.07 210 027 269 0.20
18 3.74 0.16 97.56 388 572 020 7721 3.07 7439 202 246 0.16 2.84 0.10
24 366 0.05 9271 335 554 0.2 72.18 2.55 7259 4.10 190 033 2.83 0.10
6 425 025 11144 7.65 636 044 89.00 729 6478 392 324 037 3.13 0.15
12 434 0.01 11377 030 6.55 0.04 9330 074 6452 030 3.19 0.04 312 0.0l
18 250 044 6378 1196 344 0.73 4643 1049 36.16 7.61 2.09 043 174 039
24 298 0.07 76.70 1.59 420 009 5743 123 4329 1.04 257 0.08 2.12 0.05
6 426 0.09 107.87 3.17 629 0.17 8500 257 6827 215 273 045 3.03 0.08
12 435 005 11343 1.82 646 0.06 8946 078 7033 0.80 3.06 0.06 299 0.02
18 3.84 0.06 99.17 122 578 009 7925 110 6185 0.88 264 0.05 272 0.06
24 418 062 108.02 15.15 638 093 86.76 12.66 69.00 928 298 041 296 0.38
6 397 006 102.11 450 623 0.18 81.65 3.61 7466 3.03 211 053 334 0.11
12 433 028 11536 734 6.61 046 9016 642 7896 456 3.01 024 3.07 O0.15
18 2.89 029 7544 847 417 052 5593 788 5227 672 188 026 207 03I
24 3.10 0.00 76.45 098 440 000 58.09 0.89 5478 123 1.75 0.10 221 0.01
6 357 008 9751 231  6.07 0.19 7935 275 80.61 218 238 0.10 3.02 0.11
12339 0.05 9099 0.56 550 0.08 7523 1.19 78.14 117 192 021 271 0.07
18 3.50 0.08 92.84 469 570 0.01 7793 132 7597 206 242 017 279 0.08
24 299 033 76.67 873 454 058 5939 833 6045 759 142 008 229 043




Table VIII — Polyunsaturated fatty acids (16:3n-4, 18:2n-6, 18:3n-3, 18:4n-3, 20:4n-3,
and 22:4n-6) content of Artemia nauplii enriched under different combinations of
salinity (S), temperature (T) and enrichment time (ET) (fatty acids which content was <

2ng were excluded)

7]

T ET 16:3n-4 18:2n-6 18:3n-3 18:4n-3 20:4n-3 22:4n-6
AVG SE. AVG SE. AVG SE. AVG S.E. AVG S.E. AVG_S.E.
16 6 1239 055 21.64 074 1238 050 595 0.19 1645 0.60 0.29 0.04
16 12 11.84 041 2090 1.12 12.53 0.63 6.05 0.29 1492 097 0.75 0.36
16 18 11.70 0.28 20.37 045 1235 029 574 0.09 1491 036 0.32 0.01
16 24 1122 033 1929 039 11.71 032 553 0.15 1458 039 047 0.06
20 6 1223 0.19 22.06 041 1321 026 6.09 0.10 1635 033 0.73 0.08
20 12 1221 0.18 21.87 0.65 12.73 046 585 0.18 1571 0.56 0.98 0.06
20 18 1141 0.12 2030 042 11.85 036 549 0.28 1520 0.68 1.40 0.27
20 24 1140 0.57 20.58 1.10 12.16 0.65 5.75 0.28 15.57 0.73 1.24 0.09
24 6 1196 0.17 21.83 0.14 1341 0.03 641 029 1793 071 423 0.53
24 12 1134 026 19.51 057 11.81 0.58 538 040 14.89 0.56 1.35 0.15
24 18 11.76 0.53 2135 098 1234 0.78 584 0.14 17.40 090 342 1.49
24 24 11.80 0.59 20.86 0.86 12.59 031 570 0.25 16.58 0.79 1.91 0.12
28 6 11.64 0.64 2219 196 1139 085 623 0.78 1560 141 1.97 0.13
28 12 10.77 032 17.76 056 999 0.17 431 025 1222 0.65 1.37 0.14
28 18 11.12 021 19.56 035 11.36 033 526 027 1483 0.52 1.65 0.09
28 24 1096 029 20.21 049 11.55 0.09 553 0.17 15.10 0.45 1.68 0.07
16 6 1094 058 1820 1.04 1094 0.68 497 032 13.15 087 0.64 0.10
16 12 11.56 0.29 19.58 052 11.98 035 553 020 1472 044 1.00 0.07
16 18 11.68 043 19.57 0.79 1195 0.65 5.68 030 1492 0.71 091 0.10
16 24 1101 0.75 1876 174 11.01 1.18 496 092 1373 1.99 1.12 0.06
20 6 11.57 040 21.15 092 1270 0.66 6.00 034 17.60 123 454 0.25
20 12 1042 0.81 19.14 156 11.35 1.05 5.16 035 1596 1.12 426 0.20
20 18 11.14 0.61 20.13 1.10 11.80 066 540 041 1620 0.71 3.20 0.38
20 24 11.14 0.61 20.13 1.10 11.80 066 540 041 16.20 0.71 3.20 0.38
24 6 1063 050 1851 1.53 10.72 122 490 045 1584 2.10 5.67 094
24 12 10.04 041 1631 086 879 061 4.13 0.19 12,55 0.77 4.83 0.29
24 18 9.36 0.57 1647 136 9.66 1.13 4.17 049 1434 214 647 093
24 24 1060 021 1949 042 11.72 028 503 0.14 1687 044 6.92 0.47
28 6 10.83 048 19.15 126 11.29 084 515 047 1786 144 657 1.78
28 12 9.83 0.28 17.82 1.21 10.67 1.07 4.62 038 16.75 1.76 9.44 1.12
28 18 1028 0.35 18.63 0.54 11.06 048 484 030 17.72 122 880 1.01
28 24 9.12 0.61 1592 2.11 9.21 172 366 0.67 1502 258 9.02 0.68
16 6 1141 049 1891 188 10.71 1.61 477 1.00 13.54 2.23 1.77 0.33
16 12 11.19 0.11 19.67 0.09 11.55 021 532 020 14.74 045 2.07 0.28
16 18 11.62 0.08 2040 0.11 12.13 0.05 539 0.22 1566 0.17 1.77 0.14
16 24 1255 034 2201 0.58 13.07 032 589 0.26 16.54 0.49 1.32 0.05
20 6 11.86 042 2055 1.04 1220 0.79 5.00 0.61 1576 1.63 4.05 1.06
20 12 1292 0.17 22.82 030 13.83 0.14 645 035 1895 024 420 0.16
20 18 10.80 025 1879 045 1146 025 487 0.14 1555 030 499 0.71
20 24 1099 0.29 1849 0.85 11.11 0.79 477 0.58 1447 1.65 3.50 0.59
24 6 1071 0.58 19.08 1.48 10.85 1.00 4.15 0.71 17.99 2.15 724 1.04
24 12 1045 021 19.65 032 11.77 0.06 505 061 1878 033 9.73 0.73
24 18 1022 029 18.64 066 11.25 065 4.11 043 1724 040 9.13 3.32
24 24 9.60 034 1745 1.06 1045 0.60 350 0.58 16.16 1.77 11.14 1.29
28 6 8.88 0.25 1623 1.12 932 096 292 034 1833 242 11.19 2.02
28 12 9.33 0.67 1623 127 946 0.84 3.06 029 1554 1.85 7.03 1.04
28 18 996 044 17.61 0.75 10.17 045 329 0.19 1739 1.34 1521 544
28 24 9.11 033 1541 156 879 096 258 032 1546 248 13.00 4.52
16 6 1223 096 21.10 228 1231 1.64 521 099 16.18 229 2.04 0.39
16 12 12,50 0.05 21.82 0.17 13.01 0.15 5.08 0.12 1597 020 2.13 0.13
16 18 6.66 136 11.83 2.53 7.18 1.51 3.02 0.58 940 2.03 1.58 0.38
16 24 8.15 0.16 1446 038 883 025 367 0.13 11.33 040 1.76 0.18
20 6 1133 041 19.06 1.68 1222 033 359 057 1851 1.13 635 1.33
20 12 12.05 0.12 2146 0.19 1289 0.15 523 0.12 17.65 052 690 0.73
20 18 10.71 023 1859 047 1122 061 394 043 1495 049 546 0.32
20 24 1160 1.62 20.75 3.09 1241 202 480 088 1833 308 6.74 2.07
24 6 1031 0.59 16.78 252 932 1.69 275 0.63 859 370 6.81 1.67
24 12 11.78 0.84 2132 1.65 1265 1.07 480 0.69 1931 131 10.50 0.78
24 18 7.50 094 1392 1.88 831 1.10 2.66 0.37 12.68 1.78 742 1.26
24 24 7.64 0.08 14.14 030 843 025 261 0.13 13.01 0.61 7.01 1.33
28 6 9.94 030 1891 0.66 11.66 0.76 3.15 0.06 21.81 0.02 17.78 3.96
28 12 9.14 0.15 17.26 098 1049 095 258 0.22 18.59 1.76 1294 1.99
28 18 9.65 031 18.47 0.44 10.68 0.14 3.03 0.15 1826 0.22 10.63 0.51
28 24 7.67 092 1334 1.13 791 050 228 0.12 13.59 1.53 940 1.32
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Table IX — Polyunsaturated fatty acids (20:4n-6, 20:5n-3, 22:5n-3, 22:5n-6, 22:6n-3)
content of Artemia nauplii enriched under different combinations of salinity (S),
temperature (T) and enrichment time (ET) (fatty acids which content was < 2ng were

excluded, except ARA, 20:4n-6)

S T ET 20:4n-6 20:5n-3 22:5n-3 22:5n-6 22:6n-3
AVG SE. AVG SE. AVG SE. AVG S.E. AVG_S.E.
16 6 039 000 7651 243 380 0.00 199 0.15 287 0.74
16 12 052 0.19 70.07 521 427 074 209 026 471 0.74
16 18 032 0.01 73.02 272 190 0.89 128 0.38 1.51 0.26
16 24 030 0.01 70.89 333 207 096 145 049 277 0.56
20 6 037 0.01 75.04 1.77  1.52 127 144 0.60 2.52 0.27
20 12 037 0.01 7152 252 575 0.69 3.09 024 343 0.16
20 18 035 0.03 67.65 334 353 055 220 0.21 523 0.93
20 24 031 003 7196 363 323 020 199 0.07 4.61 0.26
24 6 045 004 79.10 220 746 0.82 3.79 043 1494 1.59
24 12 035 0.06 6545 3.62 351 052 248 0.16 442 0.74
24 18 037 0.01 78.05 3.61 531 075 355 035 11.15 4.58
24 24 036 0.01 7549 322 436 038 292 0.21 7.05 0.16
28 6 048 0.10 72.41 924 549 1.17 344 033 6.70 0.33
28 12 038 0.04 5141 265 338 079 276 0.15 425 049
28 18 035 0.01 66.76 332 4.08 1.08 2.79 035 594 0.51
28 24 037 0.01 69.19 2.13 559 1.06 352 040 5.66 0.32
13 16 6 029 001 60.04 438 3.10 020 322 0.11 294 040
13 16 12 031 0.01 68.08 225 266 034 280 023 428 0.35
13 16 18 029 0.02 7048 534 211 023 344 039 325 0.34
13 16 24 034 003 6458 1062 259 028 338 039 509 0.15
13 20 6 037 001 77.03 6.14 221 091 1.78 040 16.57 0.63
13 20 12 042 0.02 7257 513 252 1.63 202 0.86 14.66 0.97
13 20 18 035 0.01 7054 450 3.06 0.03 3.09 0.02 10.65 1.09
13 20 24 035 001 7054 450 306 0.03 309 0.02 10.65 1.09
13 24 6 039 001 6943 6.68 327 023 333 030 2052 1.56
13 24 12 038 001 5788 382 247 038 280 0.10 1853 0.35
13 24 18 036 0.03 5756 9.16 398 0.66 550 0.52 19.82 2.99
13 24 24 051 004 7388 521 241 023 493 0.34 21.07 0.96
13 28 6 045 003 7854 798 356 048 3.13 042 2476 445
13 28 12 040 0.00 6593 7.06 593 0.66 4.65 039 29.84 2.68
13 28 18 043 0.02 76.60 210 2.02 034 340 0.16 29.67 2.58
13 28 24 037 001 5947 1288 354 048 498 0.31 2958 201
23 16 6 031 002 6149 1045 205 0.10 3.74 039 7.10 1.00
23 16 12 031 0.00 46.60 20.09 246 033 381 037 825 1.17
23 16 18 025 0.05 72.75 1.37 1.76 0.13 0.31 0.31 8.04 0091
23 16 24 032 0.01 7647 246 1.08 0.10 0.00 0.00 7.56 0.60
23 20 6 037 002 6926 7.01 191 1.15 354 146 13.70 3.82
23 20 12 039 0.00 86.71 3.04 195 092 355 144 13.82 0.04
23 20 18 032 0.01 6898 231 2.09 0.18 335 023 1743 1.92
23 20 24 023 0.08 6730 977 154 045 274 0.79 10.36 5.05
23 24 6 040 0.03 7251 7.86 3.05 1.00 6.30 1.46 21.19 2.39
23 24 12 047 0.10 7821 354 294 0.57 473 0.85 31.84 236
23 24 18 038 0.02 73.57 1.72 1.82 0.67 3.16 1.06 2508 6.32
23 24 24 037 0.04 6397 772 379 045 636 0.76 3555 5.12
23 28 6 044 0.07 6643 1031 436 0.10 7.33 0.33 3421 5.72
23 28 12 037 0.06 61.74 594 236 094 522 0.86 2299 2.52
23 28 18 047 0.07 6872 322 1.00 029 2.18 043 36.00 7.77
23 28 24 038 0.05 5465 985 340 1.04 450 1.24 33.89 8.01
33 16 6 034 000 7689 884 216 0.51 022 0.19 11.59 1.19
33 16 12 032 0.00 72.46 1.92 0.83 020 0.05 0.00 847 1.18
33 16 18 030 0.03 48.06 937 0.63 0.17 0.06 0.03 8.36 2.46
33 1624 038 0.02 5692 241 0.73 0.06 0.01 0.01 7.58 1.85
33 20 6 037 007 7282 943 0.78 040 0.16 0.10 2140 4.85
33 20 12 036 001 76.72 2.11 143 0.09 0.10 0.10 2424 1.52
33 20 18 030 0.01 6495 260 092 0.09 0.11 0.05 1824 0.72
33 20 24 034 005 7659 1225 1.18 035 022 0.13 21.82 641
33 24 6 037 008 5873 17.10 120 0.30 048 0.24 26.09 6.28
33 24 12 048 0.07 81.64 644 125 035 030 0.14 3634 0.74
33 24 18 030 0.06 51.70 744 0.77 0.19 0.10 0.02 25.15 4.77
33 24 24 036 001 5124 258 106 0.17 0.07 0.01 2230 4.68
33 28 6 041 001 7739 050 120 047 038 0.19 4464 5.79
33 28 12 037 0.04 6378 7.08 198 0.70 0.83 042 4237 241
33 28 18 045 0.01 6851 221 1.49 0.04 0.10 0.01 35.84 3.33
33 28 24 029 0.02 4851 484 1.15 032 0.06 0.03 3448 223

(PVRUSRUSHUS IS RVS UL RUS I US UL S USRS USROS USROS ]




Table X — Groups/Families of fatty acids (SFA, BFA, MUFA, PUFA) and total fatty
acid (TFA) content of Artemia nauplii enriched under different combinations of salinity

(S), temperature (T) and enrichment time (ET)

]
-

ET SFA BFA MUFA PUFA TFA
AVG SE. AVG SE. AVG SE. AVG SE. AVG SE.
16 6 111.07 421 1455 0.60 281.70 10.80 158.12 4.70 589.62 17.97
16 12 110.09 2.61 13.81 0.56 271.12 952 152.63 887 574.64 2034
16 18 10436 2.06 13.51 032 26435 541 146.79 2.77 551.28 7.54
16 24 100.51 2.27 1296 044 252.09 648 14327 2.79 534.88 12.09
20 6 11277 136 1398 037 283.65 3.99 15487 5.09 58846 7.23
20 12 11407 196 1392 025 286.05 542 15646 538 59855 12.52
20 18 11049 0.83 12.79 0.23 269.14 2.81 147.78 6.33 574.93 9.99
10828 5.67 1296 0.72 265.67 13.06 15198 7.47 565.63 25.86
24 6 12376 357 1353 022 28825 471 18507 431 638.17 1525
24 12 10721 289 1332 047 262.67 7.14 14406 7.11 55242 14.65
24 18 123.04 1198 1337 0.58 281.50 13.70 174.74 13.97 621.14 41.72
24 24 11531 5.02 1351 0.85 276.84 12.75 163.00 6.11 59793 19.75
28 6 12373 888 13.82 0.70 291.41 19.00 160.65 13.89 620.75 42.43
28 12 108.13  4.07 1286 043 25720 881 12133 520 52361 16.14
28 18 111.60 2.14 1281 036 26459 422 146.71 6.54 562.82 6.64
28 24 11329 2.14 1253 0.35 26591 7.16 152.17 4.23 574.56 14.64
13 16 6 98.90 500 12.73 0.84 24623 1256 131.15 858 51721 2596
13 16 12 10510 230 1345 034 25958 6.65 14552 3.05 55190 12.58
13 16 18 10524 286 13.58 047 260.17 861 14742 777 54987 16.02
13 16 24 105.63 623 12.63 0.95 257.39 16.46 13948 17.65 538.13 36.21
1320 6 12672 436 1341 031 284.64 1042 17499 8.11 633.05 1748
13 20 12 11570 7.15 1199 0.71 257.00 1937 161.65 1285 573.85 43.86
13 20 18 11739 260 12.79 0.63 267.94 10.80 158.68 6.76 589.80 2131
13 20 24 11739 260 12.79 0.63 267.94 10.80 158.68 6.76 589.80  21.31
13 24 6 12961 191 1254 0.58 268.09 1025 166.29 14.07 611.67 20.96
13 24 12 13372 228 12.07 043 259.69 7.68 141.11 697 581.04 1579
13 24 18 12517 7.05 11.12 0.74 23940 13.84 15043 19.76 555.11 3021
13 24 24 136.02 2.16 12.17 0.25 266.02 546 176.56 724 621.68 1540
13 28 6 138.05 745 1290 053 276.57 9.79 18439 1523 64580 33.35
13 28 12 14625 568 1120 037 259.79 6.42 178.75 1449 62451 24.86
13 28 18 14751 074 1192 047 268.78 7.84 186.85 791 650.90 6.84
13 28 24 14238 3.65 10.71 0.64 245.02 8.59 162.74 2243 595.07 24.56
23 16 6 11335 418 1321 044 269.63 10.16 13872 18.81 56486 28.26
23 16 12 11285 2.00 1295 022 261.87 3.18 12892 1835 54145 1591
23 16 18 111.71 033 1322 0.03 268.52 125 15334 137 670.72 9251
23 16 24 11745 3.02 1420 0.48 288.09 7.26 160.16 393 619.15 12.50
23 20 6 13127 650 1391 054 29122 11.44 161.62 1835 643.14 41.71
23 20 12 13915 3.12 1485 020 306.83 427 189.81 216 67894 1123
23 20 18 12453 202 1233 034 25849 420 161.64 1.43 593.20 3.12
23 20 24 12513 390 12.79 0.22 26734 5.18 148.67 14.74 59037 16.99
23 24 6 132,61 419 1244 055 276.61 1255 177.02 2023 64121 33.04
23 24 12 14845 561 11.70 0.18 270.62 473 19726 623 661.14 11.65
23 24 18 13289 247 11.77 046 26135 484 17770 435 620.80 6.69
23 24 24 15025 490 10.77 0.40 25937 7.64 18136 18.67 633.12 32.16
23 28 6 13429 453 10.17 040 24597 6.66 18279 2328 61429 32.19
23 28 12 13519 11.68 10.88 0.85 249.05 16.19 15598 1597 59879 47.72
23 28 18 149.60 506 1149 044 268.10 876 18533 1854 660.07 27.73
23 28 24 15311 5.02 10.51 0.04 25541 1035 164.00 27.17 631.53 43.05
33 16 6 121.65 892 1393 1.13 286.61 20.43 163.61 17.17 623.05 41.25
33 16 12 124.06 090 1438 0.06 29339 1.16 15592 3.13 619.39 7.55
33 16 18 70.28 13.79 8.08 1.50 158.62 32.63 99.39 20.68 349.74 72.79
33 16 24 8221 191 10.06 0.08 19237 4.19 11652 536 419.26 12.81
33 20 6 141.28 5.04 13.08 0.38 28143 881 169.71 1885 64136 32.77
33 20 12 14596 416 13.77 0.12 29432 324 18249 536 67021 11.72
33 20 18 12596 0.69 12.16 0.34 259.01 337 15227 4.09 584.37 8.39
33 20 24 14491 2364 13.12 192 28457 40.39 17847 3225 656.19 100.96
33 24 6 14584 522 12.63 035 27849 1195 14440 2840 620.26 44.01
33 24 12 164.64 10.10 13.66 0.84 306.10 19.63 204.29 12.40 72547 40.77
33 24 18 109.06 13.16 8.79 092 19729 2484 13335 1938 47753 61.96
33 24 24 11747 260 925 0.08 203.63 3.22 130.55 10.28 49642 12.21
33 28 6 15414 358 11.80 0.53 276.84 7.75 211.13  9.15 69227 13.09
33 28 12 15431 1.82 1030 0.23 262.02 2.51 183.54 15.03 66637 2238
33 28 18 152.78 228 10.69 0.18 26550 8.82 180.72 7.51 648.35 19.63
33 28 24 12465 1370 9.15 1.02 211.11 26.47 14155 11.65 52135 55.05
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Table XI — Response surface regression (and respective R?) of each fatty acid,
group/family of fatty acids, and total fatty acid of enriched Artemia nauplii (S — salinity;

T — temperature; ET — Enrichment time)

FA Response surface regression R?
(backward stepwise method)

14:0 -16.47+2.14T-0.05T%-1.35x107°S?-1.15x10*ET*+3.12x10°TxET+4.96x10°SXxET ~ 0.81
16:0 -2.23+4.96T-0.11T*2.44ET-9.02x10ET>-6.12x10>TxS+5.45x10*TxET 0.73
17:0 2.134+0.15ET-3.66x10°ET2%-2.20x10TxS-3.32x 10 TxET 0.37
18:0 15.57+0.19S+0.57ET-2.69x10°ET?-9.97x10°TxS+3.23x10TxET-5.15x10>SxET  0.78
SFA -19.44+8.45T-0.18T>+0.785+3.36ET-0.13ET*4.46x10TxS+0.1 1 TXET 0.77
Anteiso 15:0 3.00+0.20ET-5.68x10°ET*5.08x10“TxS-2.11x10°TxET 0.48
Iso 17:0 1.71+0.09ET-3.06x10°ET>-3.41x10™*TxS 0.53
Anteiso 17:0 2.64+0.17ET-4.66x10°ET2-3.93x10*TxS-2.45x10>TxET 0.48
BFA 10.9+60.59ET-1.67x102ET%1.68x10-3TxS-7.04x 10 TxET 0.46
15:1 3.13+0.18ET-5.25x10°ET%3.88x10*TxS-1.21x10°TXET 0.52
16:1n-7 80.80+4.97ET-0.15ET2-1.22x107TxS-3.34x10TxET 0.54
17:1n-8 4.49+0.26ET-8.64x10°ET%-8.63x10™*TxS 0.56
18:1n-9 64.03+4.40ET-0.12ET%1.15x10TxS-3.82x 102 TXET 0.51
18:1n-7 1.83+3.46T-0.07T>+0.47S+1.99ET-7.33x107T*+2.89x10xS+.35x 10 *TXET 0.77
19:1n-8 5.29-0.24T+0.01T>+0.18ET-4.19x10°ET%-3.76x10>TxET-4.46x10*SXET 0.45
20:1n-9 2.27+2.44x10*S+20.12ET-3.67x10°ET>-8.59x10*TxS 0.56
MUFA 204.14+11.49ET-0.37ET2-3.70x102TxS 0.57
16:3n-4 8.98+0.59ET-1.68x10ET%1.35x10TxS-6.28x10>TxET 0.49
18:2n-6 15.45+1.05ET-2.93x10ET%2.24x10TxS-1.07x10>TxET 0.45
18:3n-3 9.00+0.63ET-1.91x10ET%-1.21x10°TxS-5.05x 10> TXET 0.42
18:4n-3 3.76+0.49ET-1.01x102ET2%1.05x102TxET-8.91x10*SXET 0.56
20:4n-6 0.31+0.01ET-9.32x10°SXET 0.20
20:4n-3 11.22+0.66ET-1.83x102ET2-1.45x10TxS 0.41
20:5n-3 56.16+2.60ET-8.83x10°ET>-8.47x107TxS 0.27
22:4n-6 -15.55+1.49T-0.03T>-0.42ET+3.60x10*TxET 0.75
22:5n-6 -25.02+2.44T-0.06T*+0.41ET-5.54x10°ET%-7.04x10>TxET 0.61
22:5n-3 0.88-1.41x102S+0.53ET-4.87x10°ET%1.42x102TxET 0.57
22:6n-3 -39.50+3.82T-0.09T>-1.19ET+0.10TXET 0.83
PUFA 109.96+5.55ET-0.19ET?-1.80x10TxS+7.39x10>TxET 0.54
TFA 109.51+26.83T-0.56T*26.92ET-0.76ET2-6.56x10TxS 0.63

3.2 Enrichment model
3.2.1 Initial values of the state variables and processes

The initial value of the state variable Percent Survival is 100%. The initial value
of the state variable TL is 0.455mm. The initial values of all the FA state variables are

listed in Table IV (newly hatched Artemia nauplii FA profile.

The forcing functions temperature, salinity and enrichment time affected some

of the processes (causing its acceleration or delay), while did not affect others:



Incorporation of ARA = a + b x Salinity

Incorporation of EPA = ¢ + d x Enrichment time

Incorporation of DHA = e + f'x Temperature

Incorporation of LA = g + A x Enrichment time + i x Temperature
Incorporation of ALA = + k x Enrichment time + / x Temperature
Incorporation of SFA = m + n x Enrichment time + o x Temperature
Incorporation of BFA = p + ¢ x Enrichment time + » x Temperature
Incorporation of MUFA = s + ¢ x Enrichment time

Incorporation of PUFA = u + v x Enrichment time + w x Temperature
Mortality = x + y x Enrichment time + z x Temperature

Growth = a2 + a3 x Enrichment time + a4 x Temperature + a5 x Salinity

Parameters values (a to z, a2, a3 and a4) are listed in Table I. This model can be
used for conditions of constant temperature and salinity, but it can also be used with

varying temperatures and salinities over enrichment time.

3.2.2 Sensitivity analysis

Sensitivity analysis allowed the determination of the parameters with a major
influence on disturbances of our predictions. In this model, the forcing function with
higher sensitivity was temperature, particularly for the state variable DHA (2.93). State
variables were not very sensitive to changes in salinity. The sensitivity of the
parameters was generally low, with the exception of the parameters e (associated with
change over enrichment time) and f (associated with the effect of temperature) which

had respectively a sensitivity of -2.09 and 2.92 for the state variable DHA (Table XII).



Table XII — Sensitivity of the forcing functions and parameters for all state variables

State variables

ARA EPA DHA TLA AILLA SFA BFA MUFA PUFA %S TL
Forcing
function

Temperature 0.00 0.00 293 -0.09 -0.13 0.17 -0.09 0.00 0.08 -0.09 0.27

Salinity -0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Parameter

a 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

b -0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

¢ 0.00 040 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

d 0.00 -0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

e 0.00 0.00 -2.09 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00

f 0.00 0.00 292 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

g 0.00 0.00 0.00 056 0.00 0.00 0.00 0.00 0.00 0.00 0.00

h 0.00 0.00 0.00 -0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00

i 0.00 0.00 0.00 -0.09 000 0.00 0.00 0.00 0.00 0.00 0.00

j 0.00 0.00 0.00 0.00 0.59 0.00 0.00 0.00 0.00 0.00 0.00

k 0.00 0.00 0.00 0.00 -0.17 0.00 0.00 0.00 0.00 0.00 0.00

1 0.00 0.00 0.00 0.00 -0.13 0.00 0.00 0.00 0.00 0.00 0.00

m 0.00 0.00 0.00 0.00 0.00 032 0.00 0.00 0.00 0.00 0.00

n 0.00 0.00 0.00 0.00 0.00 -0.18 0.00 0.00 0.00 0.00 0.00

W) 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00

p 0.00 0.00 0.00 0.00 0.00 0.00 048 0.00 0.00 0.00 0.00

q 0.00 0.00 0.00 0.00 0.00 0.00 -0.12 0.00 0.00 0.00 0.00

r 0.00 0.00 0.00 0.00 0.00 0.00 -0.09 0.00 0.00 0.00 0.00

S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.00 0.00 0.00

t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.18 0.00 0.00 0.00

u 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.39 0.00 0.00

\% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.19 0.00 0.00

w 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00

X 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.10 0.00

y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00

z 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.09 0.00

a2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.11

a3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.03

a4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.27

as 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

3.2.3 Calibration

The model predictions for TL, TFA, DHA, SFA, MUFA and PUFA adjust
relatively well to the data (R2=O.71, 0.60, 0.81, 0.75, 0.50 and 0.52, respectively), while
the model predictions for Survival, ARA, EPA, BFA, ALA and LA (R2=O.25, 0.21,

0.21, 0.26, 0.14 and 0.33, respectively) were not so precise (Figures 1-4). However,

standardized residuals for all state variables were distributed randomly around zero

indicating that the model predictions closely reflect the data (Figure 1-4) and mostly
inside de 95% confidence level [-1.96;1.96].



Figure 1 — Model calibration/validation: standard residuals and observed vs. expected values of survival, total length, total FA content (TFA).
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Figure 2 — Model calibration/validation: standard residuals and observed vs. expected values of the essential fatty acids (ARA, EPA and DHA).
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Figure 3 — Model calibration/validation: standard residuals and observed vs. expected values of linolenic (ALA) and linoleic acid (LA) and SFA.
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Figure 4 — Model calibration/validation: standard residuals and observed vs. expected values of BFA, MUFA and PUFA.
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3.2.4 Model predictions

The predictions of percent survival, total length and DHA content of the preys
enriched under two scenarios of temperature (16 and 28°C) are presented in Figure 5;
since salinity does not influence DHA incorporation, a salinity of 3 was used during
enrichment to reduce mortality and growth in both scenarios. Figure 5 shows that in
scenario 1 (28°C) DHA incorporation is maximized, nauplii grow faster (larger prey
size) and survival is lowered. In scenario 2, growth and mortality are reduced, but its

DHA content drastically lowers.

The enrichment protocols that could produce a nauplii with the desired size (TL
< 0.65 mm, nauplii stage II) are presented in Table XIII. DHA content, Survival (%)
and DHA: EPA ratio are optimised/maximized with the combination 21°C, salinity 3

and 23 h of enrichment time (Table XIII).

Table XIII — Possible enrichment protocols (combinations of temperature and
enrichment time) to produce an enriched Artemia nauplii with TL < 0.65 mm, and

respective DHA content and Survival (%) estimated by the model

Temperature Salinity Enrichment TL  Survival DHA 1 DHA:EPA:ARA DHA:EPA
°O) time (h) (mm) (%) (ng.Artemia™) ratio ratio
16 3 24 0.57 90.2 12.46 27.7:160.9:1 0.17:1
17 3 24 0.58 89.7 14.95 33.2:160.9:1 0.21:1
18 3 24 0.6 89.2 17.45 38.8:160.9:1 0.24:1
19 3 24 0.62 88.7 19.94 44.3:160.9:1 0.28:1
20 3 24 0.64 88.2 22.44 49.9;160.9:1 0.31:1
21 3 23 0.65 87.7 23.94 54.4:164.5:1 0.33:1
22 3 20 0.65 87.1 23.04 54.9.172.4:1 0.32:1
23 3 18 0.65 86.6 22.71 55.4:176.6:1 0.31:1
24 3 17 0.65 86.0 23.28 56.8:176.6:1 0.32:1
25 3 15 0.64 85.8 22.23 55.6:181.0:1 0.31:1
26 3 14 0.64 85.6 22.27 57.1:185.3:1 0.31:1
27 3 13 0.64 85.6 22.11 56.7:184.5:1 0.31:1
28 3 13 0.65 85.2 23.46 60.2:184.5:1 0.33:1

4. Discussion

According to the model, Artemia nauplii survival during the enrichment was not
significantly affected by salinity which can be explained by the fact that Artemia is a
euryhaline species (Narciso, 2000) with the most efficient osmoregulatory system of the
animal kingdom (Croghan, 1958). Artemia has never been found in the sea or estuaries

since it does not possess anatomic defences against predation and it is an easy prey for



Figure 5 — Total length (mm), Survival (%) and DHA content (ng.Artemia nauplii'l) for Scenario 1 (28°C) and 2 (16°C).
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carnivorous species. In nature, it is only found in hypersaline environments where the
salinity is above the upper limit of its predators (Narciso, 2000). Artemia mortality
increased with enrichment time; mortality rate was hastened in higher temperatures.
This can be explained by an acceleration of the metabolic process in higher
temperatures (Hochachka and Somero, 1984; Prosser, 1986), which directly influences

survival rates (Sastry, 1977; Anger, 2001).

Temperature as been recognised as a key environmental factor influencing
crustacean development and growth (Abele, 1982; Hartnoll, 1982; Verhoef et al., 1998;
Anger, 2001). Artemia nauplii length significantly increased over the enrichment
process. The growth rate increased with temperature, which may be explained by an
acceleration of the metabolism and consequently greater moult frequency (Hochachka
and Somero, 1984; Prosser, 1986). Lower temperatures caused a reduced final total
length (as it has been already described by Narciso (2000) and Reeve (1963)). While
several authors state that an increase in salinity reduced growth rate (Koraay, 1958;
Gilchrist, 1960; Baid, 1963; Baid, 1964), in this study the opposite was obseved:
growth rate was greater at higher salinities, which had been also found by Narciso
(2000). Nevertheless, all literature agrees that temperature is a greater deterministic
factor for growth than salinity (Narciso, 2000).

The fatty acid content, particularly essential fatty acid, of the prey is a
determinant for larval culture success (Monroig et al., 2006). The level of each fatty
acid in enriched Artemia nauplii varies as a function of the enrichment protocol (Han et
al., 2000; Han et al., 2001). Newly hatched Artemia had a relatively high content in
EPA (0.02 DHA: 1 EPA), but a low DHA and ARA content (3.41 DHA: 162.28 EPA: 1
ARA, Table 1V), similar to what has already been described by several authors
(Coutteau and Mourente, 1997; Han et al., 2001; Narciso and Morais, 2001).
Enrichment intends to improve and balance the fatty acid profile, particularly increasing
DHA content, to attain the optimal essential fatty acid ratio of 10 DHA: 5 EPA: 1 ARA
suggested by Sargent et al. (1999) and Castell et al. (2001). AlgaMac 2000
composition, according to the manufacturers (Bio-Marine, Inc.), is 27% DHA and
0.54% EPA in TFA, i.e,, 50 DHA: 1 EPA. Artemia nauplii enriched with AlgaMac
2000 had its EPA content increasing, but DHA content and DHA: EPA ratio also
increased (Table I1X).



Higher temperatures cause an increase of the metabolic rates which is then
reflected in a negative effect of temperature in ALA and LA levels (higher temperatures
reduce the ALA and LA contents). This is a good outcome since high concentrations of
ALA and LA competitively suppress the conversion of EPA into DHA; enzyme A-6
desaturase used in the catabolism of ALA and LA is also used in the synthesis reactions
to convert EPA to DHA (Voss et al., 1991; Teshima et al., 1992; Buzzi et al., 1996;
Sargent et al., 1997). The BFA and PUFA content were also lower at higher
temperatures. Lower salinities promoted higher ARA incorporation, which is similar to
what Vanhaecke and Sorgeloos (1980) previously described: lower salinities (5)
produce nauplii displaying a higher energetic value. Higher temperatures generally
cause an increase of the metabolic rate, and consequently may enhance ingestion rate,
increase the DHA incorporation and hasten the catabolism of other FA. The enrichment
process in Artemia is generally regarded as a “bioencapsulation” process whereby the
Artemia ingest the enricher particles until the gut is full. Larger individuals, with larger
digestive tract, will also have, for instance, a higher content in DHA. Thus, the
conditions that promote greater length of the nauplii (such as higher temperatures) may
also promote higher DHA content. Feeding on larger nauplii with greater energetic
content is advised since the predator will spend less energy capturing a smaller number
of prey to fulfill its energetic requirements, unless that interferes with the feeding
processes of the predators (Narciso, 2000). This is a problem when the larvae we desire
to culture feed by swallowing prey and their mouth is gape limited; if the prey is too
large, the success capture of the prey is jeopardized. In this case, we have to choose

feeding them with smaller nauplii with an inherent increment of capture energetic effort.

Model predictions (scenarios 1 and 2) show us that temperature produces
antagonist effects on the objectives of enrichment: promotes the production of a prey
with higher fatty acid content, particularly DHA (which is the essential fatty acid that
lacks in newly hatched Artemia nauplii), but promotes large size prey and increases
mortality during the enrichment process. Scenario 1 (higher temperature) would be ideal
in cases when larvae do not have mouth gape limitations. But how can the model help
us to find the optimal combinations of temperature, salinity and enrichment time to
produce a suitable when we have larvae with mouth gape limitations? The example
developed on Table XIII illustrates how the model can help in this situation. Utilizing

the model, we find to produce a nauplii with the desired size, DHA content, Survival



(%) and DHA: EPA ratio are optimised/maximized with the combination 21°C, salinity
3 and 23 h of enrichment time (Table XIII). Against what has been previously suggested
by other authors (Sorgeloos et al., 2001), the ideal salinity during enrichment is a low
salinity since it reduces growth (Reeve, 1963), increases ARA incorporation and has no

effect on DHA incorporation.

An Artemia enrichment model can be a helpful tool to culture culture
commercial species whose larvae have specific demands on prey size (e.g. fish prey are
conditioned by gape height) and nutritional profile (particularly in some essential fatty
acid such as EPA, DHA and ARA). The model predicts the optimal combination of
temperature, salinity and enrichment time to minimize mortality, control length and

improve fatty acid profile of Artemia nauplii.

6. Conclusion

Artemia nauplii are the most commonly used prey in the culture of fish and
crustacean larvae. However, a great number of species cannot be successfully raised
with newly hatched Artemia nauplii due to low content of certain essential fatty acids,
particularly, DHA. Since Artemia is a non-selective continuous filter-feeder, its nauplii
can be encapsulated with enrichment products rich in EFA. The possibility of modifying
Artemia nauplii fatty acid profile through the use of different enrichment product
allowed researchers and aquaculturists to work with a more balanced larval diet
(Sorgeloos and Léger, 1992; Narciso, 2000). The enrichment procedure, however, has
disadvantages since it causes Artemia nauplii mortality and growth, which can be a
limiting factor for its successful capture by mouth gape limited larvae. Temperature,
salinity and enrichment time can be manipulated to optimise the final product (enriched
Artemia nauplii). In this study we examined all these factors simultaneously using a

factorial design to understand their interactions.

Temperature seems to be the forcing function that most influences Artemia
percent survival, total length and fatty acid profile; high temperatures favour growth and
fatty acid incorporation, but increases mortality. Salinity is more important for growth,
and ARA incorporation. The best use of the enrichment model is to find the optimal

combination of temperature, salinity and enrichment time to improve nauplii FA profile,



while minimizing growth and mortality during enrichment, when we have specific
limitations in regards to prey size and fatty acid profile. This model was designed for

the enrichment of Artemia franciscana (marine strain) with AlgaMac 2000%, and

therefore will need to be adapted to predict results for enrichment of other Artemia

strains and/or other enrichment products.

A possible and important follow-up for this study (and model) would be to
predict survival, total length and fatty acid content after the enrichment, i.e., once the
prey is moved to the larval tank to feed the larvae, the Artemia nauplii become expose
to starvation. It will be important to take into consideration the change in the fatty acid
content of each nauplii, the undesired growth of the prey and the mortality due to
starvation during this period. Several authors reported that enriched Artemia nauplii
subject to starvation see their FA content decrease, particularly DHA which is converted
to EPA (Dhert et al., 1993; Danielsen et al., 1995; Triantaphyllidis et al., 1995; Evjemo
et al., 1997; Estévez et al., 1998; Navarro et al., 1999; Han et al., 2001). It will be
important to know for how long does the prey remain suitable, i.e., maintains a suitable
fatty acid profile and a size that does not diminish the chances of successful capture.
This timing will determine the frequency of prey replacement. Temperature is also
known to be an important aspect during this period; the de-enrichment rate, as well as
the mortality rate, is known to be reduced at lower temperatures (Evjemo et al., 1997;
Evjemo et al., 2001). Thus, when culturing cold water species, the nauplii starvation
might not have such bad consequences to the Artemia nauplii nutritional profile as when

culturing tropical species (Estévez et al., 1998; Evjemo et al., 2001).
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