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Abstract
Ascorbic acid (AA)-enriched Artemia in alginate pellets and unenriched pellets were fed to Jasus edwardsii broodstock to supplement AA intake of the basal diet (mussels, squid and compound prawn pellets) during ovarian development before egg extrusion. Pellet AA content ranged from 150 (unenriched) to 9,153 (enriched) (g g-1. The basal diet (150 (g AA g-1) was compared to low (150), medium (450) and high (1,350 AA (g g-1) AA supplementation. Dietary AA content was obtained using combinations of unenriched and AA-enriched Artemia in combination with the basal diet. Supplementation resulted in ovarian AA saturation at ~240 (g g-1, increasing ovarian content by 160%. Digestive gland concentrations were 76-92 (g AA g-1 for diets containing ( 450 (g AA g-1, but reached 270 (g AA g-1 for the high supplement. The considerable AA store in tail muscle appeared to be translocated to the ovary during maturation. There was no significant AA depletion in eggs during embryogenesis suggesting minimal AA utilization during this phase.  J. edwardsii spawns once annually, unlike other multiple spawning crustaceans. Therefore, AA supplementation did not alter fecundity or phyllosoma quality but resulted in a dose-dependent increase (up to 33%) in AA content of eggs and phyllosoma.
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Introduction 
The temperate spiny lobster Jasus edwardsii often experiences periods of inconsistent larval quality when maintained in captivity (Smith et al. 2003a, b). Similar fluctuations in larval viability in other crustaceans have been circumvented by elevating the dietary ascorbic acid (AA) content above that required for normal metabolic functioning (Wouters et al. 2001). The inclusion of additional AA in crustacean diets has previously resulted in improved ovarian development, hatchability of eggs and larval viability (Cahu et al. 1991; Alva et al. 1993a, b; Cahu et al. 1995). However, there are challenges in providing water soluble vitamins such as AA to crustaceans because of their slow and selective feeding behavior (Conklin 1997). 
For many crustaceans, the dietary requirements for AA are as little as 120 (g g-1 (Conklin 1997; He and Lawrence 1993; D’Abramo et al. 1994; Shiau and Hsu 1994; Giri et al. 1995).  AA deficiencies are typified by several gross morphological effects including retarded growth, moult death syndrome characterized by incomplete moulting, impaired wound healing, and melanised lesions beneath the exoskeleton (Hunter et al. 1979; Magarelli et al. 1979; He and Lawrence 1993; Chen and Chang 1994). These deficiencies have not been noted in J. edwardsii broodstock, so it can be assumed that the basal AA requirements are met by the range of dietary components on which they feed, including fresh mussels, squid and manufactured penaeid pellets (Verstraete et al. 1995). However, the effect of supplementing AA to excess on J. edwardsii broodstock is unknown.
The type of AA used for supplementation in early aquaculture feeds was L-ascorbic acid although this form of AA is easily depleted by physical factors associated with pellet production and usage, including heat, light and immersion in water (Eva et al. 1976; Grant et al. 1989). A water-stable form of AA, typically an ascorbyl polyphosphate (ApP) derivative is now widely used. However, diet and AA stability still largely depends on the duration before the diet is consumed, and this interacts with the palatability, manufacturing process, and storage of the diet (Giri et al. 1995; Kontara et al. 1997; Merchie et al. 1998; Moreau et al. 1998; Sangha et al. 2000). Thus, the provision of a palatable AA supplement that is consumed within a relatively short period is a prerequisite for aquaculture species and crustaceans in particular. 
The aim of this study was to examine the effect of AA supplementation via an Artemia-alginate pellet diet on the distribution of AA in female tissues, eggs and newly hatched phyllosoma larvae, and to assess changes to indicators of broodstock and larval quality. The delivery of a stable and palatable AA supplement was achieved by using Artemia biomass enriched with ascorbyl 2-phosphate (A2P) (Smith et al. 2004b) encapsulated within an alginate pellet. Using this method, free AA is incorporated into Artemia tissue at high doses, affording it a degree of protection from degradation while providing a palatable supplement to the broodstock. 
Materials and Methods
Broodstock collection and holding
Experiments were carried out at the Tasmanian Aquaculture and Fisheries Institute, Marine Research Laboratories (TAFI MRL), Hobart, Australia. Broodstock were captured from Tasmania's west coast (43( 19' S, 145( 52' E) and held at the facility for 7 months prior to the commencement of the study. A total of 87 females were weighed (mean ± sem; 561.7 ± 6.3 g), measured (carapace length) (104.1 ± 0.4) and stratified on body weight and carapace length. Thirty-six males were also randomly distributed among the treatments (710.6 ± 10.8 g; 112.1 ± 0.6 mm). The study consisted of 4 treatments in triplicate, with each replicate containing 10 animals (7 females, 3 males). Three additional females were utilized as an initial (Time 0) sample for biochemical analysis. 

Animals were held in 12 x 600 L square fiberglass tanks under ambient conditions of light and temperature. Light intensity at the tank floor was < 4 µmol s-1 m-2 during light exposure, while temperatures ranged from a low of 9.5°C in winter to 18.0°C in summer. Water supply was flow-through seawater at 300 L h-1, providing 100% water exchange every 2 h. Each tank contained concrete blocks arranged to provide a series of shelters for animals and tanks were surrounded with black plastic sheeting to provide visual isolation. 
Broodstock dietary regime
Prior to the commencement of the trial, all animals were fed a basal diet consisting of fresh mussels (Mytilus edulis), squid (Nototodarus sloanii) and penaeid compound diet (Vital prawn pellet, Higashimaru, Japan) 2:2:1 dry weight (dw) for 7 months. The broodstock feed regime provided a range of AA concentrations primarily altered by the addition of unenriched and AA-enriched Artemia biomass. The study commenced in March (autumn, southern hemisphere) and continued for 10 weeks during maturation and immediately prior to the pre-ovigerous moult. Broodstock were fed one of four dietary regimes consisting of: 
· B – Basal diet (with no Artemia); fresh mussels, squid and penaeid compound diet (2:2:1dw), containing ~ 150 (g AA g-1 dw  

· BAlow – Basal diet + unenriched Artemia-alginate pellets (Alow), containing ~ 150 (g AA g-1 dw

· BAhigh – Basal diet + Artemia-alginate pellets enriched with AA (Ahigh), containing ~ 1,350 (g AA g-1 dw

· BAmed – Basal diet + mix of Alow and Ahigh Artemia-alginate pellets, containing ~ 450 (g AA g-1 dw. 
All diet/supplement combinations were fed at a weekly rate of 1.35% dw of broodstock wet weight (ww). The concentration of AA utilized in this study was within the range of other successful supplementation studies with crustaceans (Cahu et al. 1991; Sangha et al. 2000). To counter preferential consumption by spiny lobsters, different dietary components were fed on separate days. Squid was fed on Monday, penaeid compound diet on Wednesday and mussels on Friday. The B dietary regime had the penaeid compound diet ration also divided between Tuesday and Thursday, as was the appropriate mix of enriched Artemia-alginate pellets to BAlow, BAmed and BAhigh.  Feed was placed on trays located on the tank bottom in the evening with any uneaten food removed within 24 h.  Broodstock dietary components (10g ww) were sampled for AA analysis at time 0, 1, 6 and 24 h after immersion in seawater (35‰, 18ºC), both at the commencement and completion of the study. Pellets were rinsed three times in 100 ml of freshly prepared 0.5 M ammonium formate, wrapped in aluminum foil before storage in liquid nitrogen until sample analysis. 
Preparation of AA-enriched Artemia pellets
The graduated supply of AA was facilitated by use of unenriched and AA-enriched Artemia biomass incorporated into alginate pellets at various rates and used in combination with other basal dietary components (squid, mussels and prawn pellet). Artemia biomass was prepared twice weekly using 1.5-2.5 mm juvenile Artemia that were enriched for a 24 h period with ascorbyl-2-monophosphate (A2P), a particulate form of AA (Stay C, Roche Vitamins Australia Ltd., Sydney) (Smith et al. 2004b). Briefly, Artemia culture and enrichment was conducted in 250 L cones containing aerated 1.0 µm filtered seawater maintained at 34 ± 1‰ and 28 ± 1(C. The A2P ration (final concentration 0.6 g L -1) was blended (household blender) in seawater for 1 min and added to the enrichment vessel at 0 and 12 h providing an Artemia AA enrichment content of approximately 10,000 (g g-1 dw after 24 h (Smith et al. 2004b). A second group of Artemia was maintained under similar conditions but without enrichment. After 24 h, Artemia were siphoned onto 250 (m screens, rinsed with fresh seawater and held at 4(C. For the manufacture of Artemia-alginate pellets, combinations of unenriched and enriched Artemia were used to provide different AA concentrations. They were mixed (1:1 ww) with 12% alginate (Merck Pty Ltd, Australia) and a small amount of coarse sand to ensure negative buoyancy. The mixture was extruded through a 7 mm diameter tube into a 4% calcium chloride bath, left to set for 1 min before cutting into 15 mm long pellets, draining and holding at 4( C. Care was taken to ensure air was not trapped in the mixture as this caused the pellets to float.
Broodstock sampling and monitoring
Female broodstock to be analyzed were randomly selected from each treatment in triplicate at the commencement and completion of the 10-week feeding trial. Prior to dissection, broodstock were placed in an ice slurry for 1 h to obtain a chill coma. Samples of the digestive gland, ovary and tail muscle were collected, rinsed and stored for AA analysis. Broodstock were checked daily for mortalities, moults and ovigerous females. No mortalities were recorded during feeding or the 5-month duration of egg incubation. A 2 g sample of eggs was removed from ovigerous females within one week of egg extrusion, rinsed and stored for AA analysis. 
Phyllosoma collection and treatments
Prior to hatching, females were placed into individual 20 l hatching containers suspended in their broodstock treatment tank and supplied with isothermal water (Smith et al. 2003a). At hatch, phyllosoma larvae were skimmed daily from the surface of the hatching container and counted. Cumulative totals were tallied over the typical 4-5 day hatch period for each female and the relative viable fecundity was calculated. Relative viable fecundity is the total number of phyllosoma hatching from each female divided by female carapace length, which standardizes phyllosoma production relative to female size. It does not include non-viable eggs or larvae that do not progress beyond the naupliosoma stage, which is the brief 0.5-1.0 h post-hatch stage (Tong et al. 2000). 

Phyllosoma from the 2nd day of hatch were randomly allocated to the following treatments: 
· Sample for analysis of AA. A 2 g sample of Stage I phyllosoma was rinsed and stored for AA analysis.

· Measurement of newly hatched Stage I larvae. The body lengths (anterior tip of the cephalothorax to the posterior point of the abdomen) of 20 newly-hatched Stage I phyllosoma from each female were measured at hatch and at Stage II (day 14), as described by Lesser (1978). Measurements were obtained using an overhead projection microscope (Nikon profile projector, model 6C, 20 times magnification).

· Survival of larvae in short-term temperature and salinity challenges (activity test). This assesses the viability of phyllosoma according to a modification of the method described by Smith et al. (2003b) (21(C used instead of 23(C). A lower stress index is indicative of higher survival in culture. 

· Culture of larvae for 14 d (Stage II) with measures of total length and survival. Larvae were cultured in triplicate to Stage II (14 d) in 1 L glass beakers containing gently aerated seawater (1.0 µm filtered, 34 ± 1‰, 18.0 ± 0.5(C). Growth, survival and stress indices were monitored during this period. Larvae were fed 1.5 mm unenriched juvenile Artemia at a rate of 3 ml-1 day-1 containing approximately 150 µg AA g-1 dw. This feed coincided with total water exchange in the beakers, flushing away uneaten Artemia, and antibiotics (oxytetracycline hydrochloride 25ppm, Engemycin 100, Intervet, Australia) were added to the culture water. During Stage I, larval densities were 100 larvae L -1 replicate-1. Treatments were terminated at Day 14 when larval size and survival were recorded. 

Ascorbic acid analysis
Artemia and phyllosoma samples were freeze-dried for 24 h (Dynavac freeze-drier F.D.3, -80°C, 33x 10-3 Mbar), dw taken and 50-100 mg subsamples set aside for analysis. Ascorbic acid was extracted from subsamples using metaphosphoric acid (3%) + acetic acid (8%) (MPA) by the method of Brown and Miller (1992), with minor modifications to the sonication step (sonicated once only for 30 sec). Total AA (sum of ascorbic acid plus dehydroascorbic acid) was detected using this assay but not AA in the form of A2P. However, a preliminary trial demonstrated that there was minimal additional AA present in Artemia post enrichment when using a phosphatase incubation step to convert A2P to AA (Wang et al. 1988). HPLC analysis was conducted on 50 µl samples using a Waters Model 600E liquid chromatograph system. The derivatized product was detected using a Waters Model 475 scanning fluorescence detector; the excitation maximum was set at 355 nm and emission maximum at 425 nm. The peak area was quantified using Waters Millennium software. The column used was a C18 Novapak, Waters; 3.9 x 150 mm, which was eluted isocratically with 80:20 (v/v) 0.08 M potassium dihydrogen phosphate (pH 7.8) and methanol, respectively, at a flow rate of 0.8 ml min-1. The results were expressed in (g AA g-1 dw. 

Statistics 
Statistical analyses were conducted using regression and correlation analysis, one-way analysis of variance with Tukey-Kramer HSD tests used for post-hoc comparison. Analysis of covariance was used to discern differences between slopes and regression intercepts. Arcsin( transforms were performed on percentage data. Unless stated otherwise, P < 0.05 was considered significantly different (Sokal and Rohlf 1995). Data are presented as mean ( sem. Statistics were executed using JMP version 5.1 (SAS Institute Inc.).

Results
Broodstock diet leaching
At Time 0, AA enriched Artemia-alginate pellets (Ahigh) contained 9,150 (g AA g-1 dw, the ration was adjusted for the AA inclusion of diet BAhigh (1,350 (g g-1). After 1 h immersion in water, the AA content of pellets was reduced by 34% to 6,039 (g g-1, with concomitant decreases to the AA dietary concentration in BAhigh (900 (g g-1). The immersion of Ahigh pellets in seawater for 6 and 24 h resulted in 81 and 97% reductions to their AA content (Table 1). At Time 0, Amed  enriched Artemia-alginate pellets contained 2,299 (g g-1 dw and the ration was adjusted to provide the required inclusion for diet BAmed (450 (g g-1), while the Alow unenriched Artemia-alginate pellets contained 150 (g g-1 dw. Similar leaching trends were evident in the Amed  and Alow pellets (Table 1), with concomitant reductions to the AA dietary concentrations in BAmed and BAlow diets. On the majority of days, > 80% of AA enriched pellets appeared to be consumed within the first hour with 10% of the remainder consumed over the next 6 h (all dietary components were fed at least 10% in excess of consumption).

Broodstock tissue concentrations
The digestive glands weighed ~ 25 g ww at Time 0 and were unchanged by feed duration or treatment. Ovarian ww was initially 24.5 ( 0.7 g, increasing to a pooled mean of 35.5 ( 3.2 g at the completion of the study (not significantly different between treatments). Total tail muscle ww remained unchanged at 241.7 ( 4.5 g and constituted 43% of total ww of 562 g animals (sample mean). On this basis, the AA contribution of the digestive gland, ovary and tail muscle, a tissue AA pool was calculated (Table 2). The digestive gland contained 20% of the AA pool prior to enrichment, and remained relatively stable in all treatments except for BAhigh where significant increases were evident. The ovary contained 36% of the AA pool prior to enrichment, increasing to become the dominant AA store with enrichment. Before enrichment, the tail muscle made the greatest contribution to the tissue AA pool of 44%, while after enrichment this was significantly less, between 21-28% across all treatments. 

The concentration of AA in the digestive gland was unchanged with feeding B or BAmed. Animals fed BAlow experienced a significant reduction in AA while those that received BAhigh experienced > 3 fold increases (Fig. 1a). The constant size of the digestive gland meant that the total content of AA in the digestive gland displayed the same trends as demonstrated in the concentration data. The AA concentration in the ovary altered in a treatment-specific manner; animals underwent minor decreases when fed B, were unchanged in BAlow and increased significantly when fed BAmed or BAhigh (Fig 1b). In general, the size of the ovary increased during the study. However, the inconsistent nature of the increases resulted in no significant difference in total AA across all treatments even though AA content increased from 3,657 (g at the commencement of the study to 4,804, 5,759, 6,110 and 8,731(g in animals fed diets B, BAow, BAmed and BAhigh, respectively. 
The tail muscle underwent significant alterations to AA incorporation with feeding and maturation (Fig 1c). The AA tail muscle concentration was unchanged in animals fed BAhigh, reduced by 25% in BAmed-fed animals and by ~ 45% in animals subject to treatments B and BAlow. The contribution of tail muscle AA to the tissue pool decreased from 44 - < 29% during the pre-ovigerous period irregardless of feeding regime.  

During this study, there were numerous changes to the distribution of AA within the digestive gland, ovary and tail muscle compared to Time 0. In animals receiving ( 450 (g AA g-1 (i.e., B, BAlow, BAmed), increases to the ovarian AA content were accompanied by concomitant reductions to the AA content in tail muscle, and to a lesser degree the digestive gland (BAlow) (Fig. 2). In animals receiving BAhigh, both the digestive gland and ovary experienced large increases to total AA while tail muscle maintained Time 0 concentrations. 
Egg and phyllosoma concentrations
Eggs derived from broodstock fed diet B contained the lowest AA concentration of 164 (g g-1 and this concentration increased to a maximum of 216 (g g-1 for the highest AA supplementation, BAhigh (Fig 3). The pattern of endogenous AA in newly-hatched Stage I phyllosoma was similar to that of the eggs, with BAhigh phyllosoma containing higher concentrations of AA (207 (g g-1) than those of phyllosoma from other treatments (< 164 (g g-1). There was a significant relationship between initial dietary AA concentration and the concentration of AA in eggs (R2 = 0.6285) or phyllosoma (R2 = 0.7315) and a similar relationship after 1 h immersion of the feed in seawater (eggs: R2 = 0.6150; phyllosoma: R2 = 0.7253), i.e., when ~ 80% of pellets were consumed. The regression slopes between initial AA dietary concentrations and the concentration of AA in eggs and phyllosoma did not differ significantly (F2,13 = 0.9130; P = 0.4323) nor did the intercepts (F1,14 = 1.0047; P = 0.4003). Similarly, the AA content of diets post 1 h immersion in water did not alter the slope (F2,13 = 0.9130; P = 0.4323) or intercept (F1,14 = 0.3332; P = 0.5771). A significant relationship existed between the concentration of AA in eggs and phyllosoma (R2 = 0.4341; Prob>F 0.0055; phyllosoma = 38.7048 + 0.6940*egg). 

Fecundity, egg and phyllosoma size/survival
There was no difference in the relative viable fecundity of animals from the different dietary treatments, although AA supplementation reduced the variability of the data as dietary AA increased (Fig. 4). Supplementing the broodstock diet with AA did not significantly reduce the stress index, even at the highest concentration, and had no effect on phyllosoma size or that of phyllosoma survival (Table 3). There was a significant negative correlation between phyllosoma stress indices and survival in culture (R = -0.6463; Prob>F 0.0068).

Discussion
Broodstock diet leaching
Enrichment of Artemia with A2P and the subsequent conversion and maintenance as L-ascorbic acid (Smith et al. 2004b) allows high concentrations of AA to be delivered in the diet via an Artemia encapsulated alginate package. While L-ascorbic acid is easily assimilated by crustaceans it is not generally the dietary AA source of choice due to rapid leaching and oxidization associated with prolonged immersion in water before consumption (Shiau and Hsu 1994; Kontara et al. 1997). During this study, L-ascorbic acid (fed to Artemia as A2P but incorporated as L-ascorbic acid) was retained far in excess of previous reports in other compound diets where only 2.3% was left after 1 h (Souissi 1991) and undetectable by 3 h (Shigueno and Itoh 1988). Artemia AA alginate pellets maintained similar concentrations of AA to protected forms such as ApP (Giri et al. 1995; Kontara et al. 1997; Merchie et al. 1998; Moreau et al. 1998; Sangha et al. 2000) and in a palatable form for quick consumption by this species. When supplementary AA is required and diet acceptance by animals is important, we have demonstrated that Artemia can be enriched with high tissue concentrations of AA and that this can be maintained within an alginate pellet. The maintenance of AA within the pellet was of sufficient duration to allow J. edwardsii to be exposed to high dietary concentrations of AA. 

Broodstock tissue concentrations
AA normally accumulates in ovarian tissue during maturation and prior to egg extrusion in crustaceans (Guary et al. 1975; Alva et al. 1993a; Sangha et al. 2000), although there are some exceptions to this pattern (Wouters et al. 2001). Animals from this study demonstrated increased ovarian AA concentrations, albeit moderate (150-240 µg g-1). When supplemented at 450 µg g-1, the ovarian concentration appeared to reach a plateau in spite of higher AA supplementation (1,350 µg g-1). Minimal dietary AA concentrations were sufficient to sustain viable embryonic development (150 µg g-1) suggesting that this concentration is equal to or greater than basal requirements. Total ovarian AA content increased by about 160% between animals receiving low or high AA dietary supplementation whereas dietary concentrations increased by 900% (from 150 to 1,350 µg g-1). Increasing AA content did not result in significant improvements to larval quality, as has been evident in other crustaceans (Kontara et al. 1997; Moreau et al. 1998). The ovarian AA content of J. edwardsii, even after the highest level of supplementation, was low compared to other wild-caught sexually mature crustaceans, such as Macrobrachium rosenbergii (210-450 µg g-1) and Litopenaeus vannamei (352-461 µg g-1) (Cavalli 2000; Wouters et al. 2001). Closer examination of the reproductive strategies of these two species illustrates that they are repeat-spawners, contrary to the annual spawning strategy of J. edwardsii and therefore likely to require larger AA reserves to maintain larval quality in successive spawning events (Cahu et al. 1991). 

The suggestion that ovarian AA in crustaceans is sequestered from digestive gland stores (Guary et al. 1975; Sangha et al. 2000) was not confirmed by this study. However, the evidence suggests that the digestive gland has some AA storage capacity associated with ovarian maturation, where content was reduced when dietary AA was low (150 µg g-1) concomitant with increased ovarian content, and increased when AA ovarian content was supplemented above a concentration plateau of 240 µg g-1. 
The tail muscle, although only containing low concentrations of AA, makes a significant contribution to the combined digestive gland, ovary and tail muscle AA pool (44% before enrichment) because of its large total weight. In contrast to our findings, tail muscle has been reported as only contributing small amounts to the AA pool (Sangha et al. 2000). In animals fed the lower AA diets (i.e., B, BAlow), there were large decreases in tail muscle AA content concomitant with increased ovarian content, suggesting a sequestering of tail muscle AA stores for use in the ovary. With medium to high AA supplementation (BAmed, BAhigh), it appears that the demand on tail muscle stores is reduced or negligible. Thus, in these two treatments and as is the case with lipid metabolism during ovarian maturation in polar shrimp (Clark 1982), it may be possible to prevent AA depletion in specific organs if there is sufficient dietary supplementation. We speculate that the pool of AA contained in the tail muscle is readily mobilized to satisfy the requirements of maturation when dietary supply is low. This is a useful adaptation considering spiny lobsters are opportunistic foragers often exposed to a wide variety of food items, which may be subject to seasonal or spatial availability (Jernakoff et al. 1993; Barkai et al. 1996). 

Egg and phyllosoma concentrations
The increasing AA content of the broodstock diet was reflected in a graduated AA content in both eggs and phyllosoma although not proportional to dietary intake. Maximum egg concentrations of 650 µg g-1, equivalent to the dietary concentration, were maintained in successive spawning events in Penaeus indicus (Cahu et al. 1991), up to 3 times the highest AA content evident in J. edwardsii eggs in this study. The content of AA in J. edwardsii eggs was not depleted during egg incubation to larval hatch in any treatments. This is contrary to suggestions in other crustaceans that AA is heavily utilized during embryonic development associated with collagen synthesis (Cahu et al. 1991), specifically as a co-factor in the hydroxylation of proline to form collagen (Robertson and Schwartz 1953; Hunter et al. 1979; Dabrowski 1992). Instead, it may be that AA metabolism during embryonic development was restricted to some essential biological functions while more general roles such as the prevention of lipid peroxidation was undertaken by other nutrients such as (-tocopherol (Cahu et al. 1995). 

Fecundity, phyllosoma size and survival
AA supplementation has previously been associated with enhanced ovarian development in fish and crustaceans (Soliman et al. 1986; Alva et al. 1993b) and improvements to egg hatchability (Cahu et al. 1991), i.e. potential determinants of relative viable fecundity. The relative viable fecundity did not differ among treatments although with increasing AA supplementation, less variation was noted between replicates. The role of AA in improving consistency in relative viable fecundity may be related to its role in mediating stress response (Dabrowski 1992). Broodstock with low concentrations of AA may demonstrate greater reproductive variability depending on their ability to respond to husbandry stress during maturation. By contrast, high dietary levels of AA produced less variation in the relative viable fecundity, and this reduced variation has important application to a goal of achieving a high efficiency (predictability) of larval production relative to planning in an aquaculture enterprise.
While there was a difference between AA content of phyllosoma, this did not translate into alterations in their performance in activity tests, size and survival in culture. We suggest the increase in AA content across treatments was insufficient to elicit a positive response in broodstock or phyllosoma quality. The ability to deliver high doses of AA in the diet to phyllosoma via the broodstock (and hence eggs) appear to be limited to the relatively small differences between the minimum and maximum ovarian AA concentrations. It was also noted that AA was not significantly depleted during egg development to hatch, indicating that there was a low embryonic AA requirement, which was easily saturated. 
A relationship existed between larval survival in the activity test and in culture, which was independent of phyllosoma AA concentration. If supplementary AA was likely to influence phyllosoma quality, the relatively low levels provided by ovarian saturation would not appreciably assist this process, with 10-fold increase in endogenous AA content usually required to obtain tangible improvements (Merchie et al. 1997). Therefore, a direct route, i.e., through phyllosoma feeds, may be required. In general, younger animals (especially larvae) have higher specific metabolic rates and greater AA demands than large adults. With increased demands also comes the ability for increased uptake and storage capacity (Sandnes et al. 1992; Chen and Chang 1994; Merchie et al. 1993; Moreau et al. 1998). Therefore, the likelihood of eliciting an improvement in larval quality is greater when supplementing the diet of larvae than would be expected by supplementing the broodstock. Indeed, Merchie et al. (1997) found that for Macrobrachium rosenbergii larvae, the AA content increased from 154-293 µg AA g-1 DW before supplementation to 352-365 µg AA g-1 DW after supplementation. We also recently found that feeding AA-enriched Artemia to newly-hatched phyllosoma markedly increased AA content and this was accompanied by a significant improvement in larval survival and stress indices (Smith et al. 2004a).
Conclusions

This study demonstrated that an alginate-bound Artemia diet could be used to rapidly deliver AA, thereby minimizing its degradation, it was present in an attractive, palatable form that is quickly consumed by adult J. edwardsii. This form of diet also provides another option for the delivery of a range of enrichments and chemotherapeutics to crustaceans. J. edwardsii broodstock were able to sequester the AA required for ovarian maturation from dietary components and body stores, in particular from the tail muscle, an organ that was previously thought to contribute little to AA stores. Supplementation of the broodstock diet with AA significantly increased embryonic AA content although the utilization of AA by embryos was negligible.
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Table 1. Ascorbic acid (AA) content in Artemia enriched alginate pellets immersed in seawater, AA is presented both quantitatively (( sem) and as a % loss, n = 3. The diets (B, BAlow, BAmed and BAhigh) containing increasing levels of AA are described in the Materials and Methods.

	Exposure
	Ascorbic acid retention and % loss after exposure to water

	period
	BAlow
	BAmed
	BAhigh

	
	AA (g g-1
	% loss
	AA (g g-1
	% loss
	AA (g g-1
	% loss

	Basal content
	156
	(
	12
	0
	2,299
	(
	110
	0
	9,150
	(
	261
	0

	After 1h
	142
	(
	6
	9
	1,555
	(
	3
	32
	6,050
	(
	130
	34

	After 6h
	81
	(
	5
	48
	692
	(
	174
	70
	1,708
	(
	665
	81

	After 24h
	32
	(
	5
	79
	200
	(
	130
	91
	276
	(
	165
	97


Table 2. Distribution of ascorbic acid (AA) in the tissue (digestive gland, ovary, tail muscle) pool of J. edwardsii females before and after feeding an ascorbic acid supplemented diet for 10 weeks (See Table 1. for details) Data were analysed using ANOVA, P<0.05 was considered significant. The diets (B, BAlow, BAmed and BAhigh) containing increasing levels of AA are described in the Materials and Methods.

	Tissue
	Relative contribution (%) to tissue AA pool

	
	Time 0
	After feeding for 10 weeks with:

	
	
	B
	BAlow
	BAmed
	BAhigh

	Digestive gland
	20 ± 3b
	18± 3b
	13± 1b
	20± 2b
	37± 9a

	Ovary
	36± 2b
	54± 12a
	62± 4a
	52± 4a
	42± 3b

	Tail muscle
	44± 2a
	28± 3b
	25± 1b
	28± 4b
	21± 4b


Table 3. Jasus edwardsii phyllosoma quality measures (mean ± sem) of stress indices, size (total length) and survival after supplementation of broodstock diets with AA. No significant difference was noted across any quality parameter. The diets (B, BAlow, BAmed and BAhigh) containing increasing levels of AA are described in the Materials and Methods.

	Quality measure
	Broodstock ascorbic acid treatments

	
	B
	BAlow
	BAmed
	BAhigh

	Stress indices
	36.4
	(
	18.3
	38.1
	(
	16.2
	35.5
	(
	12.7
	20.9
	(
	8.0

	Size Stage I (mm)
	2.15
	(
	0.02
	2.10
	(
	0.02
	2.15
	(
	0.01
	2.15
	(
	0.03

	Size Stage II (mm)
	3.00
	(
	0.01
	3.04
	(
	0.03
	3.02
	(
	0.03
	3.01
	(
	0.04

	Survival Stage II (%)
	80.9
	(
	5.4
	83.8
	(
	6.4
	66.4
	(
	18.7
	79.5
	(
	2.0
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Figure 1. Tissue concentrations of ascorbic acid (AA (g g-1 dw) prior to and after feeding supplementary AA for 10 weeks. All treatments included basal (B) fresh and compound prawn diet and were supplemented with Artemia pellets (comprising unenriched and/or AA-enriched Artemia) to provide dietary AA concentrations of 150 (BAlow), 450 (BAmed) or 1350 (BAhig h) (g g-1. Different letters denote a significant difference between tissue concentrations of AA (ANOVA, P<0.05). Each treatment was examined in triplicate.

[image: image4.wmf]-4000

-2000

0

2000

4000

6000

Change in ascorbic acid  (  

m

g)

Ovary

Digestive gland

Tail muscle

B

BA

low

BA

med

BA

high

Enrichment treatment

Note:

 Compared to

 Time 0

 ascorbic acid 

content

(baseline)


Figure 2. Change in total ascorbic acid ((g) in the digestive gland, ovary and tail muscle of Jasus edwardsii relative to the content at Time 0 (baseline of plot). All treatments included basal (B) fresh and compound prawn diet and were supplemented with Artemia pellets (comprising unenriched and/or AA-enriched Artemia) to provide dietary AA concentrations of 150 (BAlow), 450 (BAmed) or 1350 (BAhig h) (g g-1.  Each treatment was examined in triplicate.

[image: image5.wmf]0

50

100

150

200

250

Ascorbic acid (

m

g g

-1

)

BA

high

BA

med

BA

low

B

Eggs

B

BA

low

BA

med

BA

high

Phyllosoma

a

ab

b

b

a

b

b

b


Figure 3. Egg and phyllosoma ascorbic acid (AA) concentrations resulting from different amounts of broodstock AA supplementation. All treatments included basal (B) fresh and compound prawn diet and were supplemented with Artemia pellets (comprising unenriched and/or AA-enriched Artemia) to provide dietary AA concentrations of 150 (BAlow), 450 (BAmed) or 1350 (BAhig h) (g g-1.  Different letters denote a significant difference between treatments in eggs or phyllosoma (ANOVA, P<0.05). Each treatment was examined in triplicate.
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Figure 4. The relationship between relative viable fecundity (total number of phyllosoma produced adjusted for female size) and broodstock dietary treatment. All treatments included basal (B) fresh and compound prawn diet and were supplemented with Artemia pellets (comprising unenriched and/or AA-enriched Artemia) to provide dietary AA concentrations of 150 (BAlow), 450 (BAmed) or 1350 (BAhig h) (g g-1, n = 6 per treatment.

