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Optimizing broodstock reproductive performance quality in aquaculture is crucial for planning long-term genetic improvement programs to facilitate the development of an effective seed dissemination strategy. In the current study, we investigated the relative reproductive performance of female Litopenaeus vannamei broodstock reared under two common rearing systems: (i) recirculating tanks (RT) and (ii) earthen ponds (EP), and evaluated relative individual female reproductive performance (RT vs EP), quality of reproductive females in relation to individual body size of spawners, and female reproductive quality relative to spawning order (number of spawning events per individual). No significant difference (P > 0.05) was observed between RT-reared vs EP-reared females for: (i) number of eggs per spawn (RT = 23.34 ± 0.72 × 104, EP = 22.45 ± 0.67 × 104), (ii) number of nauplii per spawn (RT = 19.85 ± 0.85 × 104, EP = 19.53 ± 0.83 × 104), (iii) hatch rate of eggs per spawn (RT = 0.83 ± 0.02, EP = 0.85 ± 0.02), or (iv) relative fecundity – number of eggs per gram of female (RT = 5.51 ± 0.15 × 103, EP = 5.78 ± 0.19 × 103). We recorded 136 and 101 spawning events for RT and ER females, respectively. EP-reared females (1.93 ± 0.23) showed a significantly higher (P < 0.01) spawn frequency compared with RT-reared females (1.34 ± 0.12). Females under the two treatments showed a similar pattern for body size with larger body size spawners producing higher (P < 0.01) numbers of eggs and nauplii per spawn than smaller spawning females. Of interest, we observed that while large-sized RT-reared females recorded a higher mean spawn frequency, medium-sized females from the EP treatment showed double the spawn frequency compared with small or large sized females of EP. No compromise was evident in the quality of individual female reproductive performance for multiple spawning individuals compared with first or second spawning order events for all reproductive parameters evaluated (P > 0.05). The data generated here will be used to optimize a genetic breeding strategy for our broodstock line and to develop a seed distribution strategy for the local production sector in China.
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INTRODUCTION

In most breed improvement programs for farmed aquatic species, the stage following development of a breeding nucleus is to identify the best breeding candidates and to optimize their reproductive performance prior to implementing a selection regime (Gjedrem, 2005). Specific tasks associated with this step in penaeid shrimp breeding include: (a) rearing offspring of individuals from the nucleus to sexual maturation; (b) providing the best broodstock to multipliers; and (c) supplying nauplii or postlarvae (usually PL5 or PL10) to the nursery sector – or if a nursery stage is not included then juvenile shrimp are supplied directly to growout farmers. In part, this sequence of events requires that broodstock used to produce juveniles show good individual reproductive performance as this is essential, not only to preserve genetic resources in the nucleus and to accumulate optimal breeding traits in live animals across generations, but also to facilitate dissemination of quality seed to growout farms. This can allow the majority of profit generated from sale of quality offspring to be fed back into investment in the breeding program. From a seed multiplier’s perspective, important parameters that determine relative individual female reproductive quality include; the number of eggs per spawn (NE), the number of nauplii per spawn (NN), the hatch rate of eggs (HR), and the proportion of females in the broodstock population that spawn per night (this also equates to female spawn frequency, SF), total nauplii numbers produced and the associated profit that is possible.

Nearly all Litopenaeus vannamei culture around the world, currently relies on domesticated strains that have many advantages (e.g., biosecurity concerns) over use of wild caught broodstock (Ibarra et al., 2007; Benzie, 2009; Ceballos-Vázquez et al., 2010; Andriantahina et al., 2012). In contrast, most other penaeid culture industries generally rely on sourcing broodstock from wild stock (Boucard et al., 2004; Preston et al., 2004; Peixoto et al., 2008, 2011; Jiang et al., 2009; Arnold et al., 2013; Marsden et al., 2013). Relative reproductive performance of domesticated stock, however, needs to be evaluated appropriately before broodstock are released to the seed production sector. There has been significant controversy about the relative reproductive performance of domesticated lines over the past 40 years, resulting from variation in a range of factors including impact of age, size, and/or genetic background (Aquacop, 1979; Primavera and Posadas, 1981; Menasveta et al., 1993; Medina et al., 1996; Browdy, 1998; Preston et al., 1999; Arcos et al., 2005a; Coman et al., 2006; Peixoto et al., 2008; Arnold et al., 2013; Marsden et al., 2013; Wen et al., 2015).

Female reproductive performance in penaeids can be impacted by a number of factors including; additive genetic composition, individual physical status, nutrition status, and culture water environmental factors (Benzie, 1997; Ibarra et al., 2007). Well managed recirculating tank (RT) systems provide a stable high quality water environment with bio-secure conditions that should result in lower mortality and minimum water pollution. For these reasons, they have been considered to be an ideal rearing system for closing the life cycle of penaeid shrimp in genetic improvement programs, and also for producing mature SPF broodstock for the industry (Chen et al., 1991; Crocos and Coman, 1997; Otoshi et al., 2003; Duy et al., 2012). Tank-reared broodstock, however, often do not show the same or similar reproductive performance compared with broodstock sourced from wild populations or even culture stock reared in earthen ponds (EP) (Otoshi et al., 2003; Coman et al., 2006; Andriantahina et al., 2012; Arnold et al., 2013). This issue needs to be further investigated to help meet demands from the seed production sector.

Earthen ponds are widely used for rearing domesticated L. vannamei stocks in the shrimp farming industry (Briggs et al., 2004). Small entrepreneurial family holders in China first learned about the maturation of L. vannamei broodstock in EP after unilateral eyestalk ablation was introduced by a Taiwanese technician in the late 20th century (A.B. Gao, personal communication), and this development pioneered shrimp farming in China. For decades, this method for nauplii production has contributed more than 50% to total nauplii supply in the seed sector. The practice has been used widely in China, where an annual production of more than one million tons of L. vannamei has been maintained for decades (FAO, 2016). Anecdotal stories about nauplii production using EP broodstock, however, have indicated that problems still exist. Farmers in China using this system prefer small- and medium-sized female broodstock rather than large individuals because they believed that smaller-sized mature females show better reproductive performance. In contrast, results of scientific studies on the relationship between body size and individual reproductive performance in penaeid shrimps, have suggested a reverse relationship (Arcos et al., 2003a; Peixoto et al., 2003; Ibarra et al., 2007; Ceballos-Vázquez et al., 2010; Andriantahina et al., 2012; Arnold et al., 2013). Moreover, technicians running hatcheries often claimed that stocks raised in EP are easier to bring to maturity (personal communication Anonymous) and showed higher mating rate compared with imported SPF stocks (generally reared in tank systems; Otoshi et al., 2003). To date, only two comparative studies have been conducted on the relative reproductive performance of L. vannamei broodstock reared in RT vs EP systems (Otoshi et al., 2003; Andriantahina et al., 2012). Notwithstanding, estimated reproductive parameters in these study were also collected following artificial insemination that produced significantly lower NE, NN, and HR rates compared with natural mating designs of data available from current commercial nauplii production.

Body size is the principal criterion for selecting female broodstock in penaeid shrimps because it is non-invasive and easy to measure with respect to labor requirements and the costs involved (Arcos et al., 2003a; Ibarra et al., 2007). In general, large female penaeids are considered better quality spawners because there is evidence for a positive correlation between individual size and NE (Emmerson, 1980; Ottogalli et al., 1988; Palacios et al., 1998; Arcos et al., 2003a) and SF (Menasveta et al., 1994; Hansford and Marsden, 1995; Palacios et al., 2000; Arnold et al., 2013; Wen et al., 2015). In hatcheries, the recommended choice for female L. vannamei broodstock currently, is to use 30–45 g individuals (Aquacop, 1983; Bray and Lawrence, 1991; Wyban and Sweeney, 1991; Otoshi et al., 2003). In small family hatcheries in China, however, farmers usually select females that range from 25 to 35 g for nauplii production. Choice of individual body size of broodstock, however, can be related to the rearing systems used due to effects of culture density, physical environmental factors in the water used, and nutritional factors (Ibarra et al., 2007; Peixoto et al., 2011). As a result, no clear advice is currently available for new producers, so selection of broodstock based on individual size requires further investigation to determine potential impacts of different rearing systems. In addition, results of aforementioned studies that investigated the relationship between body size and reproductive parameters have varied widely (in some cases they have produced contrasting results) in particular, in terms of HR. Of interest, however, is that most experimental tests of the above parameters have produced estimates much lower than those achieved currently under commercial production conditions. This highlights a need to standardize broodstock maturation environments and nutrition. Therefore, a starting point for this is to develop optimal management in experimental test tanks and then later, to trial the procedures at larger production scales.

A primary goal in penaeid shrimp reproductive biology study is to understand the mechanism(s) determining why a large proportion of mature females reproduce infrequently or may never spawn, while at the same time a very small proportion of mature females spawn multiple times and hence contribute to the majority of nauplii in each hatchery cycle (see reviews by Ibarra et al., 2007; Arcos et al., 2003a). For more than 40 years, studies have tried to manipulate a variety of factors to improve the rate of multiple spawning in penaeid species. Factors that have been considered include; correlation with phenotypic traits (Menasveta et al., 1994; Palacios et al., 1999a; Hoang et al., 2002; Arcos et al., 2003a; Palacios and Racotta, 2003); physiology and biochemistry (Arcos et al., 2003b; Palacios and Racotta, 2003; Peixoto et al., 2004); nutrition (Coman et al., 2007; Hoa et al., 2009; Goodall et al., 2016); additive genetic components (Arcos et al., 2005b; Macbeth et al., 2007; Ibarra et al., 2009) and hormonal levels and functional gene expression patterns (Tsutsui et al., 2005; Treerattrakool et al., 2014; Huerlimann et al., 2018). In L. vannamei farming, the two culture systems (RT and EP) widely used for domesticated stocks, may potentially impact SF. Most studies that have investigated the impact of different culture systems on SF in penaeid shrimps have focused on comparisons between wild stocks and earthen pond cultured populations (Menasveta et al., 1993; Palacios et al., 1999a; Wen et al., 2015).

While multiple spawning is considered a desirable trait, the premise behind this concept is no compromise on reproductive performance of multiple spawners. In particular, the egg quality of multiple spawners should not necessarily deteriorate from first to subsequent spawns (Palacios and Racotta, 2003; Arcos et al., 2004; Ibarra et al., 2007). Reproductive exhaustion of broodstock during nauplii production in penaeid shrimps is recognized to be a relatively common phenomenon (Wyban, 1997; Palacios et al., 1998, 1999b), if maturation conditions have not been managed well. This issue highlights a need for considering how optimal were the maturation conditions employed during any experimental tests of relative individual reproductive quality.

In the current study we reared L. vannamei broodstock under two culture conditions (RT and EP) using nauplii produced from the spawning of a single batch to eliminate any potential effects from the genetic resources used or different ages, and compared (a) differences in individual mature female reproductive performance under RT vs EP culture treatments, (b) the relationship between females size and the quality of their individual reproductive parameters, and (c) female reproductive quality relative to spawning order under commercial hatchery conditions.



MATERIALS AND METHODS


Experimental Animal

Shrimp nauplii used in our study came from a single mass spawning on a single night in a commercial hatchery owned by the Beijing Shuishiji Biotech Ltd. at Wanning, Hainan Province, China. Genetic background of broodstock had been described in previous study (Ren S. J. et al., 2020). Larval culture and the nursery phase occurred from 1st July to 20th July, 2017. Post larvae (PL10 stage) were sampled randomly and transferred to either EP or RT for growout.



Broodstock Rearing Procedure in Earthen Ponds

Individuals were stocked into 0.8 ha EP at a commercial shrimp farm at Wanning, Hainan. Initially, PLs were stocked at a density of 25 individuals per m2 (200,000 PLs per pond) and fed with a commercially formulated diet (EVERGREEN AQUATIC & Ltd.) containing 40% dietary crude protein. Feeding ratio over the first 5 months of growout was initially ∼10% of biomass, steady decrease to ∼2% of biomass. At the end of the 5 month culture period, shrimp were collected at random and transferred to another earthen pond and supplied with enhanced nutrition for 3 months to reach pre-maturation stage. Management and feeding strategies during this time were almost identical to that used over the growout stage, except that shrimp were also supplied with fresh squid meal twice per week.



Broodstock Rearing Procedure in Recirculating Tanks

Shrimp were stocked into RT using the same standard procedure used in the family growth parameter study as described in Ren S. J. et al. (2020). RT tanks were circular polypropylene fiber tanks (3.5 m diameter, 0.9 m depth), with the water column depth maintained at 0.5 m. A biological recirculating culture system was used to maintain water quality at an exchange rate of 600 to 800% per day. The biological filter was constructed of four layers consisting of; filter biological cotton, silica sand, crushed coral stone, and volcanic rock, with a total approximate volume of 30% marine water in each tank. During the 3 to 4 months pre-maturation stage, tested shrimp were fed with a combined diet (2:1) of commercial pellets (containing 35 to 40% crude protein) and fresh squid, with water temperature maintained at 22 to 27°C.



Design for Experimental Comparisons

When individuals had reached 8 months of age, broodstock from EP were collected at random and transferred to the hatchery for acclimation in maturation tanks. Trials used 4 × 10 m2 RT and males and females were reared separately at a stocking rate of eight individuals per m2. Broodstock maturation management was the same as a previous study (Ren S. J. et al., 2020). Mature females from EP and RT were tagged with individual numbered silicon eye rings for source identification and then reared communally in two tanks. At 10 months of age, test females were subjected to unilateral eyestalk ablation. Reproductive parameters for females in both the RT and EP treatments were collected 1 month after eyestalk ablation, and data recorded for 30 days. Females with mature ovaries (stage IV) were collected daily at 10:00 am and transferred to tanks with mature male broodstock. At 19:00 h, successfully mated females with attached spermatophores were placed into individual 500 L fiberglass tanks filled with 300 L of clean seawater. Spawning environmental conditions were maintained at 28 ± 0.5°C and salinity at 32–36 ppt. At 24:00 h, all females in the spawning tanks were returned to their maturation tank and then released eggs were incubated with gentle aeration. In total, 107 RT females and 49 EP females broodstock were used for estimating individual reproductive parameters.



Evaluation of Reproductive Parameters

Reproductive performance was assessed for a series of standardized parameters over 30 days. Rate of survival of females under the two treatments (RT vs EP) was recorded at the end of the experiment (i.e., at 30 days). After successful spawning, body weight after spawning (BW) was measured. Individual female fecundity was measured using two methods: (i) number of eggs (NE) per spawn was calculated using a 200 mL beaker sub-sampling method with three replicates after eggs had been thoroughly homogenized in the spawning tanks with 300 L volume seawater; and (ii) relative fecundity data was estimated as the number of eggs per unit body weight after spawning. The number of nauplii per spawn (NN) was measured using the approach as used for NE on the second day at 11:30 h after nauplii had hatched. Hatchability (HR) was measured as the percentage of hatching nauplii per spawning event as (NN/NE) × 100%. SF of each female was examined after 1 month when the experiment had ended. Relative fecundity – measured as the number of eggs per unit body weight (FE) – calculated by dividing the number of eggs per spawn by BW. Finally, the number of successful spawning events was recorded for each surviving broodstock female at the end of the experiment.



Statistical Analysis

As the data for HR are presented as percentages, values were arcsine transformed prior to further analysis (Zar, 1996). Both percentage data (HR) and arcsine-transformed data (HRat) were included in further statistical analyses. Single factor one-way ANOVAs were performed to compare reproductive parameters between treatments (RT vs EP). Variables evaluated included: BW, NE, NN, HR, HRat, and SF. Prior to performing ANOVAs, tests for assumptions of normality and homogeneity of variance were undertaken. There was no significant P values for any of the reproductive traits assessed here. In addition, the interaction between SF and rearing environment was investigated using a chi-square test of independence. To evaluate the effect of BW in relation to reproductive parameters, BW was first divided into three individual female size classes namely: small (BW < 38 g), medium (38–48 g), and large (>48 g) sized individuals [threshold for the three size categories was based on the criteria of body size for broodstock selection (see earlier), with the objective to introduce a variance for body weight that represented statistically significant differences among three size groups within two treatments]. Following this, BW group data were introduced as a covariate in a two-way factorial ANOVA analysis. To assess the quality of reproductive performance in relation to “spawning order,” spawning events were also divided into three groups, namely: first spawning event over the experimental period, second spawning event over the experimental period, and multiple spawning events (three or more) over the experimental period. The three groups for “spawning order” were set as a covariate in a two-way ANOVA analysis. Tukey’s post hoc means comparison was used to assess significance differences between means after ANOVA analyses. Level of statistical significance was set at P < 0.05. All statistical analyses were performed using SPSS 23 (IBM).



RESULTS


Reproductive Performance in Relation to Treatment (RT vs EP)

Means for reproductive parameters from broodstock females reared in the two culture environments (RT and EP) over a 1 month test period are presented in Table 1. No statistically significant difference was evident for female survival rate between the two culture environments, 94% – RT vs 92% – EP, respectively. A total of 136 spawning events for females were recorded in the RT treatment vs 101 spawning events in the EP environment. There was no significant difference between treatments (RT vs EP) for most reproductive quality parameters (NE, NN, HR, HRat, and FE). It should be noted that the mean values for NE, NN, and HR for females recorded from either RT or EP treatments were all within the ranges reported for optimal commercial nauplii production in China (personal observation). Females in the EP treatment however, showed significantly higher SF than females in the RT treatment (P < 0.01).


TABLE 1. Comparison of reproductive performance (±1 SE) of L. vannamei broodstock reared in two different treatments: earthen ponds (EP) vs recirculating tanks (RT).

[image: Table 1]Of the 101 females in the RT treatment over the 30 day experimental trial period, approximately 30% of individuals did not spawn at all, while another 30% spawned only once. A total of 23% spawned twice and 17% spawned three or more times (Figure 1A). In the EP treatment, approximately 20, 30, and 13% of females (N = 45) did not spawn, spawned once or twice, respectively. The proportion, however, of multiple spawners (38%) in the EP treatment was significantly higher ([image: image] = 8.392, P = 0.039) than that in the RT treatment (17%) (Figure 1B).
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FIGURE 1. Pie charts showing the number of spawns for (A) 101 female L. vannamei broodstock in the recirculating tank treatment (RT) and (B) 45 females in the earthen pond treatment (EP), over a 1 month trial.


A significant interaction was also evident for females undergoing multiple spawning events between treatments (RT vs EP) and female body weight (BW) with RT (42.80 ± 0.81 g) vs EP (39.67 ± 0.65 g) (Table 2).


TABLE 2. Comparison of mean reproductive performance (± 1 SE) of different size classes of female broodstock reared in earthen ponds (EP) vs recirculating tanks (RT).

[image: Table 2]


Correlation of Body Size With Individual Reproductive Performance

Hatchery managers in China in general, currently recommend that body weight of female L. vannamei broodstock should be in range between 30 and 45 g (Aquacop, 1983; Wyban and Sweeney, 1991; Robertson et al., 1993). Mature female bodyweight after spawning (BW) was divided into three bodyweight classes in the current study with 38 and 48 g used as cut-off weights for dividing broodstock females into the three size groups represented by small (<38 g), medium (38–48 g) and large size broodstock female bodyweight classes (>48 g). A statistically significant interaction (F(2, 0.05) = 6.71, P = 0.019) was evident for BW with multiple spawns among the three size classes in both the RT and EP treatments (Table 2). Differences within the same body size classes (small, medium, and large) between treatments (RT and EP), however, were not different (Table 2).

Large size class females in both treatments (RT and EP) produced significantly more eggs per spawn than did females in either the small or medium size classes (P < 0.01). No statistically significant differences were evident for NN in either the small or medium female size classes between treatments. In parallel, no significant differences were evident for either HR or HRat comparisons, a result indicating that egg hatchability was not associated with individual size class of broodstock female used (Table 2). Even given a relatively higher mean BW for females in the RT treatment and a tendency for a higher SF, no statistically significant difference was observed. It should be noted, however, that females in the medium size class for BW in the EP treatment produced more than twice the number of total spawning events (SF) compared with small and large size classes in the same treatment (P < 0.01). While no significant difference (P > 0.05) was observed for the effect of body size on FE for females in the RT treatment, small class females did show a significantly higher FE (P < 0.01) than medium class females in the EP treatment (Table 2).



Reproductive Parameters in Relation to Spawning Order

A summary of reproductive parameters in relation to spawning order were presented in Table 3. There were no statistically significant outcomes in these analyses of reproductive parameters among three groups for spawning order. This result indicated that reproductive performance was not negatively impacted by spawn order for a variety of key traits assessed in the current study.


TABLE 3. Comparison of mean reproductive parameters (± 1 SE) for different spawn order [the first spawns (1st), the second spawns (2nd), or the third spawns or more (3rd+)] for female broodstock reared in earthen ponds (EP) vs recirculating tanks (RT).
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DISCUSSION

In the current study, all experimental animals originated from a single batch of nauplii produced from a single night. This approach was adopted to eliminate any potential impacts of nauplii being sourced from different genetic resources and/or age effect. Mean survival rate of reproductive parameters estimated for our broodstock were very similar to estimates reported by most commercial hatcheries in China.


Comparative Reproductive Performance of Broodstock in the RT and EP Treatments

Overall, we observed very similar results for NE, NN, and HR reproductive parameters in the two culture test environment treatments (RT vs EP). For SF, however, EP stocks spawned at a significantly higher rate than in the RT treatment. Results for NE, NN, and HR traits reported here were also much higher than the results reported in two earlier studies that compared reproductive parameters in domesticated L. vannamei broodstock in tanks vs EP (Otoshi et al., 2003; Andriantahina et al., 2012). These differences may largely reflect use of different breeding approaches of natural matings in the current study vs artificial insemination in the aforementioned published studies. Mean NE, NN, and HR estimates reported here are closer to optima proposed for L. vannamei broodstock performance standards for NE (20 × 104) and HR (85%) (Zeigler et al., 2015). Our results are also consistent with another earlier study that indicated that L. vannamei broodstock reared in RT do not show compromised reproductive parameters compared with pond reared females (Otoshi et al., 2003). A significant outcome of our study, however, was that we observed significant differences in SF with females spawning more often under EP than in RT culture conditions (Table 1). This difference was also reflected in reports of a shorter inter-spawn period for pond vs tank housed females by Andriantahina et al. (2012). Differences in SF for females in the RT vs EP treatments are also consistent with observations made by some hatchery technicians in China who report that in general, stocks reared in EP are easier to mature and show higher mating rates per night than their SPF counterparts (reared in tanks).

Studies of some other penaeid species have reported similar findings with culture stocks trialed in EP, generally showing better reproductive performance compared with those maintained in tank systems. For P. esculentus, while broodstock reared in ponds were sufficient for hatchery production in terms of reproductive performance at a commercial scale, tank-reared females showed significantly lower spawning rates and lower mean numbers of eggs per spawning event (NE) (Keys and Crocos, 2006). This meant that RT environments were unlikely to be favored by commercial scale hatcheries for nauplii production. For P. monodon, a significant improvement in key reproductive parameters (NE, NN, and HR) was observed in females reared over 5 months in EP then transferred to RT systems compared with females reared in RT systems over the whole rearing period (Coman et al., 2013).

Improving the proportion of multiple spawners in a broodstock population has been recognized as a key factor for optimizing nauplii production in penaeid species (Coman and Crocos, 2003; Racotta et al., 2003; Ibarra et al., 2007). In the current study over a 1 month trial, a third of the RT-reared females did not spawn, and a third spawned only a single time (Figure 1A). In contrast, EP-reared females showed a significantly higher SF than that observed in the RT treatment, with only 20% failing to spawn, and almost 40% spawning three times or more (Figure 1B). This result is similar to reports from a commercial L. vannamei nauplii hatchery in Mexico over a 36 day test period where 48% females did not spawn, 18% spawned once, 15% spawned twice, while 19% spawned three times or more (Arcos et al., 2003a). In another study over 29 days of 161 eyestalk-ablated females, 44% did not spawn and only 14% spawned four times or more (Arcos et al., 2004). These findings together highlight that multiple spawners are likely to represent only a relatively small proportion of the total female spawning population while importantly making a very significant contribution to total nauplii production. This is a very important factor to consider in any broodstock improvement program in penaeids because it has great potential to impact the rate of inbreeding if this issue is not actively managed. In fact, our previous work has demonstrated a moderate heritability (h2 = 0.15) for SF (Ren S. et al., 2020), suggesting that genetic improvement in culture for this trait is an achievable goal.



Impacts of Female Body Size on Reproduction Performance

Individual body size is the principle criterion widely used to select broodstock in penaeid shrimp hatcheries. Results of examining the relationships between reproductive parameters and individual female body size here show clearly that body size has a significant impact on reproductive performance for the following traits; NE, NN, SF, and FE, while there is little or no impact for HR or HRat.

There was a tendency for the large class females in both the EP and RT culture environments in our study to produce higher NE or NN than smaller females. This result is also consistent with earlier studies in other penaeid shrimps where fecundity (NE) has been correlated positively with individual spawner size (Emmerson, 1980; Ottogalli et al., 1988; Hansford and Marsden, 1995; Palacios et al., 1998; Peixoto et al., 2008; Andriantahina et al., 2012; Coman et al., 2013; Marsden et al., 2013; Wen et al., 2015).

It is relatively difficult, however, to directly compare our results for HR with other studies because reported HR ranges vary widely, particularly in early studies. Here worth noting, however, that the HR estimates reported in this study were all within the recognized current optimal range for commercial nauplii production of L. vannamei stocks in China. HR is known to be closely linked to the relative physiological condition of individual female broodstock and management of the maturation environment in test tanks. While larger females in general tended to show a higher SF rate, females in the medium size class group in the EP treatment had a SF mean of more than double that of small and large class females in the same treatment, respectively. Potentially, this phenomenon may be explained if females in different size classes employ different strategies when allocating energy to reproduction. We hypothesize that, after maturation, females in the EP medium size class likely directed more energy toward reproduction rather than to allocating resources to their own growth (i.e., growth rate slowed and individuals spawned multiple times while those individuals in the larger size class continued growing and spawned less frequently). It is likely therefore, that the observed differences for SF in interactions between body size group and treatment are also reflected in the different selection criteria used for L. vannamei broodstock currently in the shrimp farming industry in China, where large sized female SPF individuals (raised in tanks) are considered better stock while small entrepreneur hatcheries using their own culture lines prefer small and medium size class females as broodstock. Our FE results add support to this observation if relative hatchery production is measured based on total female biomass. This is because no relationship was evident between body size and FE for females raised in an RT environment whereas FE of small size females in the EP treatment was higher than that of the other two size groups in this treatment. SF has also been reported to be positively correlated with large female size and this size class for females also showed a higher SF (Menasveta et al., 1994; Palacios et al., 2000; Arcos et al., 2003a; Andriantahina et al., 2012).

The minimum size of adult SPF females currently supplied to farmers in China ranges from 35 to 45 g. Threshold body size (38 g) between small and medium size classes in our study in general, accords well with the recommended size for L. vannamei female stocks used as breeders. In general, 30–45 g individuals can be used for nauplii production in a hatchery (Aquacop, 1983), even though some animal breeders have advised use of even larger females of up to 45 g because they may perform better (Wyban and Sweeney, 1991; Robertson et al., 1993).



Quality of Reproductive Performance in Relation to Spawning Order

It was clear from our results that no compromise was evident for NE, NN, HR, or FE reproductive parameters in multiple spawners, or even that multiple spawners were better in terms of mean NN or FE. Our results also support some earlier studies that show offspring quality was not negatively impacted by spawning order for a variety of key reproductive parameters including fecundity, fertilization rate, hatchery, or biochemical variables that in general, reflect reproductive quality (Arcos et al., 2003a, 2004; Palacios and Racotta, 2003; Peixoto et al., 2004). In contrast, a series of earlier studies reported that a deterioration in the reproductive capacity of broodstock females can result from reproductive exhaustion and that this is correlated with spawning order in penaeids (Emmerson, 1980; Hansford and Marsden, 1995; Marsden et al., 1997; Mendoza et al., 1997; Palacios et al., 1999a,b). Differences between results from different studies however, may result from time factors. It is quite common for female penaeids to show a decline in reproductive capacity under captive maturation conditions after unilateral eyestalk ablation (Bray et al., 1990; Menasveta et al., 1993; Wyban, 1997; Palacios et al., 1998; Palacios et al., 1999b). In general, experiments that test spawning quality in relation to spawning order are undertaken over a relatively long time frame (30–40 days). Reproductive data on multiple spawns as a result, are often collected later over the experimental time period than are data for “first order” or “second order” spawns. As a consequence, the time factor for measuring “exhaustion” effects are very different and could significantly impact results between earlier studies and more recent ones that have used natural spawning. In particular, if maturation tank conditions were sub-optimal or diet had been insufficient to supply adequate nutritional requirements.

In our study, data were collected during the second month after a female had experienced unilateral eyestalk ablation, so production of nauplii occurred over a stable period. Furthermore, mortality rates of broodstock and estimates of reproductive parameters in the current study indicate that near optimal maturation conditions were provided to the broodstock tested. As a consequence, this would likely minimize any impacts of test time on potential for reproductive exhaustion. Again, this highlights the difficulties with dealing with domesticated penaeid broodstock studies and how to establish the best, uniform standard experimental conditions that will allow meaningful comparisons to be made between different studies.



CONCLUSION

In conclusion, results here indicate that no significant differences were evident for the majority of reproductive performance traits tested between female L. vannamei broodstock reared in RT vs EP environments. Females in the EP treatment however, produced more nauplii per individual than females raised in an RT environment and this resulted from a significantly higher SF rate. No evidence was observed for reproductive exhaustion related to the number of consecutive spawns. Nauplii production in hatcheries therefore, potentially can be optimized by employing different strategies in relation to female broodstock body size selection. When RT-reared stocks were used, selecting larger body size females should result in higher nauplii production levels, while for small-scale farmers who use EP-reared stocks, use of female broodstock in the medium size class range should maximize nauplii production.
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SF monthly 1.00 £ 0.202 1.42 +£0.212 1.60 4 0.22%P 1.29 +0.332 2.75 + 0.35P 1.25+0.372
FE(10%) g~! 5.61 4+ 0.272b 5.68 + 0.25%P 516 £ 0.27° 6.56 + 0.27° 4.88 +0.272 5.38 4+ 0.372:b

BW, body weight after spawning; NE, number of eggs per spawn; NN, number of naupli per spawn; HR, hatchery rate of eggs %; HR®, arcsine transformed of
HR; SF, number of spawns during experiment period of 30 days; FE, number of eggs per unit weight. "SEstimate is not significantly different from zero (P > 0.05).
a.b.cSignificance differences of Tukey’s post hoc means comparison. Superscript letters indicate significant differences within and between treatments (rearing condiitions)

for each reproductive parameter.





