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Cephalopods are gaining momentum as an alternate group for aquaculture species diversification, not only because they are a good food source (highly appreciated in some worldwide markets) but they also have the potential to quickly reach a market size. However, there are some bottlenecks impeding the transition of culture technology from the laboratory to industry. One is related to control over reproduction in captivity. The objective of the present experiment was to verify the effects of tanks with different bottom areas/volumes on the reproduction performance of S. officinalis breeding stocks, when sex ratios were controlled a priori; and the food cost associated with such performance when individuals are fed a natural frozen diet. One hundred and ninety two juvenile cuttlefish were used to compare three different round-shaped tanks: one type with 3000L volume and two types with 9000L volume (with differences in bottom areas and water column). Individuals had their sex and maturity stage determined to establish a sexual ratio of 2♀:1♂ per tank and assure that cuttlefish were still immature. Biological data was collected during both growth and reproduction stages and until the death of all females in each tank. The experiment lasted nearly 300 days. Temperature differences between tank types were registered during both stages. The optimizing of rearing conditions has allowed for higher growth and a higher amount of cuttlefish available for breeding purposes. A total of 123,751 eggs (in 85 batches) was obtained during this experiment, which is a number that may meet a small scale cuttlefish commercial hatchery facility requirements. The present conditions contributed to a better and predictable reproduction performance in specific 9000L tanks, with values reaching pre-industrial numbers (≈ 24,000 eggs/tank). Moreover, both the amount of eggs per batch and the overall quality of eggs has increased. Three of these 9000L tanks have an overall consumption of ≈ 38.64 Kg tank–1, which translates in an investment in feed of ≈ 193 € tank–1, 8.40 € per cuttlefish and an overall daily tank expense of 1.76 € d–1.
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INTRODUCTION

The stagnation of global capture fishery production has led to the fast growth of the aquaculture industry as the world’s fastest-growing source of animal protein. In addition, the recent societal challenge to feed 9 billion people by 2050 (Béné et al., 2015) puts additional pressure to the rapid rise in the number of aquatic species under domestication (Duarte et al., 2007), due on the needs of diversification in production. An important step toward species domestication is control over reproduction in captivity; being essential for obtaining high quality eggs and offspring, which promote the sustainability of commercial aquaculture production (Mylonas et al., 2010; Migaud et al., 2013). In this sense, unpredictable reproduction performance is seen as a major bottleneck for the successful industrial production of finfish juveniles (Izquierdo et al., 2001) and cephalopods (Vidal et al., 2014; Villanueva et al., 2014).

Cephalopods, namely species as the cuttlefish (Sepia officinalis) and the common octopus (Octopus vulgaris) have long been pointed with high potential for European aquaculture diversification because they are highly valued and appreciated worldwide (e.g., Southern European and Asian countries); and have the potential to quickly reach a marketable size (Barnabé, 1996; Iglesias et al., 2014). The species within this class display diverse reproduction strategies but most share a single reproduction period over its life cycle (Rocha et al., 2001; Boletzky and Villanueva, 2014). This means that the broodstock management of cephalopods will be different to that of most finfish species currently under production. Despite multiple consecutive generations of S. officinalis having been achieved in captivity (Forsythe et al., 1994; Sykes et al., 2006a), reproduction performance results are inconsistent (in terms of replication) and do not meet the occurring quantity and/or quality observed in the wild (Laptikhovsky et al., 2003; Sykes et al., 2006b). Recently, Sykes et al. (2013) have hypothesized that this unpredictability is probably due to insufficient knowledge on the variables that affect directly or indirectly the captive breeding stock. Comparatively, this issue is more important in S. officinalis than with O. vulgaris since the first species displays natural low fecundity and there are reports of the eventual existence of inbreeding after 6 consecutive generations of culture (Sykes et al., 2006a), while the second species can lay up to 500,000 eggs/female in nature (Mangold, 1983) and ≈100,000 eggs/female are obtained in captivity (Iglesias and Fuentes, 2014).

Like in finfish (Migaud et al., 2013), reproduction performance of S. officinalis will rely on optimal broodstock management practices based on extensive knowledge of the nutritional (Izquierdo et al., 2001) and environmental requirements (Mylonas et al., 2010) of the species in captivity. However, both knowledge on nutrition and digestive physiology of cuttlefish, and in general of cephalopods, is still currently low (Navarro et al., 2014; Sykes et al., 2017a). Therefore, until now the current management of the cuttlefish breeding stock has included feeding on natural frozen food (Sykes et al., 2006a, 2013, 2014). It is known that tank size (water volume and/or depth) and bottom areas (Sykes et al., 2013), as well as stocking density (Correia et al., 2005), influence cuttlefish reproduction performance. However, cuttlefish behavior and eventual stress in captivity (in both growth and reproduction phases) should not be overlooked when setting up the breeding stocks, as Conte (2004) reported that rearing/housing conditions influence finfish welfare translating into lower female quality and reproduction performance. In finfish, spontaneous spawning behavior (Mylonas et al., 2010) and reproduction performance is usually attained with moderate to large holding volumes, low stocking densities (Okumura et al., 2003; Buchet et al., 2008) and 1 female: 1 male sex ratios (Mylonas et al., 2011). Moreover, it has been recently reported that, similar to cultured sea bream (Sparus aurata) (Castanheira et al., 2013, 2016), S. officinalis display personality traits (Carere et al., 2015; Zoratto et al., 2018) which will also influence growth and reproduction. Hence, the use of circular tanks for the breeding stock allow for enough space for cuttlefish in the bottom (growth stage) and water column (reproduction stage) and promote increased interaction between individuals during growth and reproduction (Sykes et al., 2013). Moreover, these interactions seem to promote an increased duration of the reproduction period, egg batches and fecundity when the number of females is higher than that of males in a breeding stock/tank. Recently, new technology that allows for in vivo identification of sex and state of maturity was reported by Sykes et al. (2017b), which allows for the proper establishment of sex ratios and assurance of an immature state of the cuttlefish individuals used in reproduction studies. This is a pre-requisite for any studies of reproduction performance involving this due to its capacity of retaining active sperm for months (Hanlon et al., 1999).

The main objective of the present study was to verify the effects of tanks with different bottom areas/volumes on the reproduction performance of S. officinalis breeding stocks, when sex ratios were controlled a priori and established as 2♀:1♂. A secondary objective was to determine the food consumption and cost associated with such performance when individuals are fed a natural frozen diet.



MATERIALS AND METHODS


Culture Methodology

A total of 192 juvenile cuttlefish with a mean wet weight (MWW) of 32.7 ± 4.0 g were used. All cuttlefish used in the experiment hatched in captivity two and a half months earlier (23/06/2014) from eggs obtained from a F5 captive population. Prior to the start of the experiment, 1000 cuttlefish were reared in group since hatching and were fed live grass shrimp (Palaemonetes varians) ad libitum until this mean weight was attained (Sykes et al., 2014). Both the initial rearing of the animals and the experiment were performed at the Ramalhete Experimental Aquaculture Station (Faro, Portugal – 37°00′22.39″N; 7°58′02.69″W; Figure 1).
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FIGURE 1. (A) - Experimental tanks of 3000 L (3.24 m2 area; B), 9000 L (7.07 m2 area; K), and 9000 L (6.67 m2 area; Q); (B) Aerial view of the Ramalhete Station, where the experimental tanks can be seen.


A flow-through system with eight tanks (Figure 1) was used: three 3000 L (3.24 m2 area, a height of 1.35 m and a water column of 1.20 m; B), three 9000 L (7.07 m2 area, a height of 1.50 m and a water column of 1.35 m; K), and two 9000 L (6.67 m2 area, a height of 1.70 m and a water column of 1.55 m; Q). The Q 9000 L tanks were the same as used previously by Sykes et al. (2013) and should be considered the control of the experiment. Each tank was set with three airlifts, two air diffusers placed in the middle, and an outer filter (1 cm mesh), high enough to surpass the seawater level of the tank. All tanks were covered with a green plastic net to prevent an excess of incident light (>200 lux). Natural daylight cycle corresponded from autumn to summer conditions for the location (Figure 2). Tank water flow was of 1020 L h–1. Water was pre-filtered through an industrial sand filter (0.3–0.8 mm) and then decanted (30–60 min).
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FIGURE 2. Temperature (°C), salinity (gL– 1) and photoperiod (hours of light) throughout the different stages (bold vertical dash line) and seasons of the breeding stocks of cuttlefish S. officinalis. Temperature and salinity values are a mean of all tanks under study.


At the beginning of the experiment, each replicate/tank was set with 24 juvenile cuttlefish (which corresponded to densities of 7, 3, and 4 cuttlefish m–2, respectively for B’s, K’s and Q’s tanks) and a sex ratio of 2♀:1♂. To attain that, cuttlefish was first anesthetized with magnesium chloride (hexahydrate) at 27 mgL–1 (Gonçalves et al., 2012). Afterward, individuals were weighed in a Kern EW6000 (KERN and SOHN GmbH, Germany). To attain this sexual proportion, females and males sex and state of maturity were determined, DNA samples taken (for comparison in future studies related to reproduction in captivity), and cuttlefish tagged according to the protocols described in Sykes et al. (2017b). Photos of individuals and of marking details were taken at that time for later identification. Animals were randomly placed in given tanks after sexual determination and until the sex ratio and total amount of animals was reached. During both growth and reproduction stages of the experiment, animals were fed daily a quantified ad libitum of thawed grass shrimp to determine the total amount used and costs of feeding each tank.



Data and Sample Collection

Temperature (°C), salinity (g L–1) and dissolved oxygen (%) were measured every day, at 9 h30, in all experimental and egg hatching tanks. Both temperature and dissolved oxygen were measured with an OxiGuard Handy Gamma probe while salinity was measured with a VWR EC300 salinity meter. In addition, a Maxim-Dallas temperature acquisition system network was established by placing one High-Precision 1-Wire Digital Thermometer (DS18S20) in each tank to register temperature every 15 min. These data was used to establish an overall mean temperature evolution throughout the experiment (Figure 2).

All cuttlefish in every tank were weighed, every 15 days, until the start of reproduction. All individuals were carefully removed from the tank with the help of a hand net of proper size (Decathlon Caperlan PRF 4 × 4 240) and placed in 10L black buckets. Afterward, these buckets were moved by hand to the sampling room inside the facilities and cuttlefish was individually weighed. Animals were returned to the original tanks after. Data collected was used to calculate: (1) Mean Wet Weight (MWW; g); (2) Mean Absolute Instantaneous Growth Rate (MAIGR;% BW d–1) = (LnW2−LnW1)/t × 100, where W1 and W2 are the initial and final weight, respectively, Ln the natural logarithm and t the number of days of the experiment; (3) Total Absolute Mortality (TAM) which express all dead animals for the tank volume; (4) Mean Cumulative Mortality (MCM;%) = (Σ dead/initial live animals) × 100; (5) Biomass (Bm; g) = mean Σ of MWW of all cuttlefish for each tank volume; (6) Mean Biomass Relative Increase index (B%;% BW d–1) = [(Bf-Bi)/(Bi × t)] × 100, where Bi and Bf represent the initial and final Biomass, respectively, and t the number of days of the experiment (Sykes et al., 2011); (7) Tank Feeding Rate (FR;% BW d–1) = [FI/Average B(t)] × 100, where FI is the food ingested and average B(t) is the biomass of the cuttlefish of a given tank every 15 days or during the whole growth stage (t); and (8) Tank Food Conversion (FCR) = FI/(Bf−Bi), every 15 days and during the whole growth stage.

Data regarding cuttlefish reproduction was collected and used to calculate: (1) Duration of Growth and Reproduction Stage, the first representing the time from the beginning of the experiment and until the first batch of eggs in each tank (DGS, days) and the second from the end of DGS until the last female died (DRS, days), respectively; (2) Life Cycle Temperature (LCT, °C) temperature for a given tank for the whole experiment; (3) Fecundity (F; eggs) = Total eggs laid per tank; (4) Total Egg Biomass (EB; g) = Σ of egg weight accounted for a given tank; (5) Oocytes (n) = Σ of total number of oocytes in all females gonads after death, per tank; (6) Individual Expected Fecundity (IFep; eggs female–1) = F/number of ♀, set per tank at the beginning of the experiment; (7) Individual Effective Fecundity (IFe; eggs female–1) = F/effective number of ♀ that have reached the reproduction stage per tank; (8) Individual Potential Fecundity (IFp; eggs female–1) = IFe + mean oocytes per female in a given tank; (9) Eggs sampled (n) = amount of eggs sampled per tank; (10) Mean egg weight (MEW; g) per tank; (11) Maximum and Minimum Individual Egg Weight (MaxIEW and MinIEW; g) per tank; (12) Mean female and male weight (MW♀, MW♂; g) at time of death; (13) Female and Male Gonadosomatic index (GI ♀, GI ♂) = Females or males gonads mean weight/MW♀ or MW♂, per tank; (14) Female and Male Digestive Gland Index (DGI ♀, DGI ♂) = Females or males digestive gland mean weight/MW♀ or MW♂, per tank; (15) Mean Female or Male Maturation Stage [MMS ♀, MMS ♂; according to ICES (2010)] = Predominant maturation stage of females or males at death; (16) Sex ratio (♀/♂); (17) Number of Egg Batches (Ba; n) = Σ of batches for a given tank; (18) Number of Eggs per Batch (EBa; eggs batch–1) = Mean number of eggs per number of occurring batches; (19) Viable and non-viable eggs (n) per tank, determined by external morphology and color, according to table 11.2 and fig. 11.3 of Sykes et al. (2014). Eggs that did not present a flask shape and black color were considered non-viable; (20) Hatching Rate (HR;%) = hatching rate of three replicates of 100 eggs, collected from different egg batches in each tank (beginning, middle and end); (21) Mean Hatching Rate (MHR;%) = calculated from mean of HR per tank; (22) Mean Hatchling Weight (MHW; g) = mean weight of hatching cuttlefish from HR.

Sex ratios were verified for confirmation at the end of the experiment. The eggs weight was determined in a KERN 0.001g scale. Eggs were individualized, then placed inside a small tray filled with seawater and weighed one by one. Depending on the amount, a given percentage of a batch was weighed, as follows: 100% of eggs were sampled for batches with up to 100 eggs; 50% of eggs from batches containing up to 300 eggs; 40% of eggs from batches up to 500 eggs; 30% from batches with 500–1000 eggs; and 20% from batches with more than 1000 eggs. Viability of given tanks (HR and MHR) was determined in separated 2.6 L hatching tanks (22.0 cm × 14.5 cm × 8.0cm) of a semi-open seawater system (250 L) with 56 hatching tanks. The embryonic culture conditions used were as described by Sykes et al. (2014).

Data regarding the costs of operation (only food related) was calculated for both growth and reproduction stages as follows: (1) Food Supplied (FS; Kg); (2) Food Cost (FC; €) = FS x price per kg (€5.00); (3) Individual Cuttlefish Cost (ICC; €) = FC/number of cuttlefish in the tank; (4) Tank Cost per Day (TCD; €) = FC/DRS; (5) Egg Cost (EC; €) = FC/F; and (6) Viable Egg Cost (VEC; €) = FC/Viable eggs.



Data Analysis

Results are given as means ± standard deviation (SD) from replicate tanks of a particular tank type, unless stated otherwise. Data was treated in a blind way by assigning non-consecutive numbers to variables and tank treatment before the analysis. All data were tested for both normal distribution and homogeneity of variances using the Shapiro-Wilk test and the Levene’s test (Zar, 1999), respectively. Arcsin square root transformation was applied to all data expressed as percentage (Fowler et al., 1998) and to other not achieving normality and/or homocedasticity. When a normal distribution and/or homogeneity of the variances were not achieved after transformation, non-parametric or robust tests were used, according to the variance similarity criteria (Quinn and Keough, 2002). Statistical difference was considered for p < 0.05.

Data analysis was performed considering the division of the experiment into two stages: growth and reproduction. At the beginning of the experiment, every cuttlefish was individually weighed and a Nested ANOVA test (Zar, 1999) was performed to assure that no significant differences (p < 0.05; data not shown) were found in MWW among all tanks.

One-way ANOVA was used to determine differences in LCT, MEW, MW♀, MW♂, and MHW between tanks. Nested ANOVA (Zar, 1999) was used to determine differences in temperature, salinity, dissolved oxygen saturation, and MWW between tank types. Kruskal-Wallis ANOVA (Zar, 1999) was used to determined differences in MCM, DGS, GI♀, and DGI♂. Welch Robust ANOVA tests (Quinn and Keough, 2002) were performed to determine differences in MAIGR, Bm, B%, FR, FCR, FS, FC, ICC, TCD, DRS, F, EB, Oocytes, IFep, IFe, IFp, MaxIEW, MinIEW, GI♀, DGI♂, Ba, EBa, viable eggs, non-viable eggs, MHR, FS, FC, ICC, TCD, EC, and VEC; between different tanks types. When differences were found, Tukey post hoc tests (Zar, 1999) were used to determine multiple comparisons between tank type or individual tanks, depending on the factor chosen to analyze data.



RESULTS

Statistical tables that support the results are available as Supplementary Material.


Water Quality

The experiment lasted up to 289 days, where seawater parameters and photoperiod varied according to given local environmental conditions (Figure 2). Salinity and dissolved oxygen saturation present similar fluctuations between tanks throughout the whole experiment (p > 0.05; Table 1). As regards temperature, B and Q tanks displayed a higher mean temperature throughout the growth stage, while K and Q displayed the highest mean temperature during the reproduction stage (p < 0.05; Table 1).


TABLE 1. Mean water temperature, salinity and dissolved oxygen registered during the growth and reproduction stages of cuttlefish life cycle.
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Growth

Table 2 presents the biological and economical results obtained at the end of the growth stage. Cuttlefish reared in tanks K and Q displayed a higher MWW than those stocked in the B tanks (Figure 3; p < 0.05). This difference was not, however, reflected in MAIGR, Bm or B%, whose values were similar amongst tank types (Figures 3, 4; p > 0.05). Growth and biomass of all tank types was fitted to a second and third order polynomial regression, respectively (Figure 3). Despite the differences verified between tank types in the overall amount of cuttlefish that died (TAM), no differences in MCM were found among tank types (Figure 5; p > 0.05). This was due to the mortality expressed in given tanks, namely in one replicate of the B tanks, which lead to the high standard deviation. No differences were also shown in FR, FCR or FS (Table 2; Figure 6; p > 0.05). At the end of this stage, from the original 72 animals of the B and K tanks, only 53 (5, 13 and 1 dead cuttlefish in B1, B2, and B3, respectively) and 69 (2 and 1 dead cuttlefish in K2 and K3, respectively) animals were, respectively, available to contribute to reproduction; whereas all cuttlefish were available in the Q tanks.


TABLE 2. Mean Wet Weight (MWW), Mean Absolute IGR (MAIGR), Total Absolute Mortality (TAM), Mean Cumulative Mortality (MCM), Biomass (Bm), Mean Biomass Increase (B%), Tank Feeding Rate (FR), Food Conversion Rate (FCR), Food Supplied (FS), Food Cost per Tank type (FC), Individual Cuttlefish Cost per Tank type (ICC) and Tank type Cost per Day (TCD) values for cuttlefish at the end of growth stage.
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FIGURE 3. Mean wet weight (g; A) and biomass (g; B) of cuttlefish breeders stocked in different tank types during the growth stage. Data are presented in offset. Bars represent standard deviation.



[image: image]

FIGURE 4. Mean absolute instantaneous growth rate (MAIGR,%BW d– 1; A) and mean biomass relative increase index (B%,%BW d– 1; B) values for cuttlefish breeders reared in different tank types during the growth stage. Data are presented in offset. Bars represent standard deviation.
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FIGURE 5. Variation in mean cumulative mortality (MCM,%) for cuttlefish reared in different tank types during the growth stage. Data are presented in offset. Bars represent standard deviation.
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FIGURE 6. Tank Feeding Rate (FR,% BW d– 1) values for cuttlefish reared in different tank types during the growth stage. Data are presented in offset. Vertical bars represent standard deviation.




Reproduction

Table 3 shows both the biological and economical results obtained for the reproduction stage. The duration of reproduction had a lower time span when compared with the duration of the growth stage. Lifecycle temperature (LCT) depended not only of the values registered in each tank but also on the duration of the experiment in each tank (dependent on the last female to die). Differences in LCT were found between tanks, being the highest mean registered in Q1 and the lowest in K1 (p < 0.05). Fecundity was the highest in two K type tanks (K2 and K3) with a value of ≈ 24000 eggs in each tank and the lowest in one of the B type tanks (B2) with only 369 eggs. The EB showed similar results, with the highest biomasses recorded in K type tanks and the lowest in one B type tank. No differences were found in the amount of oocytes found in each tank nor in IFep, IFe and IFp (p > 0.05). The MEW was different between tanks, with the highest value registered in B2 and the lowest in B3, K1, K2, and K3 (p < 0.05), and minimum and maximum individual egg weights (MinIEW and MaxIEW) varied between 0.137 and 1.138 g registered in K3 and Q1, respectively, but no difference was found between tank types (p < 0.05). The mean weight of the breeders and GI only showed differences between tanks regarding females (MW ♀ and GI ♂; p < 0.05). Most individuals in every tank reached a 3A maturity except for the females in tank B2, where only 25% had attained that degree of maturity at time of death. The number of egg batches (Ba) (Figure 7), eggs per batch (EBa), viable and non-viable eggs (Figures 8, 9) was similar between tank types (p > 0.05).


TABLE 3. Duration of Growth and Reproduction Stages (DGS and DRS), Cuttlefish (available animals at the start of the reproduction stage), Life Cycle Temperature (LCT), Fecundity (F), Egg Biomass (EB), Oocytes, Individual Expected Fecundity (IFep), Individual Effective Fecundity (IFe), Individual Potential Fecundity (IFp), Eggs Sampled, Mean Egg Weight (MEW), Maximum and Minimum Individual Egg Weight (MaxIEW and MinIEW, respectively), Mean Female and Male Weight (MW ♀ and MW ♂, respectively), Female and Male Gonadosomatic index (GI ♀ and GI ♂, respectively), Female and Male Digestive Gland Index (DGI ♀ and DGI ♂, respectively), Mean Female and Male Maturation Stage [MMS ♀ and MMS ♂, respectively; according to ICES (2010)], Sex Ratio, Number of Batches (Ba), Eggs per Batch (EBa), Viable and Non-viable Eggs, Hatching Rate (HR), Mean Hatching Rate (MHR), Mean Hatchling Weight (MHW), Food Supplied (FS), Food Cost per tank (FC), Individual Cuttlefish Cost per tank (ICC), Tank Cost per Day (TCD), Egg Cost (EC) values and Viable Egg Cost (VEC); for cuttlefish at the end of reproduction stage.
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FIGURE 7. Number of eggs obtained in each batch and in each tank during the reproduction stage of experiment.
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FIGURE 8. Total amount (A) and percentage of occurrence (B) of eggs (viable and non-viable) plus oocytes (observed in post mortem females) obtained per tank.
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FIGURE 9. Viable and non-viable egg numbers per batch day and tank.


Since cuttlefish from tank B2 cuttlefish never laid a batch with at least 100 eggs, no samples for HR were collected nor determined. Despite MHR did not varied between tanks, MHW was higher in K3 when compared with the remaining (p < 0.05).



Food Cost of Breeding Stocks

During the growth stage, all tanks displayed similar costs per tank type (FC) and for individual reared cuttlefish (ICC), which translated in similar individual daily costs (TCD) (p > 0.05; Table 2) of ≈ € 77, € 3.77 and € 0.5 d–1, respectively. Likewise, no differences were verified during the reproduction stage regarding FC, ICC, and TCD between tank types (≈ € 104, € 4.87 and € 1.36 d–1, respectively; p > 0.05; Table 3). EC and VEC also showed no differences between tank types (p > 0.05; Table 3) being of ≈ 0.499 and 0.0689 € egg–1, respectively.



DISCUSSION


Water Quality

Temperature has a profound effect on growth rate, particularly during the juvenile stage (Forsythe, 1993; Sykes et al., 2006a), which corresponds in the present study to the growth stage. In this sense temperature was verified continuously during both stages of the present experiment. Both B and Q tanks presented marginal higher mean temperatures throughout the growth stage (Table 1), which could be explained by the location of the tanks in the facilities (Figure 1). These tanks were more exposed to sun during autumn and winter than the K tanks. On the other hand, the K and B tanks displayed marginal higher mean temperatures than the Q tanks during spring and summer. While in the first, this was probably due to the higher area of exposure to sun in terms of radius and water column, in the second this was for surely due to the lower volume (3000 L). Nonetheless, the differences found in temperature and between tanks were lower than 1°C and they should have not had an effect in the present results.



Growth

The different tanks setups influenced this part of the life stage of cuttlefish development. The main differences were found in MWW but the observed mortality should not be disregarded (Table 2). MWW was higher in tanks with 9000L volume and higher area when compared with 3000L, but no difference was seen regarding the effects of available bottom area in the 9000L tanks.

Cephalopod growth is highly variable and influenced by biotic and abiotic factors such as temperature, diet, age, gender and level of maturity (Forsythe, 1984, 1993; Forsythe and Van Heukelem, 1987; Forsythe and Hanlon, 1988). Individual growth variation can impact many facets of a cephalopod population including size and age structure, reproductive dynamics, and survival rate of hatchlings (Leporati et al., 2007).

Sykes et al. (2013) used the same 9000 L Q tanks plus another two smaller tanks of 750 L and 250 L for rearing 23 cuttlefish juveniles of ≈ 45 g, at a similar temperature, and found no effects of volume in MWW. Interestingly, the growth stage increased from a mean of 105 days of that study to a mean of 150 days observed in the current study. Moreover, despite the animals used in the present study had a lower weight at the beginning (≈ 30 g), they displayed almost the double weight and tank biomass at time of maturation when compared with the previous study (≈ 110 g and ≈ 2500 g vs. ≈ 200 g and ≈ 5000 g, respectively). These data plus the lower mortality observed in higher volumes verify the assumption drawn by these authors that cuttlefish reproduction in captivity should be performed in higher volume tanks. However, since there were no differences regarding Bm and MCM of different tanks types, it cannot be concluded that “cuttlefish, in space stressful conditions, might have the ability to adjust the amount of biomass/animals present in each tank by competition,” as previously suggested by these authors. Despite the differences verified between tank types in the overall amount of cuttlefish that died (TAM), no differences in MCM were found among tank types (p > 0.05). This was due to the mortality expressed in given tanks, namely in one replicate of the B tanks, which lead to the high standard deviation of both Bm and MCM (Figures 3, 6, respectively).

Domingues and Marquez (2010) observed that when cuttlefish juveniles of ≈ 10 g were cultured at similar bottom areas (3 m2), but considerably different culture densities (16 and 33 cuttlefish m2), growth was affected by the culture density, but survival was the same in the two treatments (96%). This result indicates that bottom areas are clearly vital for the proper growth of this species in captivity and that the present density of 24 cuttlefish breeders per tank is suitable. On the other hand, considering a retrospective severity analysis (Smith D. et al., 2018), the non-natural mortality observed during the growth stage raises issues related to the welfare of cuttlefish in this kind of studies. Thus, despite Directive 2010/63/EU provide exemption for studies carried out for veterinary and zootechnical purposes, we believe that the cephalopod community should consider prospective severity assessment analysis to be carried out in all instances (Smith D. et al., 2018; Cooke et al., 2019) and the application of the PREPARE guidelines (Smith A.J. et al., 2018).

Although MAIGR was similar between the three tank types (Figure 4), it was a bit higher than that reported by Sykes et al. (2013). The values of biomass per tank (Bm) attained in the present study almost duplicate for the 9000 L tanks, when compared with that previous study; with values of B% of the present study surpassing in 2-fold those of the previous.

The optimization on the rearing protocol of cuttlefish breeders has allowed for enhanced values of FR and FCR in the present study comparatively with those reported by Domingues and Marquez (2010).

In a general way, the optimization of rearing conditions (increased volumes and bottom areas) has allowed for higher growth (MWW) and a higher number of cuttlefish available for breeding.



Reproduction

According to Sykes et al. (2017b), sexual discrimination and maturity stage determination in cuttlefish used for reproduction performance studies should be performed through an endoscopy internal examination of the animals. This methodology was applied in the present study, being highly effective (only failed in one tank and displayed an overall accuracy of 99%, similar to that reported by these authors), and allowing for the proper establishment of the sex ratio of 2♀:1♂.

The K tank type tanks showed the best overall reproduction performance results and consistency between replicate tanks.

The first reports by Forsythe et al. (1994) on the species life duration in captivity and in a recirculating seawater system indicated a life span of up to nearly 18 months in six consecutive generations. More recently, Sykes et al. (2006a) reported smaller life spans in several consecutive generations cultured in captivity and a possible relation of this smaller life cycle with seawater temperature. Interestingly, the values of duration of the reproduction stage (DRS) could not be related with the increasing tank volumes (Sykes et al., 2013), nor with different sizes of bottom areas (Sykes et al., 2017b), or both (the present paper data). In fact, all the DRS of the present experiment were smaller than the ≈ 150 days reported by Boletzky (1987). On the other hand, despite the lower average weight of the cuttlefish used in the present study, when compared with that of the Sykes et al. (2013) and Sykes et al. (2017b) experiments (≈ 33g in the first when compared with ≈ 46 g in the remaining two studies; F1 and F3 captive generations, respectively), a higher mean duration of the growth stage (DGS) was observed in the present study (≈ 150 days vs. 105 days and 23 days, respectively). Unfortunately, we only have records of cuttlefish age prior to their use in the present experiment (75 days after hatching) and different values might related to the age of animals at the start of each study. Nevertheless, considering only the 9000L volume tanks in all studies, the overall life span as part of the breeding stock (sum of both DGS and DRS days) was 169, 175, and 243 days, respectively for the Sykes et al. (2013, 2017b), and the present study.

Cuttlefish displayed intermittent spawning (Boletzky, 1987; Rocha et al., 2001), which is considered to be a normal process either in captive or wild conditions (Laptikhovsky et al., 2003), where females laid more than one egg batch and probably had successive egg maturation cycles. Older reports (Boletzky, 1983; Forsythe et al., 1991) describe the egg-laying as a typically lengthy process in cuttlefish, where most females produce eggs (200–500 eggs/♀) over a 2–4 week period and occasionally up to 10 weeks while continuing to feed daily. More recently, Laptikhovsky et al. (2003) reported that S. officinalis individual potential fecundity (IFp) can reach nearly 6000 oocytes in the wild, but individual effective fecundity (IFe) is lower by 1000–3000 eggs. Forsythe et al. (1994) and Hanley et al. (1998) reported values of IFe up to 3000 eggs in captivity (F3 generation for the Forsythe et al. study and no generation reported in the Hanley et al. study). Interestingly, the best overall and IFe obtained by Sykes et al. (2017b) was in a K tank (≈ 1800 eggs/♀ and ≈ 14,500 eggs tank–1; F3 generation), where DRS was 224 days (the highest of that study) contrasts with the previous values of fecundity (≈ 1400 eggs/♀ and ≈ 16,600 eggs tank–1; F1 generation) reported by Sykes et al. (2013). On the other hand, the highest overall and IFe of the present study (≈ 1600 eggs/♀ and ≈ 24,000 eggs tank–1) was also observed in two K tanks, where the mean DRS was only 95 days. Moreover, the values of both DGS and DRS were inverted in magnitude and sex ratios were also different (1:1 in the previous study with a F3 generation). While the individual fecundity did not surpass the previous maximum values of Sykes et al. (2017b), the overall tank production almost doubled to pre-industrial numbers. Furthermore, for the first time, these values were similar within replicates of the K tanks and the prospective egg viability and mean hatching rate (MHR) was the highest attained until now (78 and 75%, respectively). The mean weight of eggs and hatchlings as well of minimum and maximum individual egg weights (MEW, MinIEW, MaxIEW, and MHW, respectively) were similar to those reported previously (Sykes et al., 2006a, 2013) and differences are related to the size/weight of females - larger females lay larger eggs (Boletzky, 1983). Both mean female and male maturation stages (MMS♀ and MMS♂, respectively) results of the present study were similar to those observed previously by Sykes et al. (2017b).

When comparing the weights of both mature female and male cuttlefish (MW♀ and MW♂, respectively) of the tanks with the best reproduction performance at time of death in the present study with that of previous studies (Sykes et al., 2013, 2017b) (namely, individuals from tanks K2 and K3, T8 (which is Q2 in the present study), and K2, respectively; F1 and F3 generations, respectively), the weight ratio (MW♀/MW♂) increased from the first study to the present one (1.31, 1.67, and 2.25, respectively).

The changes applied to the breeders protocol in the present study, compared to those previously reported (Sykes et al., 2013, 2017b), promoted a lower amount of egg batches (Ba; 12, 23, and 40, respectively) and an increased number of eggs per batch (EBa; ≈ 2000, ≈ 700, and ≈ 360 eggs Ba–1) in the tanks that displayed the highest reproduction performance (namely, K2 and K3, T8 (which is Q2 in the present study), and K2, chronologically for the three studies). The laying of egg batches increased from one day in the mentioned previous two studies (Table 4 and Table 3, respectively) to several days in the present one. Moreover, several pairs of cuttlefish were seen repeatedly copulating and laying eggs at the same time.

Both gonadossomatic and digestive gland indexes (GI and DGI, respectively) of ♀ of the K2 and K3 (present study) displayed approximately half the values reported by Sykes et al. (2017b) (Table 3 in both manuscripts), reflecting the higher investment made by the females in the production of gametes. On the other hand, the slightly lower GI and DGI of ♂ verified in the present study might reflect the increased copulation activity by males due to the increased sex ratios/availability of females.



Estimation of Food Cost of Breeding Stocks

To the best of our knowledge, this is the first time ever that a study involving the development of breeding protocols in cephalopods reported the expense value in terms of food. The amount of food supplied (FS) to cuttlefish during the growth stage was similar among tanks (≈ 15 kg) for ≈ 150 days, which translated in a cost of ≈ 77 € tank–1, 3.77 € cuttlefish–1, and an overall daily tank expense of € 0.5 d–1 (Table 2).

In the reproduction stage, FS was similar among the B3, K and Q tanks (≈ 24 kg) for ≈ 85 days, but different from B1 and B2 (≈ 14 kg) for the same experimental period (Table 3). This may be explained by the difference in cuttlefish available for breeding purposes when reaching maturity in the latter tanks. In these two tanks, the FC reached ≈ 67 € tank–1, 4.53 € cuttlefish–1 and a daily tank expense of € 1.33 d–1. On the other hand, the remaining tanks displayed a FC of ≈ 116 € tank–1, 4.99 € cuttlefish–1 and a daily tank expense of € 1.37 d–1. The individual cuttlefish cost per tank (ICC) was similar among different tank types, as well as the tank cost per day (TCD). Interestingly, both ICC and TCD displayed similar values concerning the costs during growth and reproduction, but FC was higher in the reproduction stage. This is justified by the increase of the cuttlefish biomass when entering this stage (Table 2).

Despite the higher variability found in the values of egg cost (EC) and viable egg cost (VEC), which led to the lack of statistical differences between tank types, both K2 and K3 tanks displayed the lowest VEC (Table 3). K type tanks were the more productive with an EC of ≈ 0.0089 € egg–1 and a VEC of ≈ 0.0119 € egg–1. On the other hand, the Q tank type had increased values of EC and VEC (≈ 0.0130 € egg–1 and ≈ 0.0165 € egg–1, respectively; Table 3).

Overall, considering the better reproduction performance of the K type tanks throughout the growth and reproduction stages (all the experimental life cycle), it can be estimated that 3 tanks have a total consumption of ≈ 38.64 Kg tank–1 for ≈ 247 days, which translates in an investment in feed of ≈ 193 € tank–1, 8.40 € cuttlefish–1 and an overall daily tank expense of 1.76 € d–1.



Importance and Applicability for Cephalopod and Finfish Aquaculture

The zootechnical changes applied to the protocol of the breeding stock of S. officinalis reared in the K type tanks have promoted overall better welfare conditions that led to the availability of a proper amount of animals for copula and a higher emission of gametes after maturation was reached. The present results confirmed that cuttlefish will spawn spontaneous and increases reproduction performance in large tanks (9000L) and low stocking densities (3 cuttlefish m–2), in a similar fashion to what is described in literature for finfish (Okumura et al., 2003; Buchet et al., 2008; Mylonas et al., 2010). However, we have verified that having a sex ratio of 2♀:1♂ in these conditions will increase reproduction performance to pre-industrial levels.

The present results show that the reported bottleneck concerning control over reproduction in captivity (Sykes et al., 2014; Villanueva et al., 2014) was surpassed as reproduction performance results of the K tank type tanks were for the first time consistent in terms of replication Moreover, values of fecundity and fertility surpassed those reported by Forsythe et al. (1994) for a F5 generation and were similar to those obtained previously in a F1 population (eggs collected from the wild and individuals cultured in captivity through the life cycle) cultured in a Q tank (Sykes et al., 2013).

More space/volume for housing the breeding stock promoted a more natural environment and better reproduction performance, with values nearer to those estimated to happen in nature. This was attained just by increasing welfare conditions under a captive environment.

Despite that one of the B tanks contributed with only 369 eggs, the eight tanks generated a total of 123,751 eggs (in 85 batches), which is not only the highest number of eggs ever obtained at CCMAR’s facilities but also a number of eggs that may meet the requirements of a small scale cuttlefish commercial hatchery facility. We must emphasize that these results were obtained in a F5 generation of captive cuttlefish breeders and that the experimental tanks were placed outside the premises (less control and more natural/wild type). Overall, the present conditions contributed to a better and predictable reproduction performance in specific tanks (K), with values reaching pre-industrial numbers (≈ 24,000 eggs tank–1). Moreover, both the amount of eggs per batch and the overall quality of eggs has increased. Batches were laid in about 100 days, which allows for not releasing a high amount of cuttlefish in to the market at the same time, therefore allowing for maintaining the whole sale price. The present results should be considered a 3Rs refinement to the current existing protocol for cuttlefish reproduction. In this sense, we must stress that any studies on cuttlefish reproduction should be carried using similar conditions of round-shape tanks with a volume equal or higher to 9000L.

There was an interesting result that may point to an optimization of the species breeding protocol. One of the B type tanks (B3) had a higher sex ratio, due to an error of sexual determination, and displayed F values above 15000 eggs. This leads to the question that reproduction performance may be eventually enhanced by increasing the sex ratios to 3♀:1♂or even to 5♀:1♂. The higher amount of available females will probably promote less competition between males and the establishment of pairs instead of having dominant alpha males (1–3 individuals), which promote increased stress in the tank social interaction and especially to females. However, a compromise between reproduction performance and inbreeding needs to be found so that the protocol can be applied by the industry.

Concerning other cephalopod species with potential for the aquaculture industry, the present results are highly relevant as there is little done concerning control over reproduction in captivity. Mainly, animals are collected from the wild and they are just placed in tanks and eggs collected later. For instance, to the best of our knowledge, reports on O. vulgaris description of reproduction methods are not consistent [i.e., Iglesias et al. (2000), Iglesias et al. (2007), and Iglesias et al. (2014)] or are in its infancy in terms of control for other cephalopods [e.g., Rosas et al. (2014), Nabhitabhata (2014), and Nabhitabhata and Ikeda (2014)]. Moreover, values of fecundity, fertility or even hatching rates are not reported in most studies made with octopus paralarvae and this is a setback while understanding the quality of these. This means little or no control over reproduction at all in most if not all cephalopods which are kept in captivity with any purpose; a constraint for the aquaculture industry, where estimates of egg biomass and when these are laid are crucial for the proper management of the stocks.

The present results show that domestication of cephalopods can be done in a natural way, having a welfare-based approach in an attempt to maximize the numbers for production. We believe that the existing results are even more important since personality traits have been reported already for S. officinalis (Carere et al., 2015; Zoratto et al., 2018) and we believe that these will be soon also reported in other cephalopods.

On the other hand, the welfare-based approach of broodstock management applied in the present study has not even been considered for finfish. There are some limitations on a direct comparison of the present results obtained in a cephalopod due to the different physiology and biology and the reproductive diversity of teleost fish (Smith and Wootton, 2015), which sees some parallels in cephalopods (Rocha et al., 2001). Both fish and cephalopods are poikilotherms with growth being determined by environment cues, which influence the energy balance and the existing trade-offs between growth and reproduction that optimize reproduction performance (Forsythe and Van Heukelem, 1987; Forsythe et al., 1994; Lee et al., 1998). In both, these trade-offs have paramount influence in the pattern of reproduction (Wootton and Smith, 2014), namely on timing of sexual maturation and life cycle (e.g., semelparity of both cuttlefish and the salmon, Salmo salar). However, in fish, these also affect the periodicity of the reproductive cycle and spawning seasonality in Sparidae (Mylonas et al., 2011), such as the sea bream (Sparus aurata), red porgy (Pagrus pagrus), the common dentex (Dentex dentex) or the sea bass (Dicentrarchus labrax) (Devauchelle and Coves, 1988; Barnabé, 1996).

The main achievement of the present study is the optimization of the broodstock rearing conditions, considering a more natural way and avoiding the stress related to handling and hormonal induction of gametogenesis. Hormonal manipulations are used as a management tool and in some cases are reported as the only way to produce fertilized eggs (Mylonas et al., 2010). This normally leads to stress and the loss of natural and spontaneous spawning in captive conditions, promoting the need to employ artificial gamete collection and fertilization (Conte, 2004; Migaud et al., 2013).
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