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Globally, wild seahorse populations are threatened due to, habitat destruction and unsustainable human exploitation among others. Furthermore, aquaculture-based mass-scale rearing is still uncommon due to the low survival rates of seahorse juveniles and exceptionally high feed costs. Previous studies have demonstrated the importance of both highly unsaturated fatty acid (HUFA) supplies and a copepod-based rearing for seahorse survival and growth. As the latter is expensive, the question arises as to how high survival rates of seahorse juveniles can be assured under low- to moderate-cost feed regimes. In particular, it remains unknown whether the diet species or their dietary HUFA profiles determine the successful development of seahorse fry. Therefore, the aims of this study were to assess the dependence of growth and survival rates of Hippocampus reidi brood on the animal feed and to infer the impact of feed species vs. dietary HUFA profiles on juvenile growth. A nutrition experiment was conducted where juveniles were treated either with enriched Artemia nauplii (low-cost diet Art) or with a mixed diet of Artemia and copepods (moderate-cost diet Art/Cop). Larval survival and growth were analyzed using Cox proportional-hazard and linear mixed-effect model analyses. We found that (i) both diets enabled good survival, (ii) diet Art/Cop resulted in superior weight and height growth, and (iii) the differential effects of diets Art/Cop and Art cannot be explained by their different HUFA compositions alone. From an economical point of view, our findings of high survival rates and relatively high growth rates with the medium-cost treatment Art/Cop may open new possibilities for the large-scale rearing of seahorses. Even the application of a low-cost Art diet might be appropriate for seahorse aquacultures as both survival and growth rates are only marginally lower compared to the former diet.
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INTRODUCTION

Globally, wild seahorse populations are threatened due to alteration and destruction of habitats as well as unsustainable exploitation, such as excessive usage for traditional medicine, decoration, and ornamental purposes (Vincent, 1996; Wabnitz et al., 2003; Evanson et al., 2011; Vincent et al., 2011). As a result, wild seahorse populations are in decline and the entire genus Hippocampus is listed in Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES, 2004).

In order to meet the increasing demand for seahorses and to stabilize wild populations, currently 13 species, including Hippocampus reidi, are cultured for ornamental trade. However, mass-scale rearing is still rare and commercial aquaculture for traditional medicine purposes is non-existent (Koldewey and Martin-Smith, 2010). This is mainly due to two reasons; (i) the low survival rates of seahorse juveniles (e.g., Woods, 2003; Foster and Vincent, 2004; Olivotto et al., 2011), and (ii) exceptionally high feed costs (e.g., Lavens and Sorgeloos, 1996).

Low survival rates arise from the sensitivity of seahorses to housing conditions, the vulnerability to diseases (like vibriosis and gas bubble disease) and special nutritional demands (Koldewey, 2005; Koldewey and Martin-Smith, 2010; Palma et al., 2013; Corse et al., 2014). The supply of actively moving zooplankton of adequate size is a critical factor in seahorse culture (Lavens and Sorgeloos, 1996; Wittenrich, 2007; Olivotto et al., 2011). Additionally, seahorses are characterized by a relatively inefficient digestion system due to an underdeveloped stomach (Tipton and Bell, 1988; Kumaravel et al., 2010) and a short digestive tract transit time (Koldewey, 2005; Murugan et al., 2009; Deobagkar et al., 2012). Therefore, they possess no significant fat reserves and are forced to have a high daily food intake (Koldewey, 2005; Wittenrich, 2007). Particularly during the first days of life, the availability of high-quality prey organisms in appropriate amounts determines survival and growth rates (Sheng et al., 2007). Moreover, the availability of the highly unsaturated fatty acids (HUFAs) arachidonic acid (AA, C20:4n-6), eicosapentaenoic acid (EPA, C20:5n-3), and docosahexaenoic acid (DHA, C22:6n-3) is important for the health of marine fish larvae (Bell et al., 1986; Watanabe, 1993; Cahu et al., 2003; De Silva et al., 2012). In fact, Chang and Southgate (2001) found a significant correlation between mean survival of Hippocampus spp. juveniles and dietary n3-HUFA, EPA, and DHA contents.

Exceptionally high feed costs are mainly associated with the culture of feed species. Several authors (e.g., Payne and Rippingale, 2000; Olivotto et al., 2008; Celino et al., 2012; Willadino et al., 2012) have indicated relatively high survival and growth rates for seahorse juveniles reared with copepod diets. However, copepod-based rearing is expensive due to fluctuating survival and reproduction rates within copepod cultures (Lavens and Sorgeloos, 1996; Kaminski et al., 2014). Therefore, seahorse larval feeding protocols are commonly based on a mixed diet of rotifers, copepods, and/or strains of the brine shrimp Artemia spp. However, as Artemia nauplii display a deficiency in HUFAs (Sorgeloos et al., 2001; Otero-Ferrer et al., 2010), they are usually enriched by incubation in special HUFA solutions (Job et al., 2002; Woods, 2003; Wong and Benzie, 2003; Palma et al., 2013).

Integrating the two sets of problems outlined above, the question arises as to how high survival rates of seahorse juveniles can be assured with low to moderate feed costs. In particular, it would be useful to know whether the diet species or their dietary HUFA profiles determine the successful development of seahorse larvae (sensu Payne and Rippingale, 2000). In order to assess the dependence of growth and survival rates of H. reidi juveniles on low- to moderate-cost animal feeds and to quantify the impact of feed species vs. dietary HUFA profiles on the juvenile's survival and growth, we conducted a nutrition experiment under fully controlled lab conditions. The juveniles of some Hippocampus species, such as H. reidi, are relatively small and not able to feed on enriched Artemia nauplii within their first days of life (Olivotto et al., 2008). Therefore, the experiment started at an age of 8 days, when the individuals presumably had exhausted their internal fatty acid resources, but were large enough to pray on enriched Artemia (Sheng et al., 2007). It lasted for 3 weeks, until a point in time in which survival curves in juvenile seahorses tend to stabilize (see Woods, 2000; Wittenrich, 2007; Olivotto et al., 2008). During this period, individuals were treated either with enriched Artemia nauplii (low-cost diet Art) or with a mixed diet of Artemia and copepods (moderate-cost diet Art/Cop) with known HUFA profiles.

The specific goals of our study were:

(1) To assess the differential effects of the two feeds on survival rates of juvenile seahorses using survival analyses based on a Cox proportional-hazard model.

(2) To use linear mixed-effect model analyses to infer the effects of the two feeds on the height growth of specimens.

(3) To empirically assess the impact of dietary HUFA profiles of feed species on the development of juvenile seahorses.

(4) To discuss the influence of HUFA profiles vs. feed species.

This study improves our understanding of the nutritional demands of seahorse fry. It may also contribute to the discussion on how seahorse rearing can be made more cost-efficient toward the establishment of mass-production aquaculture facilities by testing the performance of low- to moderate cost feed species.

MATERIALS AND METHODS

Broodstock

To avoid a potentially bias of farmed seahorses due to pre-adaptions to artificial feed, we aimed at utilizing wild-caught animals for our nutritional experiments. However, both ethical concerns as well as national and international animal experimentation acts prevented us from using a large number of captured breeding pairs for our study. Therefore, two wild-caught and heavily pregnant H. reidi males from the Frankfurt Zoo (Germany) were transferred to the animal facilities at Justus Liebig University Giessen (Germany). The seahorses were held together in a 125 L broodstock tank, connected to a closed water-system equipped with a delivery pump for water flow support (168 L·h−1 per tank), protein skimmer, UV-filter, phosphate filter, and ozonizer. Seawater was prepared from reverse osmotic water and artificial sea salt (Reef Crystals, Sarrebourg, France) at the following conditions: Salinity 32–33 g·L−1, temperature 27°C, alkalinity 107.09 mg·L−1, CaCO3, [image: image], [image: image] and [image: image] at 0.35 mg·L−1, 0–10 mg·L−1, and 0 mg·L−1, respectively. The light/darkness period (L/D) was 14L/10D (LED, 30 W). Two air supplies provided ancillary oxygenation, and PVC rods and plastic plants served as holdfasts for the animals. The animals were fed five times a day to satiation with frozen “Kristallgarnelen” (Ascetes sp., Zooschatz, Berlin, Germany) and, frozen and live mysid shrimps (Fischfutter Etzbach, Schleiden, Germany), analogous to the feeding regimen at the Frankfurt Zoo. Feces and detritus were siphoned daily. Two days after acclimatization, one of the males gave birth to its brood (N = 976), which was used for subsequent experiments.

Diet Preparation

Copepods

A copepod stock culture (Eurytemora affinis, Zooschatz, Berlin, Germany) was maintained at 18°C in a plastic tank (80 × 60 × 10 cm) under medium aeration and the following conditions: Salinity 32–33 g·L−1, [image: image], NH3, and [image: image] approaching 0.0 mg·L−1. The tank was illuminated at a period of 11L/13D (standard light bulb, 30 W). Siphoning of food rests and feces, complete water exchanges, and monitoring of water parameters were performed regularly. Copepods were fed daily with an algae solution (Isochrysis galbana, Nannochloropsis oculata, Rhodomonas baltica, and Tetraselmis chuii) and with Spirulina (Ocean Star International, Snowville, USA) ad-libitum. Copepod feeding took their size/stage into account. Thus, naupliar stages (50–90 μm) were divided from copepodite and adult stages (150–500 μm) by using sieves of different mesh size (35, 65, and 120 μm), and fed accordingly.

Juvenile seahorses were weaned to live copepods (Copalive) on day 8. To further minimize costs and efforts, we replaced Copalive with commercially available frozen copepods (Copfrost, “Cyclops Vitamin plus,” Eurytemora affinis, Zooschatz, Berlin, Germany) on day 21.

Artemia

“AF 430 Artemia” cysts (ArtAF, Inve Technologies, Dendermonde, Belgium), “Platinum Artemia” (Artplatinum, Argent Labs, Redmond, USA), and “common Artemia” cysts (Artcommon, Aquakultur Genzel, Freiberg a. Neckar, Germany) were hatched in self-made acrylic glass reactors. Constant illumination was provided by a standard light bulb (40 W). Hatching was initiated for ArtAF and Artplatinum cysts daily at 5 p.m. (1 g cysts per 1.5 L water) and for Artcommon cysts at 9 a.m. (22 g cysts per 3 L water). Artemia enrichment was accomplished by using Selco S.presso (Inve Technologies; 2 × 500 ppm S.presso per 0.75 L water containing nauplii (npl) densities of up to 400 Artemia npl·mL−1, application at 0 and 10 h) for 24 h at 25°C under sufficient aeration. Prior to diet application, all animal feeds were rinsed with fresh water.

Thirty minutes after diet-application, excess food organisms were removed with self-made filtering equipment to prevent overfeeding and to ensure an optimal digestion and assimilation of the nutrients.

Experimental Design

H. reidi juveniles were reared in self-made 8.5 L acrylic glass rearing tanks (Figure 1), constructed according to the kreisel principle (Wittenrich, 2007). Saltwater conditions were as follows: Salinity 32–33o, moderate circular water current (circa two air bubbles per second), water temperature 24°C, and [image: image], NH3 and [image: image] concentrations all approaching 0.0 mg·L−1. The tanks were illuminated (LED, 30 W, length 120 cm) circa 30 cm from above with an initial photoperiod of 23L/1D, as recommended by Wittenrich (2007) and Olivotto et al. (2008). The period was successively reduced by 1 h a day until 15L/9D. PVC rods and plastic plants were added as holdfasts after juveniles had finished their pelagic stage. An algae solution (consisting of I. galbana, N. oculata, R. baltica, and T. chuii) was added to the rearing tanks (as recommended by Wittenrich, 2007). Daily, a 25% water exchange was performed, combined with siphoning feces and food remains. For hygiene maintenance, rearing tanks and equipment were disinfected regularly.


[image: image]

FIGURE 1. Experimental setup for survival and growth analyses of Hippocampus reidi. (a) Diet Art/Cop 1, (b) diet Art 1, (c) diet Art/Cop 2, (d) diet Art 2, (e) diet Art/Cop 3, (f) diet Art 3.



On the day of birth (day 1), all individuals of the brood (N = 976) were randomly distributed to twelve rearing tanks. At the beginning of the actual feeding experiment (day 8), the remaining seahorse juveniles (n = 360) were transferred to six separate rearing tanks with 60 individuals each (for experimental setup see Figure 1) and subjected to the diet-specific treatments.

During the pre-study period (days 1–7), all juveniles were fed with freshly hatched Artemia nauplii (430–450 μm; Instar I nauplii; according to Treece, 2000) as follows: Days 1–2 Artplatinum, days 3–5 Artplatinum, and ArtAF, days 5–7 enriched Artemia (Artcommon S Pr, ArtAF S Pr). The number of feedings ranged from 3–8 times a day ad-libitum, at a food density of 0.5–1 npl·mL−1, which showed the best results in preliminary studies.

For the main feeding experiment (days 8–30), one part of the animals were fed with Art, the other with Art/Cop. Treatment Art comprised enriched Artemia nauplii Artcommon S Pr and ArtAF S Pr at a ratio of 1:1 (naupliar stages Instar II and III at a size of 600–700 μm; according to Treece, 2000); treatment Art/Cop a mixture of Art as well as living and frozen copepods at a ratio of 3/4:1/8:1/8 (copepod naupliar and adult stages at a size of 50–90 μm and 150–500 μm, respectively; according to Wittenrich, 2007).

Juveniles were fed four times a day (9 a.m., 12 a.m., 2 p.m., 5 p.m.) at a density of 1–5 npl·mL−1 (days 8–19) and 5–9 npl·mL−1 (days 20–30), respectively.

Growth and Survival Data Sampling

Seahorse survival within each tank was recorded daily. On days 8, 13, 22, and 31, individual heights (distance from top of the head to the tip of the out-stretched tail, sensu Lourie et al., 2004) of the juveniles were measured. To minimize stress, this was done when the seahorses were removed from the tanks during regular disinfections. Accordingly, all specimens of a particular tank were transferred for approximately 1 min into a large Petri dish (diameter: 20 cm) filled with 10–15 mm seawater, laterally positioned, and jointly photographed without flash light. Immediately after this procedure, the specimens were transferred back into the tank. Photographs were analyzed using the open source scalable vector graphics editor Inkscape 0.48.4.1 (http://de.softonic.com/s/download-inkscape-0.48.4.1).

In contrast to height measurements, individual weight determinations of juveniles might result in high stress levels (e.g., convoluted bodies would need to be separated), frequently leading to death. To minimize handling effects, the weight was therefore only recorded at the end of the experiment (day 31) by weighting all juveniles per tank together. Thus, only mean values, without standard deviations, per tank are available for weight.

Survival Analyses

Estimations of the effect of diet on mortality after the pre-study period were established using a semi-parametric Cox proportional-hazard regression model (Cox, 1972). This models how the probability of a mortality event (i.e., risk or hazard) changes by one or more covariates (e.g., treatment). The model is semi-parametric, which means any variation of the baseline hazard over time is already included in the model and the influence of the covariates on mortality is, at any point in time, proportional to the baseline risk. Lifetime of H. reidi specimens were right censored. This means events of death were recorded, but the model was also informed about individuals surviving the end of the experiment. The rearing tanks were specified as statistically non-independent groups of observations. Our model was fitted using the survival package version 2.37-7 (Therneau, 2014) for the R statistical environment (version 3.0.2; R Core Team, 2014).

Growth Analyses

Given that weight data could only be generated without standard deviations, these data were not subjected to subsequent statistical analyses.

However, for the height data, the differential growth effects were jointly analyzed utilizing a single linear mixed-effect model (Fisher, 1935 in Sahai and Ageel, 2000).

This method was chosen because the measurements of seahorse heights within the six rearing tanks were repeated over time. Ignoring such a design might bias statistical inference due to pseudoreplications. The model was constructed with diet, time since beginning of the experiment and a quadratic term of time, and their interaction, as fixed factors. As random part of the mixed-effect regression model, time was nested in tanks, thus it was controlled for repeated measures and accounted for among aquarium and time variances in seahorse height by individual intercepts in the model. Because pre-tests showed a high correlation among the fixed effects estimates, the variable time was centered by subtracting its mean. The equation form of the model is given as: heighti = βdieti + βtimei + [image: image] + βdieti x timei + βdieti x [image: image] + uiZi + εi; where i denotes the individual observation, β the regression coefficients of the fixed effects, x the interaction between fixed effects, uZ the individual intercepts of the random effects tank and time, and ε the residual. The linear mixed-effect model was fitted by maximizing the log-likelihood utilizing the R package nlme 3.1-113 (Pinheiro et al., 2014). According to Johnson and Omland (2004), we used the Akaike information criterion (AICc) for information-theoretic model selection by comparing the full model with simplified ones (i.e., omitting either interaction, time, diet, or all predictors).

Fatty Acid Analyses of Animal Feeds

Fresh samples of different animal feeds (described above) were freeze-dried overnight under vacuum (−30°C, Gamma 1-20, Martin Christ GmbH, Osterode, Germany) and then treated with hexane-isopropyl (3:2, v/v) (Hara and Radin, 1978; Eder and Kirchgessner, 1994) on a lab shaker (GFL 3015, Burgwedel, Germany) for 18 h at room temperature. Subsequently, the fluid extract was boiled down (37°C), whilst being nitrogenated. Fatty acids were methylizated by trimethylsulfonium hydroxide (Butte, 1983) and fatty acid methyl esters (FAMEs) were analyzed using a gas chromatograph (Clarus 580, PerkinElmer, Waltham, USA) coupled with a flame ionization detector (FID). For chromatographic fractionation, a capillary column (FFAP-Optima Plus, 50 m column length, 0.25 μm internal diameter, 0.2 μm film diameter, Macherey-Nagel, Düren, Germany) and helium, as carrier gas (flow rate of 1.2 mL·min−1), were used. Oven temperature was 140°C for 2 min., then increased to 200°C for 15 min. and further increased to 240°C for 25 min. Both the split injector (1:20) and the FID were set to 260°C. A FAME standard solution (18919-1 AMP Supelco, Sigma-Aldrich, Deisenhofen, Germany) was used for identification and quantification of individual FAMEs in the feed samples.

RESULTS

Survival Rates

After the first 4 days since birth seahorse survival (initially N = 976) was 95%. It sharply declined to about 37% between days 5 and 7. During the main study (days 8–31) it plateaued with an overall survival rate of approximated 32% (n = 311). Juveniles of treatment Art/Cop revealed slightly higher survivorship, mean height, and weight growths than juveniles of treatment Art. Treatment and replicate-specific survival rates, and treatment-specific height and weight gains are shown in Table 1.

Table 1. Survival rates, mean heights, and mean weights of Hippocampus reidi specimens of treatments Art/Cop (replicates 1–3) and Art (replicates 1–3) on days 8 (n = 360), 13 (n = 326), 22 (n = 322), and 31 (n = 320).

[image: image]

With a hazard ratio of 1.34, the fitted survival model also showed a higher probability of survival for juveniles of treatment Art/Cop, however the difference between the two treatments was not significant (z = −0.758, P = 0.449).

Weight-Growth Values

At the end of the experiment, juveniles of treatment Art/Cop showed greater mean weight values than juveniles of treatment Art. Accordingly, juveniles of treatment Art/Cop displayed mean weight values of 90.64–158.46 mg, whereas juveniles of treatment Art showed values of 71.66–101.61 mg (Table 1).

Height-Growth Rates

At the beginning of the main experiment (day 8), juveniles where similar in height. However, until the end of the experiment (day 31), juveniles of treatment Art/Cop showed a greater height increase than juveniles of treatment Art (see Figure 2).


[image: image]

FIGURE 2. Jitter plots (gray dots) showing differential height increases of Hippocampus reidi specimens over time, depending on dietary treatments. Raw measures are overlaid by mean heights and their 95% confidence intervals as estimated by a linear mixed-effect model using the predictors treatment, time, a quadratic term of time, and the interaction between time and treatment.



Model selection identified the linear-mixed effect regression as the model with the highest fit (AICc = 6320.4) that included all terms, except the interaction of treatment with the quadratic term of time. All remaining predictors (diet, time, a quadratic term of time, and the interaction between time and treatment) were significant (Table 2). At the end of the experiment, H. reidi specimens of treatment Art/Cop were, on average, 2.7 mm (SE = 0.25 mm) larger than of treatment Art (Figure 2). The negative regression coefficient of the quadratic term of time (−0.005 ± 0.002) indicates a non-linear reduction in growth rates. However, the coefficient of the interaction treatment Art/Cop with the term time suggests that the diet-specific difference became more pronounced over time.

Table 2. Linear mixed-effect explaining height of Hippocampus reidi larvae depending on two dietary treatments.

[image: image]

Fatty Acid Profiles of Animal Feeds

The fatty acid profiles of the animal feeds differed strongly between Art and Art/Cop in respect to main fatty acid and HUFA compositions (Table 3). In summary, unenriched Artemia (Artplatinum, ArtAF) contained the highest AA and EPA contents of all animal feeds but negligible DHA. In contrast, Copalive and Copfrost featured low AA and EPA levels and a medium level of DHA. Enriched Artemia nauplii (Artcommon S Pr, ArtAF S Pr) showed the highest DHA and HUFA contents. Copfrost revealed the highest DHA:EPA and n-3:n-6 ratios. The calculated relative percentages and ratios of HUFAs within diets Art and Art/Cop revealed that diet Art contained slightly higher DHA, EPA, and AA amounts than diet Art/Cop (Table 4).

Table 3. Percentages and ratios of selected fatty acids within different animal feeds of Hippocampus reidi.

[image: image]

Table 4. Estimates of the relative HUFA percentages and ratios in the diets Art and Art/Cop.

[image: image]

DISCUSSION

The main findings of this study are: (i) Both the diet based on enriched Artemia nauplii and living/frozen copepods (diet Art/Cop), and the diet solely based on enriched Artemia nauplii (diet Art), provide sufficient nutrients and fatty acids to enable good survival and growth of juvenile seahorses. However, diet Art/Cop resulted in superior weight and height growth in comparison to diet Art. (ii) The difference in height growth between treatments increased over time with juveniles of treatment Art/Cop showing a significantly increased final height. (iii) Due to higher amounts of HUFAs in diet Art, the superior juvenile survival and growth performance with diet Art/Cop cannot be explained by different HUFA compositions alone.

General Nutritional Problems in Juvenile Seahorses

Faleiro and Narciso (2010) found seahorse embryos having a high metabolic turnover of DHA, AA, EPA, and C 16:0 (Palmitic acid) resulting in a low amount of lipids and largely depleted HUFA contents in newborn juveniles. They are completely dependent on exogenous food resources, as marine fishes are neither able to synthesize DHA de novo or to convert it from precursors in sufficient amount (Sargent et al., 1995, 2002). DHA, EPA, and AA play important roles as constituents in biomembranes and in immune response (Watanabe, 1993; Sargent et al., 1995; Ullrey, 1995; Mc Donald et al., 2002). Furthermore, an undersupply of DHA has been shown to cause malformation, slower growth, and enhanced mortality in fishes (Shields et al., 1999). In fact, Sheng et al. (2007) suggested that the high mortality of Hippocampus spp., generally observed during the first week of life, might be related to the exhaustion of the juvenile's fatty acid resources.

This is consistent with the results observed in this study, where a sharp decrease in survival rates could be seen within the first week. The effect might have been caused by the lack of sufficient DHA as mortality rates in our experiment decreased after applying enriched Artemia nauplii (abundant in DHA) starting at day 5 (data not shown here). Higher survival and growth rates as a result of the application of enriched Artemia nauplii were also reported by Chang and Southgate (2001), Quintas et al. (2010), Willadino et al. (2012), and Segade et al. (2014). Survival rates further stabilized after the application of diets Art and Art/Cop, which provided higher amounts of DHA as well as greater DHA:EPA and n-3:n-6 HUFA ratios than the former diets (Tables 3, 4).

Differential Effect of the Two Feeds on Survival and Growth Rates

The findings presented here show consistently higher survival rates as well as superior height and weight growth values in H. reidi specimens treated with feed Art/Cop compared to diet Art. These are in agreement with the findings of previous studies targeting other Hippocampus species (see Payne and Rippingale, 2000; Olivotto et al., 2008; Celino et al., 2012; Willadino et al., 2012). Payne and Rippingale (2000), for example, reported for H. subelongatus survival rates after day 14 of >80% for specimens fed with copepods compared to >40% for those fed with Artemia nauplii, and Job et al. (2002) noted survival rates for H. kuda ranging between 40 and 75%, depending on type of enrichment. Moreover, Olivotto et al. (2008) showed a maximum survival rate after day 21 of 35% for H. reidi juveniles feeding on copepods compared to 20% for those reared with an Artemia nauplii diet. As suggested by Lavens and Sorgeloos (1996), the high costs of copepod cultures largely prevent the application of copepod species for large scale aquaculture of seahorses. Considering these economical constrains, our findings of high survival rates and relatively high growth rates with the moderate-cost treatment Art/Cop (in combination with the application of Copfrost starting from day 21) may open new possibilities for the large-scale rearing of seahorses. Even the application of a low-cost Art diet might be appropriate for seahorse aquaculture, as both survival and growth rates are only marginally lower compared to the former diet. In fact, our survival rates for both diets Art and Art/Cop where comparable or even higher than those reported by other authors for high-cost copepod diets (see Payne and Rippingale, 2000; Olivotto et al., 2008).

Effects of Feed Species vs. HUFA Composition

Given the findings discussed above, the question remains what causes the superior effect of a copepod diet. Is it the feed species or their differential dietary HUFA profiles?

Payne and Rippingale (2000) conducted a comparative study (copepods vs. enriched Artemia nauplii) to assess the effect of dietary fatty acid profiles on growth and survival rates of seahorse juveniles. They found significantly better survival, and increases in weight and length, in newborn H. subelongatus reared on copepod nauplii. Payne and Rippingale (2000) also showed that their copepod and Artemia feeds contained overall similar HUFA amounts, but that copepods had the fivefold DHA content (also see Evjemo and Olsen, 1997; Van der Meeren et al., 2008). This would indicate that the superior effect of the copepod feed might be largely due to its high DHA amount.

Though results of the present study also found superior survival and growth rates with a diet containing copepods (Art/Cop), it had, in contrast to the study of Payne and Rippingale (2000), both lower HUFA and DHA amounts than diet Art (see Table 3). Therefore, our results suggest that not HUFA (especially DHA) contents, but rather the feed species might be a determining factor for survival and growth of seahorse juveniles. This finding is in accordance with the results of several other studies showing the positive effect of copepods on survival and growth of seahorse juveniles and the copepods' nutritional superiority over Artemia nauplii under unenriched and even enriched conditions (see Gardner, 2003; Murugan et al., 2009; Celino et al., 2012; Willadino et al., 2012).

Biological parameters that might influence a consumer's nutrient/fatty acid assimilation capability, are digestibility and the availability fatty acid in feed organisms. For instance, gut and feces analyses of H. subelongatus and H. guttulatus have shown a better digestibility of copepods compared to enriched Artemia nauplii. The latter were found to be alive and intact within the feces of seahorses (Payne and Rippingale, 2000; Blanco, 2014; pers. observ.). The superior digestibility of copepods may be ascribed to the evolutionary adaptation of the digestive tract and enzymatic activity of seahorses to copepods, as they constitute a major part of the natural diet of most seahorse juveniles (Tipton and Bell, 1988; Castro et al., 2008). Additionally, Palma et al. (2013) found that H. guttulatus juveniles fed on enriched Artemia nauplii had a higher percentage of gas bubble infections compared to those fed on copepods. Delcroix et al. (2015) showed a strong correlation between diet and bacterial flora in marine fishes. In fact, the bacterial flora within the seahorses' gastrointestinal tract is competent of the enzymatic degradation of lipids, proteins, starch, cellulose, and xylan, whereby a high lipase activity was found (Deobagkar et al., 2012). The latter authors suggested that the modification of this bacterial flora could promote food digestion and fatty acid assimilation. Notwithstanding that the bacterial communities of the feed species used in the present study were not investigated, it could be possible that copepods contain an advantageous bacterial flora that is used by seahorses to enhance digestion. Furthermore, in copepods the fatty acid availability seems to be higher than in Artemia nauplii. For example, Bell and Sargent (2003) found copepods containing most of their HUFAs in the polar lipid fraction. In contrast, HUFAs in Artemia nauplii are mainly found in the neutral lipid fraction (Coutteau and Mourente, 1997). According to McKinnon et al. (2003), HUFAs in the polar lipid fraction are better available and utilizable than esterified HUFAs within triacylglycerols.

Other factors that might have contributed to the superior growth and survival of juveniles of treatment Art/Cop are HUFA ratios, proteins, and antioxidants. It was previously shown that the proper DHA:EPA ratio in favor of DHA plays an important role in fish larval development, growth and survival (Watanabe, 1993; Shields et al., 1999; Chang and Southgate, 2001). Additionally, EPA:AA ratios influence stress resistance and immune response because these fatty acids constitute precursors of pro- and anti-inflammatory eicosanoids (Ullrey, 1995; Mc Donald et al., 2002). Moreover, proteins and essential amino acids are important for the health and development of fishes by promoting the digestibility of fat, proteins, and starch (Nordrum et al., 2000).

Outlook

Our findings of high H. reidi survival rates under moderate- and low-cost feed treatments, and the importance of the feed species call for future studies to further improve seahorse aquacultures. Such studies should not only test the transferability of our results to other populations and species, they may also focus on enhancing diet compositions under an economical point of view. Furthermore, of interest are differences between Artemia nauplii and copepods in respect to their digestibility, fatty acid availability, protein and amino acid contents, and composition of bacterial communities. Moreover, there is considerable potential for improving the H. reidi feeding regime during the first days of life (i.e., until the juveniles reached a size to feed on enriched Artemia nauplii) in respect to DHA supplements.

CONCLUSIONS

Acknowledging a small sample size, this study suggests suitable husbandry conditions and feeding protocols for the rearing of H. reidi. Our results indicate that the availability of DHA largely determines the survival of juveniles during the first days of life. Furthermore, it was shown that not the dietary HUFA composition/content but the food species is the determining factor for growth. However, as a copepod-based rearing is costly, our results suggest a medium-cost feeding regimen for large-scale aquaculture that is based on enriched Artemia nauplii and a low amount of living or frozen copepods. Even a diet solely based on enriched Artemia nauplii may provide a suitable alternative under an economical point of view.
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