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Effects of Temperature and Salinity on Egg Production, Hatching, and Mortality Rates in Acartia ohtsukai (Copepoda, Calanoida)
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The calanoid copepod Acartia ohtsukai predominates the estuarine and coastal waters of East Asia during summer. Its occurrence characteristics confer it with good potential as live prey for fish larvae through mass culture. To investigate the effect of temperature and salinity combinations on its egg production rate (EPR), hatching success (HS), and mortality rate, experiments were undertaken and repeated three times for combinations of five temperatures (10, 15, 20, 25, and 30°C) and seven salinities (10, 15, 20, 25, 27, 30, and 33 psu). EPR and HS were highest at temperatures of 25 and 30°C, respectively, with a salinity of 27 psu. Mortality rate was highest at 10°C in almost all salinity gradients, whereas it was lower at water temperature and salinity ranges of 20–30°C and 20–30 psu, respectively. These findings indicate that A. ohtsukai can inhabit wide ranges of water temperatures and salinities, and that the optimized condition for mass culture is a combination of water temperature of 25°C and salinity of 27 psu.
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INTRODUCTION

In the aquaculture industry, Artemia spp. and rotifers have widely been used as prey for fish larvae (Hoff and Snell, 1999; Chesney, 2005), although fish larvae prefer copepod nauplii to comprise more than 50% of the stomach contents (Støttrup, 2000). However, a lack of variation in sizes and nutritional contents has led to the search for alternative prey sources. Copepods, which connect primary producers such as phytoplankton and higher consumers in the marine food web, have been considered as excellent live feeds owing to the size variation in their developmental stages as well as nutritional sufficiency in terms of fatty acids, free amino acids, and other essential micronutrients (Sargent and Falk-Petersen, 1988; McEvoy et al., 1998; Støttrup, 2000, 2003; van der Meeren et al., 2008). In particular, since copepods mainly contain essential n–3 highly unsaturated fatty acids (HUFA), docosahexaenoic acid (22: 6n–3; DHA), eicosapentaenoic acid (20: 5n–3; EPA), and phospholipid n–6 HUFA arachidonic acid (20: 4n–6; ARA), it is critical for marine fish larvae to feed on them to ensure adequate growth and development (Gapasin and Duray, 2001; Bell et al., 2003). Additionally, marine fish larvae fed with copepods instead of Artemia spp. and rotifers have advantages such as higher survival, better pigmentation, and more robust growth (Naess et al., 1995; Støttrup and Norsker, 1997; Wilcox et al., 2006).

Several studies on the mass cultivation of copepods have been undertaken to investigate their commercial use as live prey for fish larvae (Table 1), but only a few species have successfully been reared for mass cultivation for aquaculture because there is very little information available on the physiological processes and population dynamics of the best candidates (van der Meeren and Naas, 1997; Støttrup, 2000, 2003). Of the calanoid copepods, Acartia tsuensis, Acartia tonsa, and Eurytemora affinis have been considered for use in mass cultivation (Ban, 1994; Takahashi and Ohno, 1996; Peck and Holste, 2006). The egg production rate (EPR), hatching rate, survival/mortality, and growth of nauplii and copepodites of these species are affected by various environmental factors such as water temperature, salinity, pH, and quantity and quality of food (Chinnery and Williams, 2004; Holste and Peck, 2005; Peck and Holste, 2006).


TABLE 1. The table provides information on copepod culture.
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In particular, temperature and salinity are the two most important environmental variables that affect the growth and egg production of marine copepods (Miller and Marcus, 1994; Peck and Holste, 2006). Rhyne et al. (2009) found that temperature had a significant effect on nauplii production and survival in Pseudodiaptomus pelagicus. Ban (1994) showed that temperature altered egg production and adult size in E. affinis. Previous studies on Acartia species indicated that salinity was not completely responsible for the hatching success (HS) of eggs (Chinnery and Williams, 2004; Dutz and Christensen, 2018; Wilson et al., 2021). Dutz and Christensen (2018) showed that there were no significant differences in the HS of eggs in the brackish water species Acartia longiremis at different salinities (4, 5, 6, 7.7, and 16 psu). The netric species Acartia fancetti, which inhabits hypersaline areas, showed no significant differences in the HS of eggs at different salinities (30, 40, and 50 psu), except at 60 psu. However, Holste and Peck (2005) showed that the HS of eggs produced by the copepod A. tonsa significantly decreased under a salinity of less than 15 psu. Variations in salinity were found to lead to different rates of population growth and egg hatching in the tropical copepod Acartia sinjiensis (Milione and Zeng, 2008). Notably, Chinnery and Williams (2004) reported that salinity treatment altered egg hatching rates and nauplii survival in four Acartia species. Several studies have also indicated an interactive effect of salinity and temperature (Bradley, 1986; Nagaraj, 1988). Such discrepancies in results indicate high levels of phenotypic plasticity among copepod species in terms of the salinity effect (Wilson et al., 2021). Thus, assessing the effects of temperature and salinity on calanoid copepods can provide information for their utilization as live prey in aquaculture.

Acartia ohtsukai, which occurs in the estuarine and coastal waters of Korea, China, Vietnam, and Japan (Razouls et al., 2005-2020), is also an excellent candidate live prey species for aquaculture, because it is found in high densities owing to its adaptability to rapid changes in temperature and salinity (Choi et al., 2019; Lee et al., 2020). A. ohtsukai dominates in summer and autumn in Yeoja Bay, comprising more than 60% of the zooplankton community in the inner bays in September (Lee, 2019). The aim of the present study was to understand the combined effect of temperature and salinity on egg production, HS, and mortality in A. ohtsukai, with the ultimate aim of assessing its use in mass cultivation.



MATERIALS AND METHODS


Sampling and Rearing for the Experiments

The present experiments used A. ohtsukai from a single population. A. ohtsukai individuals were collected using a conical net (mesh size 200 μm, mouth opening size 45 cm) from Sangjin Port (34°48′43′′ N, 127°24′22′′ E) in the northern part of Yeoja Bay, South Korea on August 9, 2019. At the sampling site, the water temperature was 29°C and the salinity was 26 psu. The stock culture was stored in 20 L carboys filled with 1 μm filtered seawater at a salinity of 25 ± 1 psu and a temperature of 30 ± 1°C, and gentle aeration was provided through a 1 ml serological pipette at the bottom of the carboy. Water quality was maintained by replacing 100% of the culture water once every 5 days. The photoperiod was maintained at 12L–12D (12 h light:12 h dark) and a light intensity of 120 lux. Temperature and salinity were measured daily during the experiments (WM-32EP, DDK-TOA CO., Japan). For culture maintenance and experiments, daily rations of marine microalgae Isochrysis galbana (4.5 μm diameter) and Tetraselmis suecica (8 μm diameter) were provided, and a mixed diet of 40,000 cells/ml and 3,000 cells/ml (Milione and Zeng, 2007), respectively, was fed. Microalgae I. galbana (Haptophyceae) and T. suecica have been used in previous diet experiments of the temperate copepod A. tonsa (Støttrup et al., 1986; Feinberg and Dam, 1998). Microalgae cultures were grown in a 2 L roller bottle under a fluorescent light regime of 12L–12D with an intensity of 2500 lux. Microalgae I. galbana and T. suecica were grown in f/2 medium (Guillard and Ryther, 1962). The culture conditions were kept stable until the end of the experiments.



Egg Production Rate

Experiments were conducted to investigate the EPR of A. ohtsukai in relation to a wide range of culture temperatures and salinities. The daily EPR of A. ohtsukai was quantified at seven salinities (10, 15, 20, 25, 27, 30, and 33 ± 1 psu) and five temperatures (10, 15, 20, 25, and 30 ± 1°C). In previous studies, the critical points of water temperature and salinity of A. ohtsukai have been reported to be 10–30°C and 4–30 psu, respectively (Youn and Choi, 2008; Park et al., 2015). Since eggs incubated for 48 h at low salinity could burst and be erroneously identified as hatching eggs, the low salinity treatment was not used (Holste et al., 2004). Copepods used in the experiments were gradually adapted to various water temperatures and salinities via increments of 5°C and 2 psu every 6 h until the required water temperature and salinity level were reached. Three replicates were set up for each treatment for egg production experiments. Twenty-one replicate sets per temperature were used, with a total of 105 sets of A. ohtsukai adults and 200 ml beakers with 2 females and 2 males, respectively. A U-shaped 100 μm mesh was attached to the bottom of each of the 200 ml beakers to prevent egg cannibalism and facilitate egg collection. After approximately 24 h of incubation, all the contents of the replicate bottles were drained into a 40 μm mesh and the numbers of eggs that remained on the mesh were determined and recorded. All samples were counted and recorded under a stereo microscope at ×20–40 magnification (Nikon SMZ 745; Nikon, Japan).



Hatching Success

To investigate the effect of temperature and salinity on HS, the eggs spawned at the bottom of the beaker during the EPR experiments were collected by siphoning. After these eggs were rinsed with filtered seawater and randomly distributed with 20 eggs per well in six-well cell culture plates, HS was observed at 12 h intervals for 48 h. Each of the six-well cell culture plates used parafilm to minimize contaminants and evaporation. The HS (%) was calculated by dividing the number of eggs hatched after 48 h by the number of original eggs. The water temperature and salinity gradients for measuring HS were the same as those used for EPR.



Mortality Rate

To investigate the effect of temperature and salinity on mortality rate, healthy adult A. ohtsukai females (n = 10) were placed in 200 ml beakers with seven salinities (10, 15, 20, 25, 27, 30, and 33 ± 1 psu), and the beakers were incubated in a Multi-Room Incubator (WIM-RL4, DAIHAN Scientific Co., Wonju, South Korea) set to five temperatures (10, 15, 20, 25, and 30 ± 1°C). Females were observed three to five times (5–8 h intervals) a day under a stereo microscope (Nikon SMZ 745; Nikon, Japan) for 10 days or until death. A. ohtsukai individuals were transferred from a 200 ml beaker with water prepared once every 3 days to a beaker with the same conditions to minimize manipulation stress. Other experimental conditions were maintained according to the stock culture protocol. The mortality rate of the A. ohtsukai females was calculated as follows:
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Statistical Analysis

Data from all experiments were analyzed by two-way analysis of variance (ANOVA) without replication. When a significant difference (p < 0.05) was found, it was tested using the Tukey’s multiple comparison test. All statistical analysis was performed using the SPSS program version 20.0 (SPSS Inc., Chicago, IL, United States). Standard errors for EPR, HS, and mortality are presented to show the variation within each treatment.



RESULTS


Egg Production Rate

Egg production rates of A. ohtsukai were significantly different at various water temperature and salinity combinations (Table 2). The EPR of A. ohtsukai ranged from 1.90 ± 0.40 to 11.10 ± 1.20 eggs f–1 d–1 (eggs per female per day) depending on the water temperature and was highest at 25°C and lowest at 10°C (Figure 1). An exceptionally high EPR of more than 11 eggs f–1 d–1 was observed at 20–30°C. However, the EPR at 10 and 15°C was lower than 5 eggs f–1 d–1. In addition, egg productivity differed for different water temperature and salinity combinations (Figures 2A–E). For the 10 and 15°C treatments, eggs were not laid at specific salinities of 10, 15, and 33, and at 10 and 33 psu, respectively (Figures 2A,B). For the 20–30°C range, eggs were produced in all salinity ranges (Figures 2C–E). In particular, at 25 and 30°C, a high EPR was observed at 25–30 and 15–27 psu, respectively. There was also a clear decline in EPR as salinity increased above 27 psu at water temperatures of 10 and 15°C.


TABLE 2. Two-way ANOVA without replication to test the effect of egg production rate (EPR), hatching success (HS), and mortality on water temperature and salinity.
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FIGURE 1. Egg production rate (EPR) of adult female Acartia ohtsukai at each temperature. For each treatment, the mean 24-h EPR at seven salinities (10, 15, 20, 25, 27, 30, and 33 psu) is shown. Data are presented as mean ± standard error (SE). Different letters above the bars indicate significant differences (p < 0.05).
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FIGURE 2. Egg production rate (EPR) of adult female Acartia ohtsukai at each temperature and salinity. (A) 10°C, (B) 15°C, (C) 20°C, (D) 25°C, and (E) 30°C. Data are presented as mean ± standard error (SE). Different letters above the bars indicate significant differences (p < 0.05).




Hatching Success

The average HS (%) of A. ohtsukai increased as the water temperature increased (p < 0.01) (Table 2 and Figure 3A). The average HS was lowest at 10°C (0.2 ± 0.4%) and highest at 30°C (42.1 ± 8.7%). In terms of the water temperature and salinity, the HS was 1.1 ± 0.1% at 10°C and 25 psu, and in other salinity conditions, hatching was not observed (Figure 3B). At 15°C, the HS was highest at 20 psu (10.7 ± 0.8%), and no hatching was observed at 10, 15, 27, and 33 psu. At 20°C, the HS was highest at 27.3 ± 1.2% at 10 psu. At 25°C, the HS was highest (37.2 ± 2.0%) at 10 psu, and 0% at 33 psu. At 30°C, the HS was about 37% or more between 10 and 30 psu, and no hatching was observed at 33 psu.
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FIGURE 3. Hatching success (HS) of eggs of adult female Acartia ohtsukai. Mean HS at each temperature (A) and HS at each temperature and salinity (B) are shown. Data are presented as mean ± standard error (SE). Different letters above the bars indicate significant differences (p < 0.05).




Mortality

During the experiment, the mortality of adult females was about 18% at temperatures above 20°C, and above 39% at lower temperatures (10 and 15°C) (p < 0.01) (Table 2 and Figure 4A). The average mortality was lowest at 25°C (16.6 ± 11.4%) and highest at 10°C (42.6 ± 8.4%). The mortality was over 42% at 10°C, and the lowest mortality was observed at 27 psu (32 ± 1.4%) (Figure 4B). In the 15°C treatment, the mortality was highest at 15 psu, with a value of 45.0 ± 0.8%, whereas in the 20°C treatment, the mortality was highest at 10 psu, with a value of 35 ± 2.1%. In the 25°C treatment, the mortality was highest at 10 psu, with a value of 34 ± 1.9%, whereas in the 30°C treatment, the mortality was highest at 33 psu, with a value of 34 ± 1.9%.
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FIGURE 4. Mortality of adult female Acartia ohtsukai. Mean mortality at each temperature (A) and mortality at each temperature and salinity (B) are shown. Data are presented as mean ± standard error (SE). Different letters above the bars indicate significant differences (p < 0.05).




DISCUSSION

Copepods egg production, hatching rate, survival are affected by several factors, including water temperature, salinity, food quantity and quality, and photoperiod (Peterson et al., 1991; Miralto et al., 2003; Shin et al., 2003). In particular, water temperature and salinity are important factors affecting not only the temporal and spatial distribution of copepods, but also egg production, HS, and mortality rates (Miller and Marcus, 1994; Peck et al., 2015). However, these depend on the different physiological responses of each species at various temperatures and salinities. Chinnery and Williams (2004) showed that the HS of Acartia clausi and A. tonsa was highest at 20°C and 33.3 psu, and at 20°C and 15.5 psu, respectively, whereas that of Acartia bifilosa was significantly higher at 10°C than at 20°C, with no significant influence of salinity. Further, they showed that the HS of Acartia discaudata did not differ significantly with temperature (5, 10, and 20°C) and salinity (15.5, 20.6, 25.1, and 33.3 psu). They also reported that nauplii of four Acartia species (A. discaudata, A. clausi, A. tonsa, and A. bifilosa) had improved survival and showed faster development as temperature increased from 5 to 20°C. Ohs et al. (2010) reported that the optimal salinity range for achieving maximum nauplii production in P. pelagicus was 15–25 g/L, and the percentage of ovigerous females peaked at 20 g/L and decreased in proportion of ovigerous females at salinities above or below this value. Milione and Zeng (2008) found that A. sinjiensis had the highest HS at 34°C, but this did not differ significantly when cultured at 25, 30, and 34°C. In addition, the hatching rate was highest at 30 psu, but there were no significant differences at other salinity concentrations. Further, they suggested that when the temperature rises above a certain level, the positive effect on egg production and hatching rates decreases (Milione and Zeng, 2008). Although A. tsuensis can develop normally from egg to adult within the temperature range of 17.5–30°C, optimal growth and minimum mortality were confirmed to occur at about 25°C (Takahashi and Ohno, 1996).

The results of this study on the effect of temperature on egg production and egg HS in A. ohtsukai are consistent with those of previous studies. With regard to the effect of temperature, the EPR of A. ohtsukai increased at 20°C in comparison to that at 25°C, but it slightly decreased at 30°C, while it was lower at 10 and 15°C. In particular, the EPR at 30°C was three times higher than that at 10–15°C (Figure 1). On the other hand, the combined effect of temperature and salinity was highest at 25°C and 27 psu (Figure 2). The HS increased as the water temperature increased and was highest at 30°C in all salinity gradients except at 33 psu (Figure 3). The present study shows that A. ohtsukai had different ranges of EPR and HS under various water temperature and salinity conditions. The egg production at water temperatures of 10 and 15°C occurred only in a specific salinity range (15–30 psu). When the water temperature reached 20°C or higher, the EPR was expanded to a wider range, ranging from 10 to 33 salinity. The species showed very low HS at 10 and 15°C, and relatively high hatching rates above 20°C in a wide salinity range. The highest HS was shown at 30°C, and hatching was not observed at a salinity of 33 psu. In other words, at temperatures below 20°C, A. ohtsukai showed low EPR and HS in a narrow salinity range, whereas above 20°C, it showed high EPR and HS in a wide salinity range. Therefore, the EPR and HS of A. ohtsukai can be expected to vary depending on the salinity range based on the water temperature of 20°C. The interaction between water temperature and salinity is particularly important in determining the range of physiological tolerance of copepods (Holste and Peck, 2005; Peck et al., 2015).

The results of this study show that as the temperature decreases, the HS (%) markedly decreases, indicating that more than 90% of the eggs do not hatch within 48 h at temperatures of 10 and 15°C. It is speculated that this may be due to differences in the proportions of the different types of eggs that are produced based on different factors (water temperature, salinity, and food quality and quantity). In many species of the family Acartiidae, each single female can simultaneously produce subitaneous and diapause eggs (Onoue et al., 2004), and eggs could be morphologically distinguished depending on the species (Belmonte, 1992, 1998). The previous studies conducted in Gamak Bay have shown that A. ohtsukai produces normal, subitaneous, and resting eggs (Choi et al., 2019). Normal and subitaneous eggs hatch rapidly within a few days after spawning, whereas diapause egg hatch after a certain period (the refractory phase) of time (Uye, 1980; Marcus, 1996). The observed HS (%) during 48 h used in this study may not be sufficient time for resting eggs (Marcus, 1996; Peck and Holste, 2006). No difference was identified in the shape of hatching eggs and non-hatching eggs in this study (magnification ×400, Nikon ECLIPSE 80i; Nikon, Japan). Recent studies have shown that it could be difficult to recognize differences in egg types in the family Acartiidae (Belmonte and Rubino, 2019; Choi et al., 2021).

Mortality rates provide basic information on the tolerance of organisms to environmental conditions (Pörtner and Peck, 2010). In this study, A. ohtsukai showed high mortality rates in all salinities at 10 and 15°C, whereas at 20–30°C it showed a low mortality rate in the range of salinity of 20–33 psu. On the other hand, Støttrup et al. (1986) reported that the daily copepod mortality rate of A. tonsa was constant at 5% in the optimal salinity gradient, but it increased by about 50% or more in high salinity with values above 25 psu (Medina and Barata, 2004). It is not practical to accommodate more than 50% mortality of live prey in mass production (Jepsen et al., 2015). The mortality of A. ohtsukai observed for 10 days showed a low rate of less than 25% on average at all water temperatures and salinities except at salinity values of 10 and 15 psu at a water temperature of 10°C. Further, extensive salinity changes, except for a high salinity value of 33 psu, did not significantly affect HS in A. ohtsukai over 48 h. However, in the low temperature (10 and 15°C) experiment, no eggs were produced at salinities of 10, 15, and 33 psu. These results showed that the productivity was affected by salinity in the experiment at low temperatures, while it was affected by temperature when the values were above 20°C. Therefore, the optimal range for the survival of A. ohtsukai based on the combined effect of water temperature and salinity is estimated to be approximately 20–30°C temperature and 20–33 psu salinity. The physiological properties of A. ohtsukai suggest that the species can be an excellent candidate for mass cultivation as a prey of fish larvae, and that it may persist in the water column under various water temperature and salinity conditions.

Some recent studies suggest an unclear role of salinity on biological traits of the genus Acartia. Castro-Longoria (2003) found that the EPR of Acartia species (Acartia margalefi, A. discaudata, A. clausi, and A. tonsa) were not significantly affected by a salinity range of 15–33 psu. Figure 2 shows that the EPR decreased as the salinity increased above 27 psu at water temperatures of 10 and 15°C. However, in contrast to water temperature, the effect of salinity on EPR in A. ohtsukai was less consistent in the present study. For example, Peck and Holste (2006) found that A. tonsa had the highest EPR at a salinity value of 15 psu among a salinity range of 5–30 psu, whereas EPR gradually decreased in salinity above 20 psu. In addition, an optimal EPR of Acartia japonica was observed at a salinity value of 15 psu and a tendency of decrease in EPR at salinity values above 20 psu among a salinity range of 5–30 psu was shown (Wilson et al., 2021).

Several calanoid species living in estuarine waters have been reported to be able to withstand a wide range of salinity conditions (Uye, 1982). Støttrup (2000) showed that although salinity can affect productivity, these species can survive in less than suboptimal conditions. Although adults can withstand a relatively wide range of water temperature and salinity, the nauplius stage that is used as live feed for larvae of several fish species, including red snapper (Lutjanus campechanus), mangrove jack (Lutjanus argentimaculatus), and grouper (Epinephelus coioides) (Schipp et al., 1999; Lee et al., 2010), is sensitive in terms of salinity tolerance (Lance, 1964; Chinnery and Williams, 2004). In particular, in the case of the nauplius stage, exposure to adverse environments at this sensitive stage leads to developmental delay, ecdysis, or death (Tester and Turner, 1991; Devreker et al., 2004). Due to the difference in mortality rates according to developmental stages, it was difficult to estimate the mortality rate of nauplii according to water temperature and salinity in this study. Therefore, it is necessary to understand the effects on the population of A. ohtsukai according to environmental changes by investigating the mortality rate in future developmental stages. Although this study has not been undertaken on nauplii and copepodites according to their developmental stages, we have provided information on the optimum water temperature and salinity conditions of A. ohtsukai that can be applied to mass culture.



CONCLUSION

Acartia ohtsukai could survive in a relatively wide range of temperature and salinity conditions, but it was confirmed that temperature significantly affected EPR and HS. Salinity is considered to also have a significant effect on EPR and HS of A. ohtsukai, but to affect mortality rate to a lesser degree. To optimize the intensive culture of A. ohtsukai, we recommend the following: in order to produce and cultivate a high rate of eggs, the culture should be maintained at a temperature of 25°C and salinity of 27 psu. The immediate use as live feed for fish larvae is considered to be efficient when hatching occurs at 30°C. This demonstrates that the plasticity of A. ohtsukai enables it to adapt to changes in water temperature and salinity and that this species can be used as an efficient live feed in the cultivation of larvae of various fishes.
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