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Dwarf surf clam, Mulinia lateralis, is widely considered as a model species for bivalves. The development of a standard culture system could greatly promote the production of high-quality individuals, yet information on the culture conditions for M. lateralis spat is still limited. This study aims to determine the suitable microalgae diet, temperature, and salinity for M. lateralis spat culture. The typically fed microalgae species, including Chlorella pyrenoidesa (Cp), Platymonas helgolandica (Ph), Dunaliella salina (Ds), Nitzschia closterium (Nc), and Chaetoceros muelleri (Cm), could be taken up by M. lateralis spat, and their filtration rates on Cp, Nc, and Cm were higher than those on Ds and Ph. For the entire spat culture, all diet trials showed similar survival percentages, while the mono-specific diet Cp exhibited the highest growth rate, suggesting that Cp was the optimal microalgae species for M. lateralis spat. Through simultaneously maximizing the growth and survival of spat, the optimal microalgae concentration and stocking density were 5 × 104 cells ml–1 and 400–600 individuals m–2 for 30–40-day-old spat as well as 1 × 105 cells ml–1 and 400–600 individuals m–2 for 40–50-day-old spat, respectively. In addition, the spat had higher growth rates and survival percentages at the temperature of 20–22°C and salinity of 22–25 ppt. The results of this study provide a basis for further culture of M. lateralis spat, and the optimized conditions will be of great significance for the construction of the standard culture system of M. lateralis.
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INTRODUCTION

The dwarf surf clam, Mulinia lateralis (Say 1822), is a typical burrowing bivalve, which mainly occurs along the Atlantic coast from Canada to Mexico (Calabrese, 1970a). It usually inhabits substrate of sandy and muddy in the estuarine and intertidal zones and can be found in dense populations (Walker and Tenore, 1984). M. lateralis is a small bivalve with an adult shell length of approximately 15–20 mm and reaches sexual maturation in 2 months (Calabrese, 1969a, 1970b). In addition, this species is dioecious with an XX-female and XY-male system of sex determination and presents a continuous reproductive cycle (Calabrese, 1970b; Guo and Allen, 1994). These unique characteristics of M. lateralis have made it an attractive model species for bivalve researches (Calabrese, 1969a; Guo and Allen, 1994; Burgess and Morrison, 2010; Cripe, 2010). Some signs of progress have been made in the physiological ecology, reproduction, and artificial culture of M. lateralis, which laid a solid foundation for further research (Calabrese, 1969b; Shumway, 1983; Shumway et al., 1983; Shumway and Newell, 1984; Yang et al., 2021). While spawning induction and subsequent culture of M. lateralis can be achieved in the laboratory (Calabrese, 1969a; Rhodes et al., 1975), a major challenge impeding production of this species remains the lack of standardized culture protocols.

In order to establish a culture protocol for bivalves, many factors need to be assessed, including diet type and quantity, stocking density, and environmental parameters (such as temperature and salinity) (Cheng et al., 2020). Microalgae are the major diet source for the bivalve, which provide various nutrients to sustain normal functions including growth and survival (Avila et al., 1997; Brown et al., 1997). Nutritional quality is the primary criterion for the choice of microalgae species for bivalve culture, such as lipids, carbohydrates, and proteins (Brown et al., 1997). In addition, microalgae size, form, and mobility affect the ingestion and digestibility of bivalves and are important criteria for microalgae selection (Marshall et al., 2010). Then, according to nutrition requirements, single species or multispecies combinations of microalgae can be selected to feed bivalves. Notably, the performance of bivalve feeding on multispecies is not always better than single species, and the mixture of microalgae has positive, negative, or intermediate effects on the bivalve (Velasco, 2007; Cheng et al., 2020). For Mercenaria mercenaria, the highest levels of larval growth, development, and survival were achieved by feeding Isochrysis galbana and Chaetoceros gracilis in equal proportion for the entire larval duration (Hassan et al., 2021). For Paracentrotus lividus, the larvae fed with a combination of Rhodomonas sp. (Rho) with the selected diatom Phaeodactylum tricornutum showed identical growth performance to larvae fed with Rho monospecific diet (Gomes et al., 2021).

Food availability is an important factor affecting the feeding process and nutrition absorption, and a suitable amount of food could improve the performance of bivalves (Doroudi and Southgate, 2000; Ballesta-Artero et al., 2018; Wang et al., 2021). In Arctica islandica, the maximum growth rate (58.26 μm day–1) was observed at the microalgae concentration of 1.5 × 104 cells ml–1, and insufficient or excessive microalgae is not conducive to the growth (Ballesta-Artero et al., 2018). In addition, stocking density is also an important factor affecting the utilization of food, and density-dependent growth and survival have been reported in many bivalves (Liu et al., 2010; Nowland et al., 2019). Hence, optimizing the conditions of microalgae concentration and stocking density is necessary to ensure the food availability for the bivalve. In Clinocardium nuttallii, the stocking density of 4 larvae ml–1 combined with the microalgae concentration of 5 × 104 cells ml–1 significantly improved the larval growth and survival (Liu et al., 2010).

Numerous studies have shown that environmental factors significantly influence the culture of bivalves, especially temperature and salinity (Velez et al., 2016; Ballesta-Artero et al., 2018; Acosta et al., 2021). For example, Wang et al. (2021) reported that temperature exerted significant effects on postlarva, and temperature of 26.4–29.2°C resulted in the greatest specific growth and survival for Pinctada martensii. For Mytilus galloprovincialis, there were apparent cellular damages and a decrease in metabolic capacity when salinities were out of the optimal ranges (25–35 ppt) (Freitas et al., 2020). Therefore, the optimization of these factors is crucial for a successful and efficient culture system. In our previous study, the rearing conditions for M. lateralis have been developed by optimizing the microalgae diet and stocking density, which greatly promoted the production of high-quality larvae under laboratory conditions (Yang et al., 2021). However, very less is known about the optimal culture conditions for M. lateralis spat, which is a key stage in the transition from juvenile to adult.

In this study, the ingestion of M. lateralis spat of different microalgae diets is first assessed. Furthermore, the growth and survival of spat cultured using different microalgae diet, microalgae concentration, spat stocking density, culture temperature, and salinity are evaluated. The results will provide the optimal culture conditions for spat and underpin the establishment of the standard culture system of M. lateralis.



MATERIALS AND METHODS


Experimental Animal and Culture

Mulinia lateralis used in the current experiment were obtained from the Ministry of Education (MOE) Key Laboratory of Marine Genetics and Breeding, Ocean University of China (Qingdao, China). The individuals in the spat stage were selected, which corresponds to the rapid growth period of M. lateralis life, as shown in Figure 1. They were cultured in adequately aerated seawater at a temperature of 21–22°C and salinity of 27–28 ppt. Seawater was pretreated with sand, activated carbon, and absorbent cotton as filtered seawater (FSW). The temperature and salinity of seawater were monitored using a multiparameter (YSI proplus, United States) to ensure no substantial change during the experiment. The sand (particle size: 0.25–0.5 mm) with a thickness of 3 cm was used as the habitat substrate for spat. The spat was generally fed three times a day with microalgae, and the amount of microalgae was adjusted according to the total individuals under experimental condition.
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FIGURE 1. Main developmental stages of Mulinia lateralis, including larvae, juvenile, spat, and adult. Scale bar of 300 μm is used for the larvae and juvenile, while scale bar of 3 mm is used for spat and adult.




Microalgae Preparation

Five different microalgae species were selected in this study, including three species of Chlorophyta, namely, C. pyrenoidesa (Cp), Platymonas helgolandica (Ph), and Dunaliella salina (Ds), and two species of Bacillariophyta, namely, Nitzschia closterium (Nc) and Chaetoceros muelleri (Cm), which were commonly used for bivalve culture (Yu and Li, 2016). The characteristics of microalgae species are described in Table 1. Microalgae concentrate was purchased from Jianyang Biological Technology Ltd. (Dalian, China), which was stored at 4°C. The concentrate was diluted with FSW, and then the suspension was filtered through a 40 μm mesh screen to remove any clumps. Cell concentration of microalgae was then calculated using a cell counter (Countstar IC1000, China), and the feeding concentration was adjusted according to the experimental design.


TABLE 1. Characteristic of microalgae species used in feeding experiments.
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Experimental Design

Four experiments were conducted to study the effects of microalgae diet, temperature, and salinity on the growth and survival of M. lateralis spat. The first experiment examined the filtration of different microalgae species by M. lateralis spat. The second experiment evaluated the effects of different microalgae species on the growth and survival of spat. Third, an interactive experiment was designed to explore the effects of microalgae concentration and stocking density. Finally, the effects of temperature and salinity on the growth and survival of spat were assessed, respectively. Details of each experiment were described in the following sections.


Experiment 1: Filtration of Five Microalgae Species by Mulinia Lateralis Spat

The experiment was conducted in a 1-L aquarium (10 cm × 10 cm × 10 cm) to determine the filtration rate (FR) of each microalgae species by M. lateralis spat (Supplementary Figure 1). The 30-day-old (shell length: 2.89 ± 0.09 mm) and 40-day-old (shell length: 5.84 ± 0.09) spat were collected, respectively, and washed gently with FSW. The spat were starved for 12 h before the experiment and then were randomly assigned to five aquaria filled with FSW at the temperature of 21–22°C and salinity of 27–28 ppt. There were 10 individuals in each aquarium, which were fed with one microalgae species with a concentration of 5 × 105 cells ml–1. During the experiment, adequate aeration of the seawater provided a saturated oxygen concentration and a continuous mixture of microalgae. In addition, an aquarium added with microalgae species but without spat was set as the control group to eliminate the influence of microalgae sedimentation. At 0 and 6 h after feeding, the 3 ml water samples were taken from each aquarium using the three-point sampling method, and microalgae were counted using a cell counter. Each trial was carried out in triplicates (3 aquaria). FR was calculated using the following formula (Sprung, 1984):
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Where v is the volume of seawater (ml), n is the number of spat (individual), t is the duration of the experiment (h), C0 is the initial microalgae concentration (cells ml–1), C6 is the final initial microalgae concentration (cells ml–1), S is the correction factor using the control, Cc0 is the initial microalgae concentration in the control (cells ml–1), and Cc6 is the final microalgae concentration in the control (cells ml–1).



Experiment 2: Effects of Microalgae Diet on the Growth and Survival of Spat

The 30-day-old spat (shell length: 1.89 ± 0.30 mm) was collected for the diet experiment. According to microalgae species, seven trials were set for feeding experiment, including four Chlorophyta trials (Cp, Ph, Ds, and Cp + Ph + Ds) and three Bacillariophyta (Nc, Cm, and Nc + Cm). Different microalgae species were mixed at a 1:1 or 1:1:1 ratio based on the cell density. Each trial consisted of three replicates and was carried out in a 15-L aquarium (30 cm × 25 cm × 20 cm) filled with FSW, adequate aeration, 3 cm thickness substrate, a temperature of 21–22°C, and salinity of 27–28 ppt. Each aquarium contained 35 individuals. Spat was cultured in adequately aerated seawater, and seawater was renewed every 2 days. Aquaria were replaced every 10 days, which were sterilized with 0.2% potassium permanganate solution before use. All trials were fed three times a day with microalgae at a concentration of 5 × 104 cells ml–1. The number of 50-day-old spat was counted, and survival was assessed by survival percentage (%) = (the number of 50-day-old spat/35) × 100%. The spat was photographed under a stereoscope (Cnoptec SZ680, China), and 30 individuals in each microalgae trial were randomly selected to measure the shell length using ImageView software (Motic, China). Growth was calculated as the average growth rate (mm day–1) = (shell length at 50-day-old spat − shell length at 30-day-old spat)/20 day.

According to the abovementioned results, the microalgae species with the best feeding performance were selected from the Chlorophyta and Bacillariophyta, respectively. The 30-day-old spat (shell length: 1.96 ± 0.38 mm) was collected to explore the different mixing ratios of microalgae. The trials included Cm, Cm3 + Cp1, Cm1 + Cp1, Cm1 + Cp3, and Cp, and different microalgae species were mixed based on cell density. Other culture conditions and methodology for measuring the growth and survival of spat were identical to those described in the above experiment.



Experiment 3: Effects of Microalgae Concentration and Stocking Density on the Growth and Survival of Spat

The 30-day-old spat (shell length: 2.18 ± 0.29 mm) and 40-day-old spat (shell length: 4.32 ± 0.27 mm) were separately collected. The experiment for 30–40-day-old spat contained 12 trials: all combinations of three diet concentrations (1 × 104, 5 × 104, and 1 × 105 cells ml–1) and four different stocking densities (400, 600, 800, and 1,000 individuals m–2), respectively. In the experiment of 40–50-day-old spat, 12 trials were conducted: all combinations of three diet concentration levels (5 × 104, 1 × 105, and 20 × 104 cells ml–1) and four different stocking densities (400, 600, 800, and 1,000 individuals m–2). There were three replicates per trial (3 aquaria). During the whole experiment, Cp was selected as the only microalgae diet for spat. In the experiment of 30- and 40-day-old spat, survival percentage (%) = (the final number of spat/the initial number of spat in each aquarium) × 100%, and the average growth rate (mm day–1) = (the final shell length − the initial shell length)/10 days. Other experimental conditions and methodology were similar to Experiment 2.



Experiment 4: Effects of Temperature and Salinity on the Growth and Survival of Spat

Depending on the temperature of the natural distribution area,1 five experimental gradients of 18, 20, 22, 24, and 26°C were set up. The 30-day-old spat (shell length: 2.62 ± 0.31 mm) was collected for the experiment. Each trial consisted of three replicates, each make up of a 15-L aquarium filled with FSW, the salinity of 27–28 ppt, and each aquarium contained 35 individuals. For the temperature trial, a thermostatic electronic heater (BOYU HT2200, China) was equipped to maintain a steady temperature, respectively, while the 18°C trial aquarium was placed directly at room temperature controlled by an air conditioner (Green KFR-72LW, China). The seawater was preheated to the corresponding experimental temperature before use. Cp was selected as a microalgae diet for spat, and the supply of diet varied according to experiment 3. Other experimental conditions and methodology for measuring the survival and growth of spat were the same as in experiment 2.

Based on the salinity of the natural distribution area (see text footnote 1), seven experimental gradients of 16, 19, 22, 25, 28, 31, and 34 ppt were designed to evaluate the growth and survival of spat under laboratory conditions. The 30-day-old spat (shell length: 2.85 ± 0.44 mm) was collected for the experiment, each aquarium was filled with FSW, and the temperature was regulated at 21–22°C. The experimental seawater of different salinities was prepared by mixing the freshwater, FSW, and sea crystal (HAIBAWANG, China). Other experimental conditions and measurements were identical to those of the temperature experiment.




Data Analysis

The ingestion rate, growth rate, and survival percentage of spat were presented as the mean ± standard deviation (SD). All data were expressed in a chart format by the GraphPad8.0 software. Data analysis and curve fitting were conducted using the SPSS23 software. The analysis of variance (ANOVA) followed by post hoc comparison of means based on Tukey’s test was conducted to determine significant differences (p < 0.05). The normality of data was confirmed by Kolmogorov-Smirnov’s test and homogeneity of variances by Levene’s test. Non-linear regression analysis was carried out to evaluate the effects of temperature and salinity in our experiment.




RESULTS


Ingestion of Microalgae by Mulinia lateralis Spat

All microalgae used in this study could be ingested by M. lateralis spat, as shown in Figure 2. For 30-day-old spat, the FRs of Cp [5.66 ± 0.89 × 105 cells (ind × h)–1], Nc [5.65 ± 1.23 × 105 cells (ind × h)–1], and Cm [4.30 ± 1.82 × 105 cells (ind × h)–1] were higher than Ds [1.47 ± 0.31 × 105 cells (ind × h)–1] and Ph [0.85 ± 0.23 × 105 cells (ind × h)–1], respectively. The ANOVA test showed that there was a significant difference among different trials (F = 9.123, p < 0.01, Supplementary Table 1). For 40-day-old spat, the FRs of different microalgae ranging from high to low were Cp [19.56 ± 4.11 × 105 cells (ind × h)–1], Nc [9.32 ± 4.30 × 105 cells (ind × h)–1], Cm [8.67 ± 2.1 × 105 cells (ind × h)–1], Ds [6.94 ± 1.04 × 105 cells (ind × h)–1], and Ph [2.25 ± 0.27 × 105 cells (ind × h)–1]. The ANOVA test was also highly significant (F = 9.809, p < 0.01, Supplementary Table 1). In summary, the spat had high FR of Cp, Nc, and Cm, and the FR of microalgae increased as M. lateralis spat grew.
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FIGURE 2. Filtration rate (FR) of M. lateralis spat fed by different microalgae diets at different ages, different letters represent significant differences between different trials (p < 0.05). Cp, Chlorella pyrenoidesa; Ph, Platymonas helgolandica; Ds, Dunaliella salina; Nc, Nitzschia closterium; Cm, Chaetoceros muelleri.




Effects of Microalgae Species on the Growth and Survival of Mulinia lateralis Spat

Both single species and mixed microalgae diets were used to feed M. lateralis spat aiming to observe their effects on survival and growth (Figure 3A). Among the diet trials, the survival percentage of spat fed with different diets ranged from 94.29 ± 2.33% to 99.05 ± 1.35%, and there was no significant difference (F = 1.769, p > 0.05, Supplementary Table 2). Meanwhile, spat fed with Cp showed the highest average growth rate among these trials (Figure 4), and the ANOVA test showed a significant difference (F = 46.574, p < 0.01, Supplementary Table 2). In the single-species diet experiment, the growth rates of spat-fed different species of Chlorophyta ranging from high to low were 0.266 ± 0.038 mm day–1 (Cp), 0.179 ± 0.034 mm day–1 (Ph), and 0.159 ± 0.029 mm day–1 (Ds), while the growth rates of spat-fed Bacillariophyta were 0.166 ± 0.035 mm day–1 (Cm) and 0.152 ± 0.023 mm day–1 (Nc), respectively. In the mixed diet experiment, spat fed with a mixture of three Chlorophyta (Cp + Ph + Ds) had a growth rate of 0.232 ± 0.030 mm day–1, while spat fed with a mixture of two Bacillariophyta (Cm + Nc) had a growth rate of 0.155 ± 0.029 mm day–1. In addition, the growth rate of spat increased significantly with the increase in the proportion of Cp (F = 25.538, p < 0.01, Supplementary Table 3), while the survival percentage was almost not affected (Figure 3B).
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FIGURE 3. Effects of different microalgae species (A) and ratios (B) on the survival and growth of M. lateralis spat, different letters represent significant differences between different trials (p < 0.05). The green part indicates the survival percentage; the purple part indicates the growth rate.
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FIGURE 4. Effects of different microalgae concentration and stocking density on the survival and growth of 30–40-day-old spat (A) and 40–50-day-old spat (B) of M. lateralis. The green part indicates the survival percentage; the purple part indicates the growth rate.




Effects of Microalgae Concentration and Stocking Density on the Growth and Survival of Mulinia lateralis Spat

In 30–40-day-old experiment (Figure 4A), the survival percentage of spat was ≥ 93.33 ± 4.71%, and the growth rate varied between 0.140 ± 0.054 mm day–1 and 0.312 ± 0.052 mm day–1, among these trials. Two-way ANOVA showed that there was no significant effect of microalgae concentration and stocking density on the survival of spat, and there was no interaction between them (p > 0.05, Table 2). In contrast, these two factors significantly affected the growth rate of spat throughout the experiment, and interaction was detected between them (p < 0.01, Table 2). The maximum growth rate was 0.312 ± 0.052 mm day–1 at microalgae concentration of 5 × 104 cells ml–1 and a stocking density of 600 individuals m–2, followed by 5 × 104 cells ml–1 × 400 individuals m–2 (0.304 ± 0.053 mm d–1). In 40–50-day-old experiment (Figure 4B), the survival percentage of spat varied between 91.11 ± 1.57% and 98.77 ± 1.75%. Meanwhile, the effect of microalgae concentration on survival was significant (p < 0.05, Table 2), and higher survival percentages were observed at a microalgae concentration of 1 × 105 cells ml–1. The spat growth in this period varied significantly with microalgae concentration, stocking density, and the interaction between them (p < 0.01, Table 2). High growth rates were found in two trials: 1 × 105 cells ml–1 × 400 individuals m–2 (0.247 ± 0.033 mm day–1) and 1 × 105 cells ml–1 × 600 individuals m–2 (0.237 ± 0.033 mm day–1). According to the survival and growth, the optimal culture condition for 30–40-day-old spat was 5 × 104 cells ml–1 × 400–600 individuals m–2, and for 40–50-day-old spat 1 × 105 cells ml–1 × 400–600 individuals m–2.


TABLE 2. Two-way ANOVA table testing the effects of microalgae concentration and stocking density on the survival and growth of Mulinia lateralis spat.
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Effects of Temperature and Salinity on the Growth and Survival of Mulinia lateralis Spat

During the spat culture, the relationship between spat survival and temperature was cubic (R2 = 0.993, p = 0.007), with survival percentage varying from 61.90 ± 4.86% to 99.05 ± 1.35% (Figure 5A). Spat survival gradually decreased with increasing temperature, especially at a temperature over 22°C. The ANOVA test showed that there was a significant difference among different trials (p < 0.01, Supplementary Table 4). With the increase in temperature, the growth of spat increased at first and then decreased, and spat at 20–24°C showed high average growth rates (0.230 ± 0.041–0.253 ± 0.046 mm day–1). As shown in Figure 5B, a quadratic relationship was found between the survival percentage and salinity (R2 = 0.863, p = 0.019), and the spat had high survival percentages (93.33 ± 3.56–97.14 ± 2.33%), especially at a salinity of 22–25 ppt. At the same time, the spat had high growth rates (0.211 ± 0.045–0.232 ± 0.048 mm day–1) at a salinity of 19–28 ppt. The ANOVA test indicated that the salinity significantly affected the survival and growth of spat (p < 0.05, Supplementary Table 5). As a result, the better conditions for spat culture were at the temperature of 20–22°C and the salinity of 22–25 ppt.
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FIGURE 5. Survival and growth of M. lateralis spat cultured at different temperatures (A) and salinities (B). The green part indicates the survival percentage; the purple part indicates the growth rate. Different letters represent significant differences between different trials (p < 0.05).





DISCUSSION

In M. lateralis, all five microalgae species could be ingested by spat, but the FRs on different microalgae showed significant differences. For filter-feeding bivalves, FR is an important indicator to evaluate their feeding ability (Maquirang et al., 2020). The cell size and form of microalgae influence the filtration of microalgae in the bivalve (Cheng et al., 2020). For example, Wang et al. (2015) found that Platymonas subcordiformis was easier to sink due to its large cell size, which affects the feeding of Lutraria sieboldii juvenile. The feeding of Crassostrea hongkongensis on three microalgae showed that the long flagella of C. muelleri could damage the gill of C. hongkongensis during feeding, leading to a reduction in the palatability of microalgae (Fu et al., 2017). In this study, the cells of Cp, Nc, and Cm are relatively small, while Ds and Ph are larger. Moreover, except Ds, other microalgae have fibrous or siliceous cell walls, for example, Nc has a crescent form while Cm has four longer setae. This may explain the high FRs of M. lateralis spat on Cp, Nc, and Cm and the relatively low FRs on Ds and Ph.

Microalgae are the main food source for bivalves, as they could provide abundant nutrition for the whole life cycle (Brown et al., 1997). In this study, there are significant differences in the growth of spat fed by different microalgae, and the spat fed by Cp had the highest growth rate (0.266 ± 0.038 mm day–1). These results may be due to differences in the nutrient content of microalgae diets. The microalgae Cp used in the study is a species of Chlorella, which has the highest protein content (>50%) among the microalgae species used in this study, and is also rich in essential amino acids, pigments, and other biomolecules, especially the Chlorella growth factor and chlorellin (Wang and Zhang, 2012; Ahmad et al., 2020). Many studies have shown that the presence of features, such as GCF, chlorellin, and strong antioxidant activity, produces improvements in growth performance, feed utilization, survival, disease resistance, inhibition of bacterial quorum sensing, immunity, stress tolerance, gut microbiota, and aquatic bioremediation (An et al., 2016; Ahmad et al., 2020). For example in Pinctada fucata martensii, Yang et al. (2017) reported that Chlorella sp. improved the growth performance, immunity and antioxidant, and biomineralization capacity of the juvenile by measuring the growth rate, digestive enzyme activities, antioxidant capacities, and expression levels of immune- and antioxidant-related genes of juvenile fed with different diets. A similar situation also occurred in Hyriopsis cumingii, i.e., the growth of mussel fed with C. pyrenoidosa was higher than that of those fed with Monoraphidium contortum (Chen et al., 2021). However, some studies also reported vibrant nutritional effects of Chlorella at varying supplementation levels in different species, including favorable and unfavorable effects of Chlorella diet (Ahmad et al., 2020). Therefore, for the culture of each bivalve species, it is vital to determine the suitable microalgae diet.

Previous studies have suggested that, in most cases, it is better to feed mixed microalgae rather than a single species, as they may provide more balanced nutrition (Cheng et al., 2020). At the larvae stage of M. lateralis, the mixed diet of Isochrysis galbana and Platymonas helgolandica as diet significantly improved the larval survival and growth (Yang et al., 2021). Similar studies have been reported in many species, such as Pinna nobilis (Prado et al., 2020) and M. mercenaria (Hassan et al., 2021). However, M. lateralis spat fed a mixed diet grew poorly or had no obvious advantages compared with the single microalgae Cp. Some researchers reported that a mixture of microalgae has positive, negative, or intermediate effects, depending on the type of microalgae selected (Velasco, 2007; Cheng et al., 2020). In other words, the addition of other microalgae species reduces the proportion of preferred species in the culture water, resulting in less absorption of species that meet the nutrition requirement for bivalves. In this study, the performance of spat feeding on mixed microalgae was not as good as that of feeding on the single microalgae Cp. If there are some other suitable microalgae, the effects of mixed diet are worthy of further research to support the culture of M. lateralis.

Food availability is an important factor affecting the bivalve, especially the concentration of microalgae is directly related to the feeding process (Ballesta-Artero et al., 2018; Militz et al., 2021). Numerous studies have proven that the growth and survival of bivalves will be reduced if they take too much or too little microalgae, such as researches in P. margaritifera (Linard et al., 2011), M. edulis (Thomsen et al., 2013), and M. galloprovincialis (Weston et al., 2021). Stocking density is another important factor affecting food availability, and density-dependent growth and survival have been reported for many bivalves under culture conditions (Liu et al., 2010; Nowland et al., 2019). In P. martensii, the interaction between microalgae concentration and stocking density was evaluated, and the optimal culture conditions of 50.85 cells μl–1 and 1.6 ind ml–1 were obtained to maximize the growth and survival (Wang et al., 2021). Our study indicated that these two factors significantly affected the growth and survival of spat, and their interaction constituted significant portions in the variability of growth for spat. The combined analysis of two factors showed that the optimal culture condition for 30–40-day-old spat was 5 × 104 cells ml–1 × 400–600 individuals m–2, and for 40–50-day-old spat 1 × 105 cells ml–1 × 400–600 individuals m–2. To rule out the possibility of food availability as a limited factor, bivalves reared at higher densities necessarily require higher food input to maintain optimal growth. However, high density will increase the competition of bivalve for food and space and generate more metabolic wastes to pollute the water quality, especially the static rearing system, which ultimately affect the bivalve performance (Raghavan and Gopinathan, 2008; Velasco and Barros, 2008). Therefore, balancing the relationship between microalgae concentration and stocking density is vital to sustainable culture of bivalve. These results will provide the basis for optimizing the artificial culture of M. lateralis.

As bivalves are ectotherms, the temperature is a key factor affecting their growth, development, and survival, which was proved in Callista chione (Purroy et al., 2018), Arctica islandica (Ballesta-Artero et al., 2018), and Crassostrea gigas (Trigg et al., 2020). For bivalves, the increase in temperature has a significantly positive effect within a certain range, which is mainly related to the metabolic activities of bivalves (Matoo et al., 2013; Freitas et al., 2019; Prado et al., 2020). On the contrary, when the temperature exceeds this range, the activity of enzymes required for various physiological and biochemical processes will be reduced, thus inhibiting the normal growth of bivalves. Therefore, it is essential to determine the appropriate temperature range of the bivalve culture. Our results are consistent with these researches, with the increase in temperature, the growth and survival of spat increased first and then decreased, and spat had the higher performance at the temperature of 20–22°C. In a previous study, Calabrese (1970b) reported that the optimal temperature was 25 ± 1°C for embryo and 27.5°C for D-shaped larva, which was somewhat different from our study. The reason may be that M. lateralis used in Calabrese (1970b) was from the wild populations, which had better adaptability to the environment than the long-term cultured populations in our experiment. Another reason is the differences in subjects and duration. The study of Calabrese focused on the larval development lasting for 48 h, while our experiment continued to track the culture of spat for 30 days.

Salinity is another important environmental factor in the artificial culture of bivalves (Gosling, 2015). In this study, salinity produced apparent effects on the growth and survival of M. lateralis spat. This is probably because the osmolarity changes caused by salinity exceed the ability of spat to regulate itself (Berger and Kharazova, 1997). In the bivalve, intracellular osmolarity is maintained by regulating ion and amino acid concentrations, and this process incurs considerable energy costs (Hawkins and Hilbish, 1992). In M. galloprovincialis (Freitas et al., 2019) and Ruditapes philippinarum (Velez et al., 2016), excessive energy consumption during osmotic pressure regulation produced negative effects on multiple processes, such as metabolism, redox, and immunity, which is a cause of mortality. In general, M. lateralis spat possesses a wide salinity range of 19–28 ppt, which is similar to other burrowing bivalves, such as Tegillarca granosa (16.5–30 ppt), Meretrix meretrix (9.2–29.3 ppt), and R. philippinarum (23.0–35.5 ppt) (Bao and You, 2004). This may be related to the living environment of burrowing bivalves, which mainly inhabit near estuarine benthic and intertidal areas with large salinity fluctuation. Furthermore, burrowing bivalves have evolved various behaviors in response to the changes in salinity, such as retracting deeper into sediments or quickly closing their shells (Sokolova et al., 2000; Haider et al., 2017).

The spat is a key stage in the transition from the juvenile to the adult stage. Providing the most suitable culture conditions can promote the successful cultivation of high-quality spat to a greater extent and lay a solid foundation for further maturation and reproduction of M. lateralis. The results of this study provide valuable new information on the choice of microalgae diet, temperature, and salinity. For applicability, the optimal conditions determined in this study were validated in our laboratory and became an important part of the standard culture protocol of M. lateralis. Of course, other aspects need to be further optimized in future research to develop a culture system for M. lateralis.



CONCLUSION

This study highlights the complex influences of three factors, namely, microalgae diet, temperature, and salinity on the ingestion, growth, and survival of the dwarf surf clam M. lateralis spat. Through simultaneously maximizing the growth and survival, the optimal culture conditions for M. lateralis spat, including microalgae species, microalgae concentration, stocking density, temperature, and salinity, were attained. The results from this study have accomplished a necessary foundation for M. lateralis spat culture, which would greatly promote the establishment of a standard culture system of M. lateralis.
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