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Abstract

:

The sea bivalve clam Tridacna crocea inhabiting the shallow sea of tropical and subtropical zones lives with the symbiotic alga zooxanthella in its mantle. Zooxanthellae algae perform photosynthesis and supply nutrients to T. crocea. Recently, the abundance of T. crocea has decreased rapidly due to overfishing in coastal areas in Okinawa, Japan. T. crocea culture systems for mass production will contribute to the conservation of T. crocea and thus marine ecosystems. Environmental control methods for T. crocea culture have not been established because of a lack of knowledge about the appropriate environmental conditions for T. crocea growth. The present study was initiated to obtain basic data for developing environmental control methods for T. crocea land-based aquaculture. The effects of water temperature, dissolved oxygen concentration, and photosynthetic photon flux density (PPFD) on the O2 exchange rates of the symbiotic system of T. crocea and zooxanthella, which are indicators of photosynthesis and respiration in the system, and the effect of daily integrated PPFD on T. crocea growth were investigated. Basic knowledge was obtained for the development of optimal environmental control technology for T. crocea clam culture. The optimum water temperature and dissolved oxygen concentration for photosynthesis in this symbiotic system were 28 °C, 5–6 mgO2 L−1 and 500 μmol m−2 d−1, respectively. The optimum daily integrated PPFD for clam growth was 20 mol m−2 d−1.
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1. Introduction


The sea bivalve giant clam (Tridacna sp.) plays important roles in the ecosystems of the tropical shallow sea. They live in coral reefs, which are very important ecosystems where various organisms coexist [1].



Tridacna sp. is a hermaphrodite that spawns in the summer [2]. The fertilized eggs pass through the planktonic larval stage and then attach to rocks or corals. After settlement, they grow by drilling holes in rocks and corals [2], as shown in Figure 1a, and have a symbiotic alga called zooxanthellae, which is a general term for dinoflagellates that live symbiotically with animals in their mantle [3,4]. To provide waste and carbon dioxide to zooxanthellae, Tridacna sp. can use the photosynthetic products of zooxanthellae as a nutrient source [3,5,6,7,8].



Tridacna sp. plays important ecological roles in marine ecosystems [4]. The holes drilled by them affect the structure of the rocks and corals and expand the habitats of other organisms. Symbiotic algae that coexist with clams play important roles as primary producers of coral reefs. Many of them are small shellfish and food for other organisms. In particular, juvenile shellfish are a major food source for small fish, snails, crabs, and shrimp living in coral reefs. The birds that live around coral reefs also eat Tridacna sp. when they are exposed, especially at low tide. As mentioned above, Tridacna sp. is food for various organisms and plays a part in the food chain of coral reef ecosystems. The presence of organisms that feed on Tridacna sp. contributes to maintaining coral reef biodiversity and further to stabilizing the ecosystem of the entire coral reef. Tridacna sp. is therefore known as an indicator organism in coral reefs that are sensitive to environmental changes.



Tridacna sp. is also important human food and is subject to fisheries [9,10,11,12], and the overfishing and destruction of its habitat has a negative impact on the entire coral reef ecosystem. Owing to their attractive appearance, Tridacna sp. has attracted attention as a tourist resource [13,14], and their protection also contributes to the local economy.



As mentioned above, they play important roles in preserving coral reef ecosystems, and the protection of these organisms is necessary to maintain the ecosystems of coral reefs. Tridacna sp. clams have been fished out to extinction in many Indian Ocean and Pacific waters [15]. In Japan, Tridacna sp. is currently overfished for food and other purposes, leading to its depletion in Okinawa Prefecture [7,9,15]. The local government prohibits the harvest of Tridacna sp. with a shell length of less than 8 cm, but owing to the high demand for clams with a shell length of approximately 6–7 cm, many clams of regulated sizes are currently in circulation in markets. Therefore, supplying Tridacna sp. of this size through aquaculture is likely important for conserving Tridacna sp. and subsequently coral reef ecosystems.



In recent years, Tridacna sp. clam culture has been practiced in the Pacific Islands [16]. It covers the conservation and restocking of clams but with the potentially contributes to the rehabilitation of coral reefs degraded by bleaching induced by climate change, as well as food production and the development of remunerative local industries for local communities [16].



Tridacna sp. relies on the photosynthetic products of zooxanthellae for the energy it needs to live. For example, Ishikura et al. [5] reported that 46–80% of the fixed carbon in the photosynthate was translocated from zooxanthellae to host tissues in experiments in which carbon isotopes were used. The effects of environmental factors on the photosynthesis of zooxanthellae are partly known. Among these environmental factors, light intensity [17], water temperature [18], and dissolved oxygen concentration [19], which are relatively easy to control in land-based aquaculture, are reported to have strong effects on the photosynthesis of zooxanthellae.



The purpose of the present study was to develop land-based aquaculture techniques with the final goal of preserving the aquatic ecosystem around Okinawa Prefecture, Japan, by preventing the fishery harvest of Tridacna sp. clams from natural reefs. To obtain fundamental knowledge for establishing environmental control techniques for the land-based aquaculture of Tridacna sp., the effects of water temperature, dissolved O2 concentration, and photosynthetic photon flux density (PPFD) on the O2 exchange rate of the symbiotic system of T. crocea and zooxanthella, which is an indicator of photosynthesis and respiration in the system, and the effects of daily integrated PPFD on T. crocea growth were investigated. The experiments were conducted through the following procedures:




	(1)

	
Relationships between shell size and fresh biomass, dry biomass, and mantle area of T. crocea clams.









The fresh biomass excluding the shell (hereafter referred to as fresh mass), the dry biomass excluding the shell (hereafter referred to as dry mass), which are indicators of growth rates, and the mantle tissue area, which is related to photosynthetic activity, can be estimated from the product of the shell length, shell width, and shell height of each clam. The relationships among them were subsequently assessed.



	(2)

	
Effect of the dissolved oxygen concentration on the oxygen exchange rates of T. crocea clams.







The oxygen exchange rate of clams is considered to be an indicator of the net photosynthetic rate of the system consisting of zooxanthellae and T. crocea, which is carbon source gain activity in clams. The dissolved oxygen concentration affects the photosynthesis of zooxanthellae [19]. Terefore, the effect of the dissolved oxygen concentration on the oxygen exchange rate was investigated.



	(3)

	
Effects of light intensity and water temperature on the oxygen exchange rates of T. crocea clams.







The photosynthetic rate is affected by light intensity and temperature. Zooxanthellae are sensitive to water temperature [18]. Therefore, the combined effects of light intensity and water temperature on the oxygen exchange rate of T. crocea clams were investigated.



	(4)

	
Effect of daily integrated PPFD on the relative growth rates of T. crocea clams.







When cultivating T. crocea clams, understanding the effect of daily light intensity on their actual growth is important. Therefore, the effect of light intensity integrated daily on the growth of T. crocea clams was investigated.




2. Methods


T. crocea clams, estimated to be 30 months old, were obtained from the Yaeyama Branch of the Okinawa Prefectural Fisheries Research Center located at 124.2° east longitude and 24.5° north latitude. They were cultured in artificial seawater (Red Sea Salt, Red Sea Fish Pharm Ltd., Herzilia Pituach, Israel). As a symbiotic system with zooxanthellae had already been established, the clams were not artificially fed. For environmental conditions other than the factors tested in the following experiments, the water flow velocity was approximately 30 mm s−1, the pH was 8.0, and the salinity ranged from 3.0 to 3.5%.



2.1. Relationships Between Shell Size and the Fresh Biomass, Dry Biomass, and Mantle Area of T. crocea Clams


The length, width, and height of the T. crocea clam shell were defined as shown in Figure 1b. The values for each clam shell were measured using an electronic caliper with a measurement accuracy of 0.1 mm. The fresh mass was measured after the image of the fully expanded mantle (hereafter referred to as the mantle tissue area) was captured, and then the dry mass was measured after the sample was kept in an oven at 80 °C for three days. The fresh and dry masses were measured using an electronic balance with a measurement accuracy of 0.01 g. The fully expanded mantle area was measured with the image analysis method using the software “ImageJ” after each image was captured. Then, equations expressing their relationships were obtained.




2.2. Effect of the Dissolved Oxygen Concentration on the Oxygen Exchange Rates of T. crocea Clams


Three clams (50.6 ± 7.2 (mean ± SD) mm in shell length, 26.5 ± 4.1 mm in shell width, and 34.6 ± 3.5 mm in shell height) were individually tested. For each individual, the same measurements were repeated three times. The system used to measure the oxygen exchange rates is shown in Figure 2. A transparent plastic container with a dissolved oxygen sensor was placed on a magnet stirrer. The individual clams were placed in containers. The container was fully filled with seawater that had been used to keep the sample clam and sealed. Fluorescent lamps were placed on top of the system as the lighting source.



The oxygen exchange rate was determined from the change in dissolved oxygen concentration over time in the sealed container and expressed as a value per dry mass excluding the clam shell. A dissolved oxygen meter (DO-32A, Toa DKK Co., Ltd., Tokyo, Japan) was used to measure the dissolved oxygen concentration.



Since the dissolved oxygen meter itself and the microalgae and bacteria present in seawater absorb oxygen, the oxygen exchange rate of the experimental system without clams, which was the background value, was first measured. The change in the dissolved oxygen concentration caused by factors other than the T. crocea clam was measured over time in the system without clams. The transparent plastic container without the T. crocea clam inside was sealed, and the changes in the dissolved oxygen concentration over time were measured as background values.



The T. crocea clam was subsequently placed in a transparent plastic container containing seawater with an initial dissolved oxygen concentration of approximately 4.5 mg L−1 and sealed. The oxygen exchange rate of the experimental system was calculated from the increase or decrease in dissolved oxygen concentration per unit time using the following equation:


The oxygen exchange rate of the clam = the oxygen exchange rate of the system − (the microorganism oxygen exchange rate + the oxygen meter exchange rate)











The mean water flow velocity was set at approximately 30 mm s−1, and the water temperature was 28 ± 0.3 °C. The seawater used was stabilized at 400 μmol mol−1 atmospheric CO2 in advance.




2.3. Effects of Light Intensity and Water Temperature on the Oxygen Exchange Rates of T. crocea Clams


Effects of light intensity and water temperature on oxygen exchange in T. crocea clams. The oxygen exchange rate was determined under 12 conditions, combining four levels of photosynthetic photon flux density (PPFD) (0, 115, 215, and 415 µmol m−2 s−1) and three levels of water temperature (26, 28, and 30 °C).



Four clams (52.3 ± 6.8 mm in shell length, 27.8 ± 3.9 mm in shell width, and 33.7 ± 3.4 mm in shell height) were individually tested. For each individual, the same measurements were repeated three times. The light intensity was adjusted to four levels in the PPFD: 0, 115, 215, and 415 μmol m−2 s−1, and the water temperature was adjusted to three levels: 26, 28, and 30 °C. Using the experimental apparatus shown in Figure 2, the oxygen exchange rate of clams was measured under 12 conditions with a combination of four light intensities and three water temperatures. The gross photosynthetic rate was calculated by subtracting the OER at a PPFD of 0 μmol m−2 s−1 under each temperature condition. The expanded mantle area under each light intensity (hereafter referred to as the apparent mantle area) was also measured with the same image analysis method as mentioned in Section 2.3.




2.4. Effect of Daily Integrated PPFD on the Relative Growth Rates of T. crocea Clams


Three T. crocea clams were cultured for 28 days in each of the four areas with different light intensities using supplemental lighting and shade curtains above the culture tank (1000 L of seawater volume) at a depth of 10 cm in a natural light greenhouse. Two halogen lamps (250 W each) were installed 20 cm above the water surface as supplemental lighting sources, and the light intensity was adjusted according to the distance from the lamp. The experimental system is shown in Figure 3.



The light intensity was adjusted depending on the distance from the lamp. The PPFDs under supplemental light were 500, 400, 300, and 200 μmol m−2 s−1 without natural light. The water temperature was 28 °C, the salinity was 3.0–3.5%, and the duration of supplemental light was 12 h. The shell length, width, and height were measured every week to estimate the dry mass.



The relative growth rate (RGR) was calculated from the change in dry mass over time using the following equation:


RGR = (lnW2 − lnW1)/(t2 − t1)








where W1 and W2 are the dry masses of each clam at times t1 and t2, respectively. In this experiment, t1 and t2 were 0 and 28 days after starting the experimental culture, respectively.




2.5. Statistical Analysis


The Tukey‒Kramer method was used after an analysis of variance for the significance test to evaluate the effect of PPFD on the apparent mantle areas of the clams as a dependent sample test using four individual samples and the effect of daily integrated PPFD on the relative growth rates of clams as an independent sample test using four individual samples. The effects of PPFD and temperature and their interaction on the oxygen exchange rate and the gross photosynthetic rate of the clam were analyzed using a two-way analysis of variance as a dependent sample test using four individual samples. The presence or absence of significant differences was indicated at the p < 0.05 level.





3. Results


3.1. Relationships Between T. crocea Shell Length, Shell Width, and Shell Height and the Fresh Biomass, Dry Biomass, and Mantle Tissue Area of T. crocea Clams


The fresh mass (mg/clam) (TW) and dry mass (mg/clam) (TD) excluding shells and the mantle tissue area (mm2/clam) (MS) were strongly correlated with the product (SP) of shell length (cm) × shell width (cm) × shell height (cm) (Figure 4 and Figure 5). The equations expressing the relationships among these variables are shown below.


TW = 0.1161 SP − 0.3300 (R2 = 0.998)










TD = 0.0132 SP + 0.0036 (R2 = 0.925)










MS = 0.581 SP + 0.312 (R2 = 0.965)











The TWs, TDs, and MSs of living clams were confirmed to be affected by the SP.




3.2. Effect of the Dissolved Oxygen Concentration on the Oxygen Exchange Rates of T. crocea Clams


The oxygen was consumed in the measurement system, excluding the clams, and the oxygen exchange rate was −0.185 μgO2 s−1 as the background value. The oxygen exchange rate of the clams was calculated from the oxygen consumption rate of the whole system, including the clams, by subtracting the background value.



The oxygen concentration in the measurement system, including the clam samples, increased over time. The oxygen exchange rate of the clams at each dissolved oxygen concentration was calculated from the time-dependent change in the dissolved oxygen concentration in each range from 4.5 to 5.0, 5.0 to 5.5, 5.5 to 6.0, 6.0 to 6.5, 6.5 to 7.0, 7.0 to 7.7, and 7.5 to 8.0 mg L−1.



The effect of the dissolved oxygen concentration on the oxygen exchange rate of the T. crocea clam as expressed per dry mass weight of the clam is shown in Figure 6. At dissolved oxygen concentrations ranging from 4.5 mg L−1 to 8 mg L−1, the effect of the dissolved oxygen concentration on the oxygen exchange rate of the T. crocea clam was small. Although no significant difference was detected, the oxygen exchange rate tended to increase with increasing DO concentration from 4.5 mgO2 L−1 to 6 mgO2 L−1 and tended to decrease with increasing DO concentration above 6 mgO2 L−1.




3.3. Effects of Light Intensity and Water Temperature on the Oxygen Exchange Rates of T. crocea Clams


A representative change in the dissolved oxygen concentration over time under different PPFD levels is shown in Figure 7. The dissolved oxygen concentration was reduced to approximately 4 mgO2 L−1 for 30 min by the respiration of the clam in the dark. After the PPFD was set to 400 μmol m−2 s−1, the dissolved oxygen concentration increased to approximately 9 mgO2 L−1 by oxygen exchange in the clam.



The oxygen exchange rate of the T. crocea clam increased with increasing PPFD (Figure 8), which is the net photosynthetic rate based on dry mass of the zooxanthellae and T. crocea clam system. At a PPFD of approximately 50 μmol m−2 s−1, the oxygen exchange rate reached 0 at 28–30°. In this case, the net photosynthetic rate of the zooxanthellae and the respiration rate of the T. crocea clam became equal. At a PPFD of 100–400 μmol m−2 s−1, the oxygen exchange rate of the T. crocea clams reached a maximum at 28 °C, which was approximately 1.8 and 1.4 times greater than those at 26 °C and 30 °C, respectively (Figure 8). Two-way analysis of variance did not detect any significant (p = 0.05) interaction effect between the PPFD and temperature.



The gross photosynthetic rates per anatomically measured mantle tissue area of the zooxanthellae at 28 °C were approximately 1.7 and 1.4 times greater than those at 26 °C and 30 °C, respectively (Figure 9). The light saturation point at which the gross photosynthetic rate per mantle area reached a plateau was a PPFD of 400 μmol m−2 s−1 or higher (Figure 9). The apparent mantle areas of the T. crocea clam decreased with increasing PPFD (Figure 10). The value at a PPFD of 400 μmol m−2 s−1 was 0.75 times lower than that at 150 μmol m−2 s−1.



Gross photosynthetic rates were converted from values based on the anatomically measured mantle tissue area to values based on the apparent mantle area (Figure 11). The oxygen exchange rates in Figure 11, which reflect the actual photosynthetic capacity of the mantle based on directly illuminated area, increased compared with the values at 28 °C in Figure 9, especially at higher PPFD levels. The light saturation point based on the apparent mantle area was relatively further beyond the PPFD of 400 μmol m−2 s−1 (Figure 11) compared with that per anatomically measured mantle tissue area.




3.4. Effect of Daily Integrated PPFD on the Growth of T. crocea Clams


The dry mass of the T. crocea clam increased slightly logarithmically with time (Figure 12). The effect of the daily integrated PPFD on the relative growth rates is shown in Figure 13. As the daily integrated PPFD increased from 9 mol m−2 d−1 to 18 mol m−2 d−1, the relative growth rate increased almost linearly, but the increase in the relative growth rate tended to plateau above 18 mol m−2 d−1.





4. Discussion


In this experiment, strong relationships existed between the fresh and dry masses and the product of shell length × shell width × shell height of the T. crocea clam (Figure 4). A similar relationship can also be observed in the estimation of biomass information from the sample size for other clam species. By investigating these relationships in advance, it may be possible to observe, for example, changes in the fresh and dry masses over time for the same individual using measurements of shell size parameters of living clams.



The oxygen release of the T. crocea clam is due to the photosynthesis of zooxanthellae, and the growth of the T. crocea clam is considered to be promoted by promoting the photosynthesis of zooxanthellae. The oxygen release rate, which is the positive oxygen exchange rate, is an index of photosynthetic activity, so a relatively high oxygen exchange rate indicates relatively high photosynthetic activity of symbiotic zooxanthellae, which in turn promotes the growth of clams. Since the oxygen exchange rate tended to be greatest at approximately 6 mgO2 L−1 dissolved oxygen at a relatively high PPFD of 415 μmol m−2 s−1 (Figure 6), the clam growth rate seemed to reach a maximum at that dissolved oxygen concentration and to gradually decrease with increasing dissolved oxygen concentration above 6 mgO2 L−1 at high PPFDs. This finding implies that the growth of Tridacna sp. clams might be suppressed at excessively high dissolved oxygen concentrations. Photorespiration in zooxanthellae isolated from T. maxima clams increased at elevated oxygen levels [19]. Low dissolved oxygen concentrations are often observed in coral reef waters [20]. The photosynthesis of Tridacna sp. that evolved in such an environment may have been adapted to relatively low oxygen concentrations. The occurrence of high oxygen concentrations observed in the coral–algal interface and water between coral branches [20] could negatively affect the photosynthesis and thus the survival of Tridacna sp. This finding also suggests the importance of controlling the oxygen concentration in the aquaculture of Tridacna sp.



The growth rate of the clams seemed to reach a maximum at a water temperature of approximately 28 °C because the net photosynthetic rate of the zooxanthellae was highest at 28 °C (Figure 8). The growth rate of the clams, however, seemed to decrease at 30 °C based on their photosynthetic behavior (Figure 8 and Figure 9), because of the strong relationship between the photosynthetic capacity of the zooxanthellae and the nutrient supply dependence of T. crocea clams. Notably, high-temperature conditions can cause oxidative stress through repressed antioxidant ability, apoptosis activated by the unfolded protein response, and further the collapse of the symbiotic system, which threatens the growth and reproduction of T. crocea [13]. The decrease in the oxygen exchange rates (net photosynthetic rates) of the symbiotic system of T. crocea and zooxanthella at 30 °C in this study seems to support the phenomenon mentioned above. Compared with normal temperature, exposure to elevated water temperature by 3 °C caused a significant decrease in the net photosynthetic rate, which was mainly due to the significantly increased respiration rate of T. squamosa [21]. Similar properties were reported for T. gigas and T. derasa [22]. Elevated temperatures reportedly cause nearly total mortality, and the highest temperature at which T. squamosa survived was 32.8 °C [23]. Many other animal species that live in symbiosis with zooxanthellae in coral reefs are thought to be sensitive to elevated seawater temperatures, similar to Tridacna sp. Therefore, frequent ocean warming events drive the loss of coral reef cover [24].



At a water temperature of 30 °C, the light saturation point decreased to approximately the PPFD of 300 μmol m−2 s−1, and the maximum gross photosynthetic rate also decreased (Figure 9). It seems that the growth of clams living symbiotically with zooxanthellae is suppressed when excess high light intensity occurs at high temperatures, especially in shallow water at low tide.



The apparent mantle area decreased with increasing PPFD (Figure 10). This behavior may lead to an apparent reduction in size in bright sunlight without decreasing the photosynthetic rate (Figure 11), making them less visible to predators when viewed from above.



The RGR increased with increasing daily integrated PPFD, and a daily integrated PPFD of approximately 20 mol m−2 d−1 allowed the clam to grow to its maximum value (Figure 13). A light intensity of 15 klx was previously reported to be suitable for the growth of T. crocea clams with 45–90 mm shell lengths between 5 and 15 klx under a 12 h light/12 h dark light cycle with halogen lamps [1]. The light intensity of 15 klx corresponds to the daily integrated PPFD of 9.33 mol m−2 d−1. The light intensity is mostly the minimum value in this study, and the relative growth rates linearly increased with increasing daily integrated PPFD from 9 to 18 m−2 d−1 in this study (Figure 13).



Environmental factors other than those in this study, such as salinity [25], the diurnal light cycle [26], light spectral characteristics [21,22], pH [15,27], the partial pressure of carbon dioxide [28,29], and water flow velocities [30], can affect clam growth. To improve environmental control technology for T. crocea clam culture, it is necessary to assess the combined effects of the environmental factors mentioned above in addition to those examined in this study.




5. Conclusions


Basic knowledge was obtained for the development of optimal environmental control technology for T. crocea clam culture. The optimum water temperature and dissolved oxygen concentration for photosynthesis in the T. crocea and zooxanthellae symbiotic system were 28 °C, 5–6 mgO2 L−1 and 500 μmol m−2 d−1, respectively. The optimum daily integrated PPFD for clam growth was 20 mol m−2 d−1.



The number of clams of Tridacna sp. in the natural ecosystem can be increased by releasing juvenile clams that have been cultured until they reach an optimal size, which increases their chances of survival in the life cycle of Tridacna sp. Therefore, aquaculture not only prevents population declines due to fishery capture from the natural ecosystem but also contributes to a positive increase in population through the release of cultured juvenile clams.
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Figure 1. Tridacna crocea clams inhabiting the shallow sea (a) and measured shell size parameters (b). 
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Figure 2. Outline (a) and photo (b) of the measurement system for O2 exchange rates of Tridacna crocea clams under different dissolved oxygen concentrations, light intensities, and water temperatures. 
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Figure 3. Outline (a) and photo (b) of the experimental culture system for evaluating relative growth rates of Tridacna crocea clams under different light intensities. 
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Figure 4. Relationships between shell length × shell width × shell height and the fresh (a) and dry (b) masses of Tridacna crocea cla. 
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Figure 5. Relationships between shell length × shell width × shell height and the anatomically measured mantle tissue area of Tridacna crocea clams. 






Figure 5. Relationships between shell length × shell width × shell height and the anatomically measured mantle tissue area of Tridacna crocea clams.



[image: Hydrobiology 03 00022 g005]







[image: Hydrobiology 03 00022 g006] 





Figure 6. Effect of the dissolved oxygen concentration on the oxygen exchange rate in Tridacna crocea clams. The PPFD was 415 μmol m−2 s−1, the water temperature was 28 °C, the water flow velocity was 30 mm s−1, the pH was 8.0, and the salinity ranged from 3.0 to 3.5%. The vertical bars indicate standard errors (n = 3). 
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Figure 7. Changes in the dissolved oxygen concentration in a seawater container culturing a Tridacna crocea clam under different PPFDs. The red lines indicate the least squares approximation lines in the range where the trend is stable. The water temperature was 28 °C, the water flow velocity was 30 mm s−1, the pH was 8.0, and the salinity ranged from 3.0 to 3.5%. 
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Figure 8. Effects of PPFD and water temperature on oxygen exchange rates based on the dry mass of Tridacna crocea clams. The water flow velocity was 30 mm s−1, the dissolved oxygen concentration ranged from 6.5 to 7.5 mg L−1, the pH was 8.0, and the salinity ranged from 3.0 to 3.5%. The vertical bars indicate standard errors (n = 4). Different lowercase and uppercase letters indicate significant differences (p = 0.05) among the temperatures at each PPFD and among the PPFDs at each temperature, respectively. 
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Figure 9. Effects of PPFD and water temperature on gross photosynthetic rates based on the anatomically measured mantle tissue area of Tridacna crocea clams. The water flow velocity was 30 mm s−1, the dissolved oxygen concentration ranged from 6.5 to 7.5 mg L−1, the pH was 8.0, and the salinity ranged from 3.0 to 3.5%. The vertical bars indicate standard errors (n = 4). Different lowercase and uppercase letters indicate significant differences (p = 0.05) among the temperatures at each PPFD and among the PPFDs at each temperature, respectively. 
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Figure 10. Effect of PPFD on the apparent mantle areas of Tridacna crocea clams. The apparent mantle area was measured using an image analysis. The water temperature was 28 °C, the water flow velocity was 30 mm s−1, the dissolved oxygen concentration ranged from 6.5 to 7.5 mg L−1, the pH was 8.0, and the salinity ranged from 3.0 to 3.5%. The vertical bars indicate standard errors (n = 4). Different letters indicate significant differences (p = 0.05). 
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Figure 11. Effects of PPFD and water temperature on gross photosynthetic rates based on the apparent mantle area of Tridacna crocea clams. The water temperature was 28 °C, the water flow velocity was 30 mm s−1, the dissolved oxygen concentration ranged from 6.5 to 7.5 mg L−1, the pH was 8.0, and the salinity ranged from 3.0 to 3.5%. The vertical bars indicate standard errors (n = 4). Different letters indicate significant differences (p = 0.05). 
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Figure 12. Time courses of dry masses of Tridacna crocea clams at different supplemental PPFDs. Representative sample values at each PPFD are shown. The water temperature was 28 °C, the water flow velocity was 30 mm s−1, the dissolved oxygen concentration ranged from 6.5 to 7.5 mg L−1, and the salinity ranged from 3.0 to 3.5%. 
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Figure 13. Effects of daily integrated PPFD on the relative growth rates of Tridacna crocea clams. The water temperature was 28 °C, the water flow velocity was 30 mm s−1, the dissolved oxygen concentration ranged from 6.5 to 7.5 mg L−1, and the salinity ranged from 3.0 to 3.5%. The vertical bars indicate standard errors (n = 3). Different letters indicate significant differences (p = 0.05). 
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