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A B S T R A C T   

The Pacific oyster, Crassostrea gigas, is a commercially important species, which is widely cultured in the world. 
In recent years, triploid cultivation of C. gigas has gradually emerged due to the advantages of poor fertility and 
rapid growth in China. However, the adaptation of triploid and tetraploid larvae to temperature, salinity and 
rearing density has not been studied. A central composite design and a response surface method were used to 
analyze the combined effects of temperature, salinity and rearing density on growth and survival of triploid and 
tetraploid larvae. Temperature, salinity and rearing density exerted significant effects on larvae growth and 
survival of triploid and tetraploid. Rearing density was identified as the most significant negative factor affecting 
the growth and survival of three populations. The reliable models on accumulated growth rate (AGR) and sur
vival rate (SR) of three populations were obtained. The optimal conditions for larval development in the three 
populations were achieved by simultaneously maximizing growth and survival models. In diploids, the maximum 
AGR of 13.92 μm day− 1 and the maximum SR of 65.73 were achieved at 23.66 ◦C / 28.47 psu / 2.23 ind.ml− 1 

with a value of desirability being 100%. In triploids, the maximum AGR of 15.82 μm day− 1 and the maximum SR 
of 69.26 were achieved at 23.16 ◦C / 30.67 psu / 2.15 ind.ml− 1 with a value of desirability being 100%. In 
tetraploids, the maximum AGR of 10.75 μm day− 1 and the maximum SR of 46.29 were achieved at the 25.48 ◦C / 
28.94 psu / 2.00 ind.ml− 1 with a value of desirability being 95%. This study provides valuable new insights into 
refining the production efficiency of C. gigas larvae of different ploidy.   

1. Introduction 

The Pacific oyster (Crassostrea gigas), known for its high fecundity, 
adaptability to various environments, short breeding cycle, and high 
nutritional value, has established itself as one of the most economically 
important shellfish worldwide. For example, the yield of C. gigas has 
amounted to approximately 1.93 million tons in 2022 in China. This 
represents 31.18% of China's total oyster production, highlighting its 
significant economic value (China Fishery Statistical Yearbook, 2023). 
However, the efficiency of C. gigas production meets with some 
challenges. 

During the intensive breeding season, the development of diploid 
gonads consumes substantial nutrients and energy, leading to slower 
growth and increased mortality, phenomena also related to gamete 
production. Nevertheless, triploid can compensate for these limitations 

due to their advantages of sterility, high survival rates, and rapid 
growth, and the performance levels of these advantages are affected by 
environmental conditions and region (Francesc et al., 2009; Qin et al., 
2022; Zhang et al., 2022; Zhou et al., 2023). Triploid can be produced 
via two approaches, one of which involves induction using physical or 
chemical processes (Francesc et al., 2009; Guo and Allen, 1994a; Guo 
et al., 2009). However, the inconsistent triploid rate, poor survival rate, 
and low growth rate limit the large-scale application of these methods. 
As a result, the proven commercial application is the production of 
100% triploids through the hybridization of tetraploid males and diploid 
females (Francesc et al., 2009; Guo and Allen, 1994a; Zhang et al., 
2016;). Tetraploid oysters play an essential role in this method. These 
tetraploids, produced similarly to triploids through artificial induction 
(Guo and Allen, 1994b; Benabdelmouna and Ledu, 2015; Guo et al., 
2009; Qin et al., 2021), can subsequently self-propagate, generating 
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large numbers of tetraploids. However, not all polyploid oysters possess 
superior growth characteristics. 

Ploidy increase does not always result in enhanced characteristics in 
polyploids. For C. gigas and C. angulata, the best traits were exhibited by 
triploids, followed by diploids and tetraploids under identical environ
mental conditions (Zhang et al., 2022; Qin et al., 2022). However, not all 
polyploid oysters possess superior growth characteristics and the growth 
and survival are related to environment factors (Zhou et al., 2023; 
Francesc et al., 2009). Environment factors significantly influenced the 
growth and survival of many aquatic animals (Liu et al., 2006; Ramos 
et al., 2021; Li and Li, 2009; Lü et al., 2017; Wang et al., 2018). Factors 
such as temperature and salinity have been observed to influence 
various aspects of bivalves, including feeding behavior (Rato et al., 
2022), immune responses (Rahman et al., 2019), haemocyte activities 
(Gagnaire et al., 2006), endocrine responses (Joyce and Vogeler, 2018), 
molecular responses (Fu et al., 2011), and both reproduction and larval 
development (Wang et al., 2021; Legat et al., 2017). Rearing density, an 
important and easily manipulated cultivation parameter, can affect 
various aspects of growth. High rearing density can negatively impact 
feeding rates, oxygen consumption, and growth efficiency (MacDonald, 
1988; Yan et al., 2006; Velasco and Barros, 2008). Conversely, low 
rearing density may not yield high economic returns. Therefore, deter
mining the appropriate rearing density is crucial for maximizing eco
nomic benefits. Notably, the environment factors simultaneously acting 
on the performance of bivalves (Gosling, 2015), hence the combined 
effects of some factors should be investigated. While polyploidy in 
C. gigas was initially reported in the 1990s (Guo and Allen, 1994a; Guo 
and Allen, 1994b), no studies to date have examined the combined in
fluences of temperature, salinity, and rearing density on the growth and 
survival of polyploid C. gigas larvae. These factors essentially govern the 
existence of triploid and tetraploid oysters and their market suitability. 
To utilize these different ploidy oysters better, we need to understand 
and optimize their rearing environment simultaneously. 

In this study, we explore the combined effects of temperature, 
salinity, and rearing density on the growth and survival of diploid, 
triploid, and tetraploid populations of C. gigas larvae. This objective was 
to ascertain the optimal combination of temperature, salinity, and 
rearing density for the growth and survival of triploid and tetraploid 
populations, thereby advancing the development of hatchery techniques 
for seed production of triploid and tetraploid oysters. 

2. Materials and methods 

2.1. Biological materials 

The sperm or eggs from three populations were collected separately 
and divided equally into two for artificial fertilization. The fertilization 
was carried out by (1) mixing the eggs of diploids with sperm from 
diploids or tetraploids to produce the DD (diploids ♀ × diploids ♂) group 
as diploid population and DT (diploids ♀ × tetraploids ♂) group as 
triploid population, respectively; and (2) mixing the eggs of tetraploids 
with sperm from tetraploids to produce the TT (tetraploids ♀ × tetra
ploids ♂) group as tetraploid population. As large-scale production of 
triploids was produced by crossbreeding between male tetraploids and 
female diploids. Thus, diploids and tetraploids were crossed in only one 
direction in this study - female diploids were crossed with male tetra
ploids to produce triploids (diploids ♀ × tetraploids ♂). The progenitors 
of these tetraploid Pacific oyster were obtained in May 2022 by inhib
iting the first polar body of triploid eggs that were fertilized using 
diploid sperm. The progenitors for three populations were gathered in 
May 2023 from Jiaonan, China, and were cultivated in a Hatchery in 
Laizhou, China. The oysters were reared for a month in 24 m3 tanks, 
maintaining temperature and salinity of 24 ± 1 ◦C and 30 ± 1 psu, 
respectively. From each population, twenty mature individuals were 
induced to spawn. The embryos were put into a 20 m3 tank for hatching 
(temperature 24 ◦C; salinity 30 psu). A day post-fertilization, all 

embryos developed into D-larvae. The ploidy of larvae was tested by 
flow cytometry (Beckman CytoFLEX) to ensure the ploidy of experi
mental larvae (Fig. 1). 

2.2. Experimental design 

The experimental temperature (T) ranged between 18 and 30 ◦C, and 
the salinity (S) ranged between 15 and 35 psu. The rearing density (D) 
varied from 2 to 10 individuals per milliliter. To maintain the temper
ature, electrical heaters were utilized, and precision control was ensured 
with an electrical thermometer with an accuracy of ±0.2 ◦C. A cooling- 
water machine facilitated the regulation and control of low tempera
tures within the same precision range. Low salinity was achieved by 
diluting seawater with dechlorinated freshwater, while high salinity was 
obtained by adding sea salt to seawater. Salinity was monitored using an 
ATAGO refractometer with a precision of ±0.1%. Before the experiment 
commenced, the larvae began acclimation at 24 ◦C and 30 psu. The 
adjustments in experimental temperature and salinity were maintained 
at 0.4 ◦C/h and 1 psu/h, respectively. Following a temporary acclima
tion period (24 h), the healthy larvae were transferred into 25 L plastic 
buckets according to the density design for the experiment (Table 1). 
The experiment was begun at the same time. Continuous aeration was 
provided using an air stone to ensure dissolved oxygen. The temperature 
of larval containers was maintained using a way of water bath within the 
300 L plastic buckets. The larvae of three populations were fed with the 
mixture by Isochrysis galbana and Nitzschiaclosterium every 8 h (make 
sure the algal density ≥ 20 cells μl− 1), and the 1/3–1/2 of the seawater 
in each container was exchanged daily. Seawater at all temperatures and 
salinity levels was prepared in advance. The replaced seawater was 
filtered through sand filters and nonwovens polypropylene fabric and 
adjusted to the experimental condition. Design Expert software (version 
13.0, Minneapolis, USA) was employed to establish the rotatable central 
composite design (Table 1). The ranges of all three factors were defined 
based on previous research and production experience. The design 
incorporated eight factorial point, six axial point, and six center points. 
For the central composite, the coded value was set at 0, with the upper 
and lower coded value limits being α and -α, respectively. The asterisk 
arm was established at |1.682|. The factor ranges were represented in 
terms of alphas (α). In the present study, 20 experimental points in total 
were designed for analysis. The temperature at 18 ◦C, 20.4 ◦C, 24 ◦C, 
27.6 ◦C, 30 ◦C represented the code value of -α, − 1, 0, 1, α respectively. 
The salinity at 15 psu, 19.1 psu, 25 psu, 31 psu, 35 psu represented the 
code value of -α, − 1, 0, 1, α respectively. The rearing density at 2 ind. 
ml− 1, 3.6 ind.ml− 1, 6 ind.ml− 1, 8.4 ind.ml− 1, 10 ind.ml− 1 represented 
the code value of -α, − 1, 0, 1, α respectively. Each experiment point was 
set to be replicated twice, and 60 experimental units were used for each 
population (Fig. S1). The rearing density and water quality was main
tained the consistent for the same experiment point of three groups (DD, 
DT and TT). 

2.3. Measurement of accumulated growth rate and survival rate 

A 100 ml sample was collected randomly and fixed by the addition of 
1% Lugol's solution. The larvae density was determined by the larvae 
number of each sample. A random selection of 30 larvae from each 
sample was used to determine shell height with an optical microscope. 
The density of each experiment unit was calculated and adjusted to the 
pre-set value by modulating the volume of seawater. The water volume 
of the rearing environment for each experiment unit was evaluated 
using a graduated cylinder. After 15 days of artificial cultivation, the 
growth and survival of each population were assessed. The Accumulated 
Growth Rate (AGR) was calculated as the ratio of the difference between 
the final and initial shell heights to the number of days. Similarly, the 
Survival Rate (SR) was determined by the ratio of the final to the initial 
water volume. The mathematical representation for both AGR and SR 
was as follows (Xu et al., 2019): 
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AGR
(
μm day− 1) =

Ht − H0

t − t0.

SR(%) =
Vt

V0
× 100 

In these equations, t0 and t represent the beginning and end times of 
the experiment, respectively; H0 and Ht denote the shell heights of the 
same experiment unit at the start and end of the experiment, respec
tively; V0 and Vt signify the water volumes of the rearing environments 
for the same experiment unit at the beginning and end of the experi
ment, respectively. 

2.4. Data analysis 

The data were processed using Design Expert 13.0 to select a 
response surface model incorporating temperature, salinity, and rearing 
density. A stepwise backward regression method was employed for 
automatic hierarchy correction (with Alpha set at 0.1). The general form 
for the model was as follows: 

Y =β0 + β1T + β2S+ β3D+ β12T × S+ β13T ×D+ β23S×D+ β11T2 + β22S2

+ β33D2 + β123T × S×D+ β112T2 × S+ β113T2 ×D+ β122T × S2 + e 

Fig. 1. Relative DNA content and ploidy level of three populations detected by flow cytometry. Note: 2 N represents diploid; 3 N represents triploid; 4 N repre
sents tetraploid. 
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In the model, Y represented the response (AGR); β0 denoted the 
intercept of the regression equation; β1, β2, β3 are the linear effects of 
temperature, salinity and rearing density, respectively; β12, β13, β23 are 
the interactive effects of temperature and salinity, temperature and 
rearing density, and salinity and rearing density, respectively; β11, β22, 
β33 are the quadratic effects of temperature, salinity and rearing density, 
respectively; β123 are the cubic effects of temperature, salinity and 
rearing density. β112, β113, β122 are the cubic effects of temperature and 
salinity, temperature and rearing density, respectively; The random 
error, denoted by e, was assumed to follow a normal distribution with a 
mean of zero. The variance analysis was generated to demonstrate the 
significance and adequacy of the regression equation model. The model's 
fitting was evaluated based on the coefficient of determination (R2), 
adjusted coefficient (Adj-R2). The model's predictive ability was evalu
ated based on the coefficient of determination (Pred − R2). The Origin 
2022 software (Northampton, USA) was utilized to generate the three- 
dimensional response surface diagram and the corresponding contour 
map, assisting in the analysis of temperature, salinity, and rearing 
density effects on growth and survival. With the models of AGR and SR 
established, they were optimized simultaneously using the approach of 
Montgomery (2013). Reliability of the optimization was measured by 
the desirability value, which ranges between 0 and 100%. To further test 
the accuracy and effectiveness of the response surface model, the pre
diction ability of the model was verified by comparing the error between 
the predicted value and the measured value of the model. The statistical 
significance between the predicted value and the measured value were 
calculated using the SPSS 23.0 software. 

3. Results 

3.1. Growth and survival of three populations 

The AGR and SR of different ploidy at different combinations were 
given respectively (Table 1). The highest AGR and SR for diploid larvae 
were 13.79 ± 0.13 μm day− 1 and 65.05 ± 0.75%, respectively. The 
highest AGR and SR for triploid larvae were 15.21 ± 0.08 μm day− 1 and 
64.29 ± 0.85%, respectively. The highest AGR and SR for tetraploid 
larvae were 10.75 ± 0.08 μm day− 1 and 51.13 ± 3.74%, respectively. 
The lowest AGR were lower than 2 μm day− 1 for three populations. The 

AGR for triploid larvae were higher than diploid and tetraploid larvae 
under the experimental center point. Similarly, the lowest SR were lower 
than 3% for three populations. The SR for diploid larvae were higher 
than triploid and tetraploid larvae under the experimental center point. 

3.2. Modeling and significance test 

The final regression equations for the different ploidy population 
obtained from the actual values are provided in supplementary file 1. 
The model equations were significant for all three populations (P <
0.001). The coefficients of determination for each model were >0.98, 
indicating that the model equations could explained at least 98% of the 
variability in two responses (Table 3). Based on these Pred − R2 values, 
the models exhibit higher predictability. 

For both diploid and tetraploid larvae, the linear effects of salinity 
and rearing density were highly significantly contributed to the varia
tion of AGR (P < 0.001). In the case of triploid larvae, all three linear 
effects significantly and highly contributed to AGR (P < 0.001). The 
interactive effects between temperature and rearing density, as well as 
between salinity and rearing density, were significant for the AGR of 
diploid larvae (P < 0.05). All three interactive effects were significant 
for the AGR of triploid and tetraploid larvae (P < 0.001). The quadratic 
effects of temperature and salinity were highly significant in the model 
equation for the AGR of all populations (P < 0.001). 

The linear effect of temperature and rearing density significantly and 
contributed to the variation of SR for diploid larvae (P < 0.05), while the 
linear effect of temperature, salinity, rearing density significantly 
influenced the variation in SR for triploid and tetraploid larvae (P <
0.05). All three interactive effects were significant for SR of three pop
ulations (P < 0.05). The quadratic effect of temperature and salinity 
were highly significant for three populations (P < 0.001). 

3.3. Influence of temperature, salinity and rearing density on AGR for 
three populations 

For diploid and triploid population (Fig. 2a, b), both extreme tem
perature and salinity contributed to low AGR. When the salinity ranged 
between 22 and 30 psu, the AGR initially increase followed by a 
decrease with rising temperature. For the tetraploid population 

Table 1 
Experimental runs of the rotatable central composite design and corresponding results.  

Run Actual AGR (μm day− 1) SR (%) 

T S D Diploid Triploid Tetraploid Diploid Triploid Tetraploid 

(◦C) (psu) (ind.ml− 1) 

1 24 25 6 9.26 ± 0.50 11.65 ± 0.11 5.42 ± 0.10 40.52 ± 2.98 39.47 ± 4.02 41.18 ± 2.73 
2 24 15 6 1.74 ± 0.45 1.96 ± 0.15 2.61 ± 0.19 11.09 ± 0.26 6.81 ± 0.82 19.65 ± 1.69 
3 30 25 6 1.19 ± 0.29 4.08 ± 0.09 1.06 ± 0.35 3.17 ± 0.38 3.65 ± 0.62 2.17 ± 0.22 
4 20.4 19.1 3.6 4.12 ± 0.46 2.67 ± 0.26 1.76 ± 0.18 5.75 ± 0.97 5.54 ± 0.39 8.75 ± 2.73 
5 24 25 2 13.79 ± 0.13 15.21 ± 0.08 8.22 ± 0.14 65.05 ± 0.75 64.29 ± 0.85 51.13 ± 3.74 
6 27.6 31 3.6 8.64 ± 0.30 13.88 ± 0.47 10.75 ± 0.08 12.93 ± 1.33 9.35 ± 1.11 35.64 ± 2.24 
7 24 25 6 9.82 ± 0.16 11.51 ± 0.19 5.28 ± 0.22 41.67 ± 1.55 40.81 ± 0.72 40.25 ± 3.23 
8 24 25 6 9.11 ± 0.25 11.29 ± 0.16 5.49 ± 0.33 42.81 ± 4.03 39.12 ± 2.99 40.97 ± 0.77 
9 20.4 19.1 8.4 2.41 ± 0.10 2.35 ± 0.30 1.17 ± 0.21 7.35 ± 1.64 6.87 ± 1.89 4.15 ± 0.51 
10 24 25 6 9.31 ± 0.05 10.97 ± 0.13 5.31 ± 0.21 39.85 ± 3.96 40.06 ± 2.94 40.05 ± 0.64 
11 20.4 31 8.4 3.96 ± 0.24 1.32 ± 0.03 2.29 ± 0.04 21.79 ± 2.71 25.45 ± 0.97 6.19 ± 0.55 
12 24 25 6 9.06 ± 0.18 11.27 ± 0.25 5.23 ± 0.15 40.28 ± 2.48 41.27 ± 0.29 40.76 ± 2.64 
13 24 35 6 6.67 ± 0.22 7.55 ± 0.29 4.39 ± 0.11 9.75 ± 1.42 15.81 ± 1.71 1.15 ± 0.06 
14 24 25 10 4.99 ± 0.15 2.46 ± 0.04 1.53 ± 0.06 3.29 ± 0.71 5.69 ± 1.23 15.68 ± 0.90 
15 27.6 19.1 3.6 6.43 ± 0.26 4.68 ± 0.05 2.44 ± 0.16 5.56 ± 1.03 2.85 ± 0.29 18.34 ± 2.15 
16 20.4 31 3.6 6.93 ± 0.20 8.27 ± 0.44 1.99 ± 0.35 58.25 ± 1.99 61.78 ± 3.80 16.72 ± 1.27 
17 27.6 19.1 8.4 1.95 ± 0.08 1.13 ± 0.13 2.02 ± 0.12 1.98 ± 0.21 3.85 ± 0.20 12.58 ± 0.28 
18 27.6 31 8.4 3.16 ± 0.24 5.51 ± 0.24 1.31 ± 0.03 10.54 ± 0.35 11.79 ± 0.12 12.29 ± 1.24 
19 18 25 6 1.37 ± 0.11 1.58 ± 0.14 1.18 ± 0.12 11.63 ± 1.27 10.24 ± 0.73 5.85 ± 1.59 
20 24 25 6 9.54 ± 0.25 11.01 ± 0.33 5.38 ± 0.29 42.27 ± 5.70 40.33 ± 3.06 39.95 ± 0.93 

T, S and D represented the temperature, salinity, and rearing density respectively; AGR represented the accumulated growth rate; SR represented the survival rate; 
Errors were found to be normally distributed and homoscedastic based upon the normal probability plot and externally Studentized residuals plot, respectively. Run 1, 
7, 8, 10, 12, 20 represented the center points; Run 2, 3, 5, 13, 14, 19 represented the axial points; Run 4, 6, 9, 11, 15, 16, 17, 18 represented the factorial points. 
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(Fig. 2c), when temperature was 26.42 ◦C, the AGR tended to decrease 
as salinity dropped from its extreme levels. The combined effects of 
temperature and rearing density on the AGR for three populations were 
consistent (Fig. 3a, b, c). Both diploid and triploid populations exhibited 
optimal AGR at 24.48 ± 0.09 ◦C and a rearing density of 2 ind.ml− 1, 

with a decline as rearing density increased within the 20–28 ◦C range 
(Fig. 3a, b). For the tetraploid population (Fig. 3c). The surface featured 
peaks when the temperature was 25.19 ◦C and the rearing density was 2 
ind.ml− 1. Both populations exhibit peak AGR at 28.93 ± 0.92 psu 
salinity and a rearing density of 2 ind.ml− 1 (Fig. 4a, b). However, a 

Fig. 2. Response surface plot of the effect of temperature and salinity on the accumulated growth rate (AGR) and survival rate (SR) for the three populations (rearing 
density = 6 ind. ml− 1). Note: diploid population (a, d); triploid population (b, e); tetraploid population (c, f). 

Fig. 3. Response surface plot of the effect of temperature and rearing density on the accumulated growth rate (AGR) and survival rate (SR) for the three populations 
(salinity = 25 psu). Note: diploid population (a, d); triploid population (b, e); tetraploid population (c, f). 
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noticeable decrease in AGR is observed as the rearing density increases 
within the salinity range of 20–30 psu. For tetraploid population, the 
AGR reaches its lowest value at the lowest salinity and highest rearing 
density. Conversely, the AGR attains its highest value at the highest 
salinity and lowest rearing density (Fig. 4c). 

3.4. Influence of temperature, salinity and rearing density on SR for three 
populations 

The response surface of SR for diploid population featuring two 
distinct peaks in response values (Fig. 2d). First, at a salinity of 25.07 
psu, the SR began to decline as temperature rose above 24 ◦C. Second, 
when the temperature was at its lowest extreme and salinity at its 
highest extreme, the SR reached its maximum value. The peak appearing 
when the temperature was at its lowest extreme and salinity at its 
highest extreme for triploid population (Fig. 2e), after which it 
decreased with changes in temperature or salinity. For the tetraploid 
population, the peak appearing when temperature was 24.53 ◦C 
(Fig. 2f). The SR tended to decline with temperature decreased. 

Comparable patterns were observed for the SR of three populations 
(Fig. 3d, e, f), the SR surface of three population suggested that the peak 
value could be achieved when the temperature was 24.04 ± 0.34 ◦C and 
the rearing density was 2 ind.ml− 1 (Fig. 3d, e, f). Similar trends were 
noted in the SR of the three populations (Fig. 4d, e, f). The SR reaches its 
peak value when the salinity was 26.89 ± 1.54 psu and the rearing 
density is at the lowest extreme. 

3.5. Optimization for the AGR and SR among the three populations 

Under various experimental conditions, optimal combinations were 
analyzed for diploid, triploid, and tetraploid populations using response 
models. For diploid populations, a temperature of 23.66 ◦C, salinity of 
28.47 psu, and rearing density of 2.23 ind.ml− 1 resulted in a maximum 
AGR of 13.92 μm day− 1 and a maximum SR of 65.73 with 100% desir
ability. For triploid populations, the maximum AGR of 15.82 μm day− 1 

and the maximum SR of 69.26% with 100% desirability occurred at 
23.16 ◦C, 30.67 psu, and 2.15 ind.ml− 1. For tetraploids, the maximum 
AGR of 10.75 μm day− 1 and the maximum SR of 46.29% with 95% 
desirability was achieved at 25.48 ◦C, 28.94 psu, and 2.00 ind.ml− 1. The 
error between the measured values and predicted values for the three 
populations is <5% (Table 4). 

4. Discussion 

The larvae of bivalve mollusks lead a planktonic life, making them 
sensitive to changes in the environment. Larval cultivation is a critical 
process in the oyster industry. In recent years, triploid oysters have 
gained global popularity. Previous research has evaluated the impact of 
temperature and salinity on the larvae of diploid and tetraploid oysters 
(Wang et al., 2018; Legat et al., 2017; Xu et al., 2019; Li et al., 2022). 
Despite being a central aspect of the triploid industry, there is a lack of 
studies on the biological traits of triploid larvae. To support industrial- 
scale breeding, there is a need to investigate the performance of 
diploid, triploid, and tetraploid C. gigas larvae and determine the 
optimal breeding conditions for their development. 

In this study, the significances of the linear effects of temperature, 
salinity and rearing density for the growth and survival of three pop
ulations were different. Temperature, salinity and rearing density play 
different role in the growth and/or survival of the three populations. 
Based on the code effects of the three factors (Table 2), rearing density 
was found to be the most important factor affecting growth and survival 
of three populations. Both the AGR and SR of all populations were 
negatively influenced by rearing density, a trend consistent with earlier 
research findings. For instance, the Iwagaki oyster (C. nippona) larvae 
reared at the highest density (12 ind.ml− 1) exhibited the smallest shell 
length and survival rate, while those at the lowest density (0.5 ind.ml− 1) 
achieved the highest (Wang et al., 2018). Likewise, the clam (Meretrix 
meretrix) manifested a lower growth rate when its larvae were raised in 
high-density conditions (Liu et al., 2006). The high rearing density may 
facilitate bacterial proliferation which worsens water quality and limits 

Fig. 4. Response surface plot of the effect of salinity and rearing density on the accumulated growth rate (AGR) and survival rate (SR) for the three populations 
(temperature = 24 ◦C). Note: diploid population (a, d); triploid population (b, e); tetraploid population (c, f). 
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larval growth (Andersen et al., 2000; Sarkis et al., 2006; Marshall et al., 
2014). High larval densities could also escalate the chance of collision 
among individuals and the risk of shell and tissue damage, a rise in 
metabolic wastes accumulating in the water, leading to lower oxygen 
levels and higher ammonia content, which could adversely affect larval 
growth and survival (Cragg, 1980; Avila et al., 1997; Deng et al., 2013; 
Marshall et al., 2014). This explains the low growth and survival per
formance of three populations under high rearing density. The linear 
effects of salinity on the AGR of all three populations were significant 
(Table 2). Earlier research has suggested that the mechanisms behind 
salinity's influence include the modification of the osmotic stress effector 
(comprising ion channels, aquaporins, and free amino acids) and the 
regulation of protein expression and key genes involved in free amino 
acid metabolism (Meng et al., 2013). Salinity stress impacts the energy 
acquisition and utilization of bivalves, affecting factors such as clear
ance rate, absorption, oxygen uptake, and excretion (Peteiro et al., 
2018). These attributes decrease under unsuitable salinity conditions, 
offering a concurrent growth advantage (Navarro and Gonzalez, 1998). 
Therefore, it is necessary to control the appropriate salinity condition in 

the breeding process. In our study, diploid larvae exhibited optimal 
growth at a salinity of approximately 27 psu. This aligns with previous 
research indicating that C. gigas larvae thrive best in salinity levels 
ranging from 25 to 30 psu (Xu et al., 2019; Li et al., 2022). Interestingly, 
the optimal salinity for triploid and tetraploid larvae exceeded that of 
diploid larvae (Table 4), suggesting a polyploid preference for higher 
salinity environments. Such differential adaptability may be attributed 
to the potential for duplicated gene copies to evolve new or marginally 
altered functions, enabling niche expansion or bolstering an organism's 
adaptability in response to environmental changes (Adams and Wendel, 
2005; Moore and Purugganan, 2005). The linear effects of salinity on the 
SR of triploid and tetraploid larvae were significant, while those of 
diploid larvae were not which indicated that polyploids displayed a 
higher sensitivity to environmental changes compared to diploids. In 
addition, the low salinity could cause a decline in the SR of all three 
populations, potentially due to the detrimental impact of low salinity on 
hemolymph function (Gajbhiye and Khandeparker, 2017). 

In this study, the interactions among temperature, salinity, and 
rearing density were constituted significant portions in the variability of 

Table 2 
Regression coefficients, standard errors (SE), significance and 95% confidence intervals (CI) for the predicted model of AGR and SR of the different ploidy population.  

Factor Coefficient(±SE) P value 95% CI 

Low High 

AGR SR AGR SR AGR SR AGR SR 

Diploid         
Intercept 9.35(±0.11) 41.24(±0.45)   9.08 40.15 9.61 42.33 

T − 0.05 (±0.11) − 2.52(±0.46) 0.6466 0.0016 − 0.32 − 3.64 0.22 − 1.39 
S 1.47(±0.11) − 0.4(±0.46) < 0.0001 0.4195 1.19 − 1.52 1.74 0.73 
D − 2.62(±0.11) − 18.36(±0.46) < 0.0001 < 0.0001 − 2.89 − 19.49 − 2.34 − 17.24 
TS − 0.12(±0.09) − 6.23(±0.38) 0.2315 < 0.0001 − 0.35 − 7.17 0.1 − 5.29 
TD − 0.65(±0.09) 3.51(±0.38) 0.0004 < 0.0001 − 0.87 2.58 − 0.42 4.44 
SD − 0.28(±0.09) − 4.56(±0.38) 0.0231 < 0.0001 − 0.51 − 5.5 − 0.05 − 3.63 
T2 − 2.84(±0.07) − 12(±0.29) < 0.0001 < 0.0001 − 3.01 − 12.7 − 2.67 − 11.3 
S2 − 1.81(±0.07) − 10.93(±0.29) < 0.0001 < 0.0001 − 1.98 − 11.63 − 1.64 − 10.23 
D2 0.03(±0.07) − 2.53(±0.29) 0.7234 0.0001 − 0.14 − 3.24 0.2 − 1.83 

TSD 0.03(±0.09) 4.82(±0.38) 0.7394 < 0.0001 − 0.19 3.89 0.26 5.74 
T2S − 0.46(±0.14) 10.74(±0.59) 0.0187 < 0.0001 − 0.8 9.29 − 0.11 12.18 
T2D 0.79(±0.14) 13.1(±0.59) 0.0014 < 0.0001 0.44 11.66 1.14 14.54 
TS2 0.4(±0.14) − 5.12(±0.6) 0.0335 0.0001 0.04 − 6.58 0.75 − 3.66 

Triploid         
Intercept 11.29(±0.1) 40.19(±0.31)   11.03 39.43 11.54 40.95 

T 0.74(±0.11) − 1.96(±0.32) 0.0004 0.0009 0.48 − 2.75 1 − 1.17 
S 1.66(±0.11) 2.68(±0.32) < 0.0001 0.0002 1.4 1.89 1.92 3.46 
D − 3.79(±0.11) − 17.42(±0.32) < 0.0001 < 0.0001 − 4.05 − 18.21 − 3.53 − 16.64 
TS 1.11(±0.09) − 7.36(±0.27) < 0.0001 < 0.0001 0.89 − 8.01 1.32 − 6.7 
TD − 0.57(±0.09) 4.68(±0.27) 0.0006 < 0.0001 − 0.79 4.03 − 0.36 5.33 
SD − 1.42(±0.09) − 4.48(±0.27) < 0.0001 < 0.0001 − 1.63 − 5.14 − 1.2 − 3.83 
T2 − 3.01(±0.07) − 11.81(±0.2) < 0.0001 < 0.0001 − 3.17 − 12.3 − 2.85 − 11.32 
S2 − 2.33(±0.07) − 10.27(±0.2) < 0.0001 < 0.0001 − 2.49 − 10.76 − 2.17 − 9.77 
D2 − 0.89(±0.07) − 1.89(±0.2) < 0.0001 < 0.0001 − 1.05 − 2.39 − 0.72 − 1.4 

TSD 0.22(±0.09) 4.8(±0.27) 0.0448 < 0.0001 0.01 4.15 0.44 5.45 
T2S 0.63(±0.14) 8.49(±0.41) 0.0036 < 0.0001 0.3 7.48 0.97 9.5 
T2D 1.4(±0.14) 13.31(±0.41) < 0.0001 < 0.0001 1.07 12.3 1.73 14.31 
TS2 0.56(±0.14) − 6.86(±0.42) 0.0068 < 0.0001 0.22 − 7.89 0.9 − 5.84 

Tetraploid         
Intercept 5.35(±0.04) 40.52(±0.20)   5.26 40.04 5.45 41 

T − 0.04(±0.04) − 1.09(±0.20) 0.3991 0.0016 − 0.13 − 1.59 0.06 − 0.6 
S 0.53(±0.04) − 5.5(±0.20) < 0.0001 < 0.0001 0.43 − 5.99 0.63 − 5.01 
D − 1.99(±0.04) − 10.54(±0.20) < 0.0001 < 0.0001 − 2.09 − 11.03 − 1.89 − 10.04 
TS 0.75(±0.03) 0.76(±0.17) < 0.0001 0.0041 0.67 0.35 0.83 1.17 
TD − 1.16(±0.03) − 1.7(±0.17) < 0.0001 < 0.0001 − 1.24 − 2.11 − 1.09 − 1.3 
SD − 1.01(±0.03) − 2.91(±0.17) < 0.0001 < 0.0001 − 1.09 − 3.32 − 0.93 − 2.5 
T2 − 1.51(±0.02) − 12.88(±0.13) < 0.0001 < 0.0001 − 1.57 − 13.19 − 1.45 − 12.57 
S2 − 0.66(±0.02) − 10.62(±0.13) < 0.0001 < 0.0001 − 0.72 − 10.93 − 0.6 − 10.31 
D2 − 0.18(±0.02) − 2.49(±0.13) 0.0003 < 0.0001 − 0.24 − 2.79 − 0.12 − 2.18 

TSD − 1.22(±0.03) − 1.43(±0.17) < 0.0001 0.0001 − 1.30 − 1.84 − 1.14 − 1.02 
T2S 0.59(±0.05) 8.89(±0.26) < 0.0001 < 0.0001 0.47 8.26 0.71 9.53 
T2D 0.73(±0.05) 4.99(±0.26) < 0.0001 < 0.0001 0.6 4.36 0.85 5.62 
TS2 1.18(±0.05) 6.41(±0.26) < 0.0001 < 0.0001 1.06 5.77 1.31 7.05 

T, S and D represented the temperature, salinity, and rearing density respectively; The values in the table were all coded values, and the coefficient was estimated 
according to the coded value. 
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growth and survival for triploid and tetraploid population (Table 2). The 
interactions effect between temperature and salinity were positive, 
showing that they were accelerative to the growth of triploid and 
tetraploid populations. Furthermore, the interactions effects between 
temperature and rearing density, salinity and rearing density were 
negative, showing that they were inhibitory to the growth of triploid and 
tetraploid populations. In general, the interactions effects among 
experimental factors varies with species, response, and ontogenetic 
stages (Wang et al., 2021). In our study, the interactions effects vary 
with ploidy and genetic background. For instance, the interaction effect 
between temperature and salinity on survival for diploid and tetraploid 

populations were opposite (Table 2). When interactions occur, factor 
effects should be checked in a combined manner (Montgomery, 2013). It 
can be seen that at low salinity / low rearing density conditions of 19.1 
psu / 3.6 ind.ml− 1, growth increased with the temperature from 20.4 to 
27.6 ◦C for three populations. The extent of growth for three populations 
varied from 37.78% to 72.36% (Fig. 5a, b, c). Notably, the survival also 
increased from 8.95% to 18.61% for tetraploid population while the 
survival of diploid and triploid populations decreased under the same 
conditions. This indicated that the tetraploid larvae were better adapted 
to high temperatures (Fig. 5f). 

In this study, the presence of significant interactive and quadratic 
effects within the ranges of the three factors indicated that there is a 
pinnacle in the growth and survival of the three populations (Figs. 2, 
3,4). For instance, compared with the optimal AGR and SR for triploid 
larvae in this study, the AGR decreased by 82.62% and 64.54%, 
respectively, under unfavorable three-factor environment conditions 
such as 20.4 ◦C / 19.1 psu / 3.6 ind.ml− 1 and 27.6 ◦C / 31 psu / 8.4 ind. 
ml− 1. The SR decreased by 91.29% and 94.46%, respectively, under the 
same environment conditions (Fig. 5b, e). It indicates that hypo- and 
hyper-optimal environment conditions are all adverse to growth and 
survival of three populations. The cubic effect of temperature, salinity, 
and rearing density was highly significant for triploid and tetraploid 
populations (Table 2), indicating that these factors may synergistically 
influence the triploid and tetraploid populations and these influence 

Table 3 
Coefficient of determination for the predicted model of accumulated growth and 
survival rate of the different ploidy population.  

Model R2 Adj-R2 Pred-R2 

Diploid    
AGR 0.9983 0.9946 0.9893 
SR 0.9991 0.9971 0.9961 

Triploid    
AGR 0.9991 0.9971 0.9853 
SR 0.9995 0.9986 0.9920 

Tetraploid    
AGR 0.9996 0.9987 0.9890 
SR 0.9997 0.9992 0.9965  

Table 4 
The verification results for the optimal combinations for different ploidy population.   

T S D Predicted value Measured value 

AGR (μm day− 1) SR (%) AGR (μm day− 1) SR (%) 

Diploid 23.66 28.47 2.23 13.92 65.728 14.41 ± 0.18* 67.37 ± 3.06* 
Triploid 23.16 30.67 2.15 15.82 69.255 15.13 ± 0.10* 66.97 ± 0.99* 

Tetraploid 25.48 28.94 2 10.75 46.293 10.98 ± 0.14* 48.35 ± 4.98* 

T, S and D represented the temperature, salinity, and rearing density respectively; *represented the error between the measured and predicted values is <5%. 

Fig. 5. Cube plot for the changes on the accumulated growth rate (AGR) and survival rate (SR) at different combinations of temperature, salinity and rearing density 
for the three populations. Note: diploid population (a, d); triploid population (b, e); tetraploid population (c, f). 
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about triploid and tetraploid populations were inconsistent. 
In the oyster breeding industry, the key to production largely de

pends on the success of growth and survival success during the larvae 
stage. In this study, the optimal combination conditions for the three 
populations were achieved through simultaneous optimization based on 
the response models (Table 4). Li et al. (2022) reported that the salinity 
range of 25–30 psu and a temperature range of 23–28 ◦C are suitable 
culture conditions for tetraploid larvae, which is consistent with the 
results of this study. Notably, the respective optimal conditions combi
nations on AGR and SR for three populations were almost overlapping. It 
indicated that optimal temperature-salinity-rearing density conditions 
for growth are roughly identical to those for the survival of three pop
ulations. The optimal conditions are within the range of environmental 
condition of the oyster farming area in Northern China (Chu et al., 
2005). Therefore, they have practical operation intervals that can being 
used for the seed production of three populations. For further applica
tions, the optimal culture conditions determined in this study were 
verified (Table 4). The measured value was consistent with the predicted 
value. For instance, the survival of tetraploid larvae was 48.35 ± 4.98%, 
compared with 19.67% reported by Li et al. (2022). This demonstrates 
the importance of optimization of culture conditions to promote the 
hatchery production. In reality, the growth and survival of C. gigas 
larvae of different ploidies can be influenced by many factors, beyond 
the three considered in this paper. For instance, the experiment water 
volume in this study is smaller than that of the open circulation system 
which may cause the spatial restrictions on the growth and survival of 
larvae. Within a certain range, a significant interaction may exist among 
these factors. Given the complexity of these relationships and the diffi
culty of experimentally manipulation of some factors, future studies 
should explore additional factors relevant to the growth and survival of 
C. gigas larvae of varying ploidies. 

5. Conclusions 

This study underscores the intricate impacts of temperature, salinity, 
and rearing density - three crucial factors on the growth and survival of 
C. gigas larvae with varying ploidies, providing an in-depth examination 
of the interactions among these factors. Salinity and rearing density 
emerged as dominant factors influencing the performance of all three 
populations. We established robust growth and survival models relative 
to temperature, salinity, and rearing density. The optimal trifactor cul
ture conditions were attained by simultaneously maximizing growth and 
survival models. The insights derived from this study furnish valuable 
new information about the growth and survival of C. gigas larvae with 
different ploidies. Consequently, these findings bear significant poten
tial for application in commercial-scale cultivation of C. gigas larvae with 
different ploidies, with the ultimate goal of maximizing seed production 
for C. gigas. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aquaculture.2024.740690. 
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