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Abstract: Although Crassostrea nippona and C. gigas are occasionally found to be sympatric, little is
known about the differences in tolerance against environmental stresses between species, which
may potentially result in severe economic losses due to the neglect of species-specific biological
characteristics in farming practices. Therefore, two independent and consecutive experiments were
performed to evaluate the differences in temperature and salinity tolerance between C. nippona and C.
gigas spat and determine the optimal environmental conditions for the aquaculture of C. nippona spat.
The experimental results of dynamic treatment showed that the accumulative survival rate (ASR) of
C. nippona spat was generally lower than that of C. gigas throughout temperature changes and salinity
decreases, while the ASR of C. nippona spat was superior to that of C. gigas with increasing salinity. In
addition, the daily growth rate (DGR) of both species was significantly inhibited at 18 ◦C and peaked
at 25 ◦C with increasing temperature (p < 0.05) at each experimental salinity. At 32 ◦C, the survival
rate (SR) of C. nippona spat was significantly lower than that of C. gigas on day 10 at all salinities tested
(p < 0.05), whereas the difference in the SR between species at 35 psu gradually disappeared with
prolonged stress time. The data indicated that C. gigas spat was suitable for rearing at temperatures
of 25 and 32 ◦C at all salinity levels, except the combination of 32 ◦C and 35 psu. By contrast,
combinations of 25 ◦C and salinities of 21–35 psu were considered as the optimal environmental
conditions for the long-term culture of C. nippona spat. These present findings contribute to a better
understanding of the tolerance of C. nippona spat to environmental stresses and suggest that particular
attention should be paid to the inferior adaptability of C. nippona when farming in locations outside
their natural habitats.

Keywords: oyster farming; environmental tolerance; dynamic treatment; optimum condition; combined
effects; survival; growth

1. Introduction

Iwagaki oyster Crassostrea nippona is a large sessile oyster naturally distributed in the
low tidal positions of East Asia [1,2]. In Japan, C. nippona caught from the Sea of Japan
has been traditionally consumed in summer since ancient times due to its high glycogen
content and firm texture [3,4], especially when the Pacific oyster C. gigas suffers from
low meat quality during the reproductive season, which also enhances the commercial
value of C. nippona [1], hence the name “summer oyster” [5]. Although triploid C. gigas
with year-round marketability has been extensively farmed worldwide, problems such
as triploid gametogenesis have become increasingly prominent in the process of rapid
development of the polyploid industry [6,7]. Therefore, cultivating an oyster species that is
naturally edible during the warm season may provide another promising solution. With
the development of the aquaculture industry, Shimane Prefecture, which is the largest
producer of C. nippona in Japan, marketed more than 1 million oysters with a gross sales
revenue of 2.1 million USD in 2017 [8]. In recent years, there has been increasing interest
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among Chinese farmers to initiate large-scale farming of C. nippona because of its enormous
economic value and commercial potential [9–11]. Currently, however, the publicly available
information on specific environmental conditions for the commercial-scale field cultivation
of C. nippona is sparse [12]. Despite the similarities between C. nippona and C. gigas, which
are widely distributed and farmed along the coast of Japan [13–15], commercial-scale field
cultivation of these two species should be conducted with caution on account of their
differences in habitat conditions and different physiological responses to environmental
changes [13,16,17].

Species-specific environmental tolerances are generally understood to be the conse-
quence of long-term adaptive evolution in distinct habitats, especially for sessile/sedentary
species [18–20]. In natural environment, the Pacific oyster inhabiting primarily in many
estuarine intertidal zones is frequently forced to experience highly dynamic and stressful
environments, such as high temperature (>40 ◦C) and low salinity, due to tidal fluctuations
and surface freshwater inputs [21,22], which has allowed it to evolve a powerful environ-
mental adaptability in response to environmental stress [23]. However, unlike C. gigas, C.
nippona generally inhabits stones and reefs below the bottom of the intertidal zone and
expands everywhere offshore up to the 20 m depth, where the environmental conditions are
relatively constant [5,13,24]. Although significant growth differences between C. nippona
and C. gigas under the same cultivation system have been reported [9], little is known about
the differences in tolerance against environmental stresses between species, which may
mislead decision-making on suitable aquafarming locations for C. nippona.

Among the environmental factors, temperature and salinity are recognized as the
most important physical parameters impacting the performance, primarily the growth
and survival, of aquatic animals [25–27]. For C. nippona, Chinese scholars have reported
the optimal farming conditions for juveniles according to the survival and physiological
responses at different temperatures and salinities [12,28]. The influence of the above abiotic
factors on the growth performance and viability of post-larvae or early stage spat of C.
nippona is, nevertheless, poorly known. In many commercial farms, the hatchery-bred
spat is transferred directly to rearing conditions different from that of the original farm
for further growth [29], whereas environmental variations beyond the ecological tolerance
limit are observed to be lethal for oysters [30]. Noro [31] found that extremely low winter
temperatures (below 5 ◦C) could result in mass mortality of the early stage spat of C.
nippona (shell height 10 mm) in grow-out culture, but had limited effect on larger size
individuals (shell height 40 mm). Regrettably, it is difficult for C. nippona spat obtained
by the natural spawning of broodstock to reach the required size at the onset of winter
minimum temperatures because of its late gonadal maturation and slow growth rate as well
as a continuous decline in the natural sea temperature [9–11]. Hatchery conditioning by
artificially manipulating environmental conditions to initiate gametogenesis in broodstock
may be an efficient and feasible method to allow a 1- to 2-month earlier transfer of spat
from the hatchery [18,32]. However, such a farming strategy will result in the inevitable
exposure of hatchery-produced spat to seasonally harsh conditions caused by heavy rainfall
and high temperatures leading to potential mortality risks, especially given the limited
understanding of C. nippona spat. It is therefore necessary to continue attempts to define
the environmental tolerance of C. nippona spat before conducting large-scale farming.

Against this background, two independent and consecutive experiments were per-
formed to evaluate the differences in temperature and salinity tolerance between C. nippona
and C. gigas spat and determine the optimal environmental conditions for the aquaculture
of C. nippona spat. The information obtained in this study may provide a valuable reference
for the further development of the C. nippona aquaculture industry.

2. Materials and Methods
2.1. Experimental Animal

Spat used in the study were the progeny of wild C. nippona collected from Geoje
Island, Korea (34.81◦ N, 128.74◦ E) and wild C. gigas sampled from Rongcheng, Shandong
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(37.04◦ N, 122.47◦ E), and were produced separately at the hatchery located in Yantai
(Shandong Province) in July 2022 following the larviculture protocols of Li [33]. Oyster
species identification was confirmed by sequencing the ITS1 and COI gene fragments
using previously developed primers prior to spawning [34,35]. After larval settlement and
metamorphosis, early stage spat were fed daily with a standard diet of Isochrysis galbana at a
concentration of 10 cells µL−1 d−1 until the shell height of both C. nippona (3.26 ± 0.61 mm)
and C. gigas (3.34 ± 0.67 mm) reached the appropriate size for the studies. Then, nearly
2700 individuals randomly selected from each species were initially maintained in the
culture tank with ambient conditions (temperature: 25 ◦C; salinity: 28 psu) prior to transfer
to the experimental environment.

2.2. Experimental Design

Two independent and consecutive experiments were designed to assess the perfor-
mance of survival and growth of C. nippona (NN) and C. gigas (GG) spat under different
temperature and salinity changes. For each experiment, spat from different treatment
groups of different species were allocated individually in the 50 L polyethylene bucket with
three replicates. Oysters that either failed to close valves or detached from the substrate
after gentle touching were identified as conforming to the criteria for death and removed
immediately. Experimental water temperature was maintained by water bath with ther-
mostatically controlled immersion heaters or water chiller (HC-150A, 33ILEA, China) and
errors were limited within ±0.5 ◦C, while the required salinity was achieved by diluting
seawater with filtered fresh water or adding aquarium salt and regularly monitoring us-
ing the refractometer (ATAGO). The water in each treatment tank was fully aerated and
replaced daily by half of the sand-filtered seawater with the same environmental condition.

2.2.1. Experiment 1: Thermal and Salinity Tolerance Limits of Spat

The thermal and salinity tolerance limits of C. nippona and C. gigas spat was determined
by the dynamic methodology described in previous studies [20,36,37]. In the temperature
treatment, 40 individuals from C. nippona or C. gigas in each treatment tank were exposed
to a constant rate of temperature increase or decrease by 2 ◦C d−1 based on ambient
temperature, and dead individuals were recorded and removed daily, until all spat reached
an upper or lower end-point. The salinity in each treatment group was kept stable at 28 psu
during temperature changes. The maximum and minimum temperatures at which all spat
in each treatment tank survived were denoted as STMax (survival thermal maximum) and
STMin (survival thermal minimum), respectively, while the corresponding temperatures of
death of all individuals were recorded as CTMax (critical thermal maximum) or CTMin
(critical thermal minimum). The temperature at which half of the C. nippona or C. gigas spat
survived with heating or cooling is recorded as 50% CTMax or 50% CTMin, which was
estimated through Probit analysis using IBM SPSS Statistics 25.0 software.

Similarly, in the salinity treatment, the salinity in each treatment tank was increased
or decreased at a rate of 2 psu d−1 based on ambient salinity until all spat died, and the
temperature was maintained at 25 ◦C during salinity changes. The SSMax (survival salinity
maximum), SSMin (survival salinity minimum), CSMax (critical salinity maximum), and
CSMin (critical salinity minimum) were calculated separately according to the survival
response of spat from the NN or GG group. The 50% CSMax or 50% CSMin, which caused
50% mortality in each tank when the salinity was increased or decreased, was determined
using IBM SPSS Statistics 25.0 software with Probit analysis.

2.2.2. Experiment 2: Growth and Survival Rates of Spat

A completely randomized 3×3×2 factorial design was implemented to examine the
combined effects of temperature and salinity on the daily growth rate (DGR) and survival
rate (SR) of C. nippona and C. gigas spat for a period of 30 days. The temperature (18, 25
and 32 ◦C) and salinity (21, 28 and 35 psu) levels used in the experiment were determined
based on the survival thermal (STMax and STMin) and salinity (SSMax and SSMin) limits
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of spat in Experiment 1 as well as the range of natural environmental conditions along the
coast of northern China [38]. Eighty individuals randomly selected from each species were
directly assigned to each of nine environmental regimes with three replicates, and were fed
daily with I. galbana throughout the experimental period. Dead individuals were removed
from each container in time and the survival rate of each treatment group was statistically
counted every 10 days. Shell height of 30 randomly selected individuals in each replicate
tank was measured using an electronic vernier caliper (0.01 mm accuracy) at the beginning
and end of the experiment.

The daily growth rate (DGR) and survival rate (SR) of each treatment group were
calculated according to the following formula:

DGR (mm d−1) =
(SH f − SHi

)
t

SR (%) =At
Ai

× 100%

where SHi and SHf are mean value of the initial and final shell height, respectively; t is
the number of days; Ai and At are the initial stocking amount and the measured survival
amount at time t, respectively.

2.3. Statistical Analyses

Multifactor experimental data were analyzed by a three-way ANOVA that first as-
sessed the interaction among temperature, salinity and species. If a significant interaction
was identified, the effects of a single factor, except for species, on the DGR and SR of spat
were analyzed using one-way ANOVA followed by Tukey’s Multiple Comparison Test
at each level of the other factors. In all experiments, differences in growth and survival
between C. nippona and C. gigas at the same environmental conditions were analyzed by
t-test. Data were presented as the mean± standard deviation (SD) and the significance
level for all data analysis was set at p < 0.05. All statistical analyses were conducted with
the IBM SPSS Statistics 25.0 software.

3. Results
3.1. Thermal and Salinity Tolerance Limits of Spat

In the temperature treatment, C. gigas showed less sensitivity to decreasing and
increasing temperatures than C. nippona according to variations in accumulative survival
rates (ASR) of spat (Figure 1). Spat from the NN and GG groups acclimated in ambient
conditions started to die at 16.33 and 15.67 ◦C with decreasing temperature and at 31
and 32.33 ◦C with increasing temperature, respectively. The ASR of the NN group was
consistently lower than that of the GG group during temperature changes, and statistically
significant differences in ASR between species were observed at cooling (9, 11, 13 and 15 ◦C)
and heating (35, 37 and 39 ◦C) of the water, respectively (p < 0.05). The estimated STMin,
CTMin, STMax, and CTMax of C. nippona spat were all within the range of variation of
the corresponding physiological indicators of C. gigas (Table 1) and there were significant
interspecies differences in 50% CTMin and 50% CTMax (p < 0.05). The relationships
among 50% CTMax, 50% CTMin and temperature (Te) in the NN and GG groups are
shown separately as follows: 50% CTMin-NN = 4.438–0.382Te (R2 = 0.903); 50% CTMin-
GG = 4.062–0.396Te (R2 = 0.989); 50% CTMax-NN = −18.280 + 0.503Te (R2 = 0.997); 50%
CTMax-GG = −17.348 + 0.462Te (R2 = 0.989).
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Figure 1. Comparison of accumulative survival rate (ASR) of C. nippona (NN) and C. gigas (GG)
spat under constant changes (2 ◦C d−1 or 2 psu d−1) in (A,B) temperature and (C,D) salinity. Single
asterisk indicates p < 0.05, double asterisk indicates p < 0.01.

Table 1. Physiological indices of C. nippona and C. gigas spat under constant changes in temperature
(2 ◦C d−1) and salinity (2 psu d−1).

Physiological
Indices

Temperature
(◦C)

Salinity
(psu)

NN GG NN GG

CMin 7 5 8 6
50% CMin 11.61 ± 0.42 b 10.24 ± 0.09 a 12.03 ± 0.08 b 10.78 ± 0.40 a

SMin 19.33 18 18.33 17.67
CMax 41 42.33 48 46

50% CMax 36.32 ± 0.19 a 37.51 ± 0.14 b 43.02 ± 0.54 b 42.06 ± 0.23 a

SMax 32.33 33 36.67 36
CMin, critical temperature or salinity minimum; 50% CMin, 50% critical temperature or salinity minimum; SMin,
survival temperature or salinity minimum; CMax, critical temperature or salinity maximum; 50% CMax, 50%
critical temperature or salinity maximum; SMax, survival temperature or salinity maximum. Different lowercase
letters denote significant difference in the same physiological index between species (p < 0.05).

In the salinity treatment, C. gigas demonstrated stronger adaptability to decreased
salinity, while C. nippona seemed to show greater tolerance to increased salinity. Spat of the
NN and GG groups subjected to decreasing salinity were initially detected dead at 17.33
and 16 psu (Figure 1), after which the ASR of the NN group was lower than that of the GG
group until all individuals died at 6 psu, and significant interspecies differences in ASR
were detected at 10, 12 and 16 psu (p < 0.05). Meanwhile, the 50% CSMin in C. nippona
(12.03 ± 0.08 psu) was significantly higher than that in C. gigas (10.78 ± 0.40 psu) (p < 0.05).
In addition, C. nippona and C. gigas spat started to die at 38.67 and 38 psu, respectively,
due to the increased salinity stress (Figure 1), and then C. nippona consistently had higher
ASR than C. gigas before the last individual died at 48 psu. The difference in accumulative
survival rates between species was significant at 42 and 46 psu (p < 0.05). The NN group
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(43.02 ± 0.54 psu) had significantly higher 50% CSMax than the GG group (42.06 ± 0.23
psu) (p < 0.05). The relationships among 50% CSMax, 50% CSMin and salinity (Sa) in the
NN and GG groups are shown separately as follows: 50% CSMin-NN = 4.906–0.408Sa
(R2 = 0.973); 50% CSMin-GG = 4.084–0.379Sa (R2 = 0.960); 50% CSMax-NN = −20.005 +
0.465Sa (R2 = 0.759); 50% CSMax-GG = −19.459 + 0.463Sa (R2 = 0.805).

3.2. Growth and Survival Rates of Spat

Three-way ANOVA for assessing the effect of the temperature (Te), salinity (Sa),
species (Sp) and their interaction on the daily growth and survival rates of spat cultivated
for 30 days is represented in Table 2. In terms of growth (Figure 2), the overall average daily
growth rate of all treatment groups in C. gigas (321.33 ± 120.64 µm d−1) was significantly
higher than that in C. nippona (216.48 ± 72.56 µm d−1), and the maximum difference in
DGR (219.67 µm d−1) between species was observed at the temperature–salinity regime of
25 ◦C and 28 psu. Among different environmental conditions, the DGR of C. nippona was
significantly higher than that of C. gigas at the regime 18 ◦C and 21 psu, while the DGR of
C. nippona was significantly lower than that of C. gigas at all other test conditions except
the combination of 32 ◦C and 21 psu (p < 0.05). The DGR of both species at each of the
three salinity levels reached a maximum at 25 ◦C, while low temperature (18 ◦C) resulted
in significant growth inhibition compared to ambient temperature (p < 0.05). The spat from
the NN and GG groups achieved the uppermost DGR at salinities of 35 (309.33 µm d−1)
and 28 psu (478.67 µm d−1) at the temperature of 25 ◦C, but reached the bottommost DGR
at salinities of 28 (94.33 µm d−1) and 21 psu (93.67 µm d−1) at 18 ◦C, respectively.
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Figure 2. Comparison of the daily growth rate (DGR) of C. nippona and C. gigas spat exposed to
different combinations of temperatures (18, 25 and 32 ◦C) and salinities (21, 28 and 35 psu) for
30 days. Different lowercase letters indicate significant differences at different temperatures for the
same salinity level within the same species, while different uppercase letters represent significant
differences between the NN and GG groups at the same environmental condition (p < 0.05).

In addition, the survival rate of spat in the GG group was numerically higher than that
of the NN group at all environmental regimes except for the ambient condition, and the
maximum difference in SR (29.17%) between species occurred at the temperature–salinity
regime of 32 ◦C and 28 psu on day 30 (Figure 3). At 32 ◦C, species had a significant impact
on the SR of spat on day 10 at three salinity levels (p < 0.05), but the influence of species
disappeared gradually at a salinity of 35 psu with prolonged exposure time (p > 0.05). At
18 ◦C and 35 psu, there was always a significant difference in the survival rate between C.
nippona and C. gigas spat, but both remained above 79% at the conclusion of the experiment
(p < 0.05). During the experiment, the SRs between species were similar (above 92.50%)
and not significantly different (p > 0.05) at temperatures of 18 and 25 ◦C and at salinities of
21 and 28 psu, which was also found at 25 ◦C and 35 psu.
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Table 2. Analysis of variance (three-way ANOVA) testing the factor effects (temperature, salinity and
species) on the daily growth and survival rates of spat.

Source of
Variation Df Daily Growth

Rate (µm d−1)
Survival Rate

(%)

Mean Squares F-Value p-Value Mean Squares F-Value p-Value

Temperature (Te) 2 177,412.604 151.918 <0.001 4248.727 258.514 <0.001
Salinity (Sa) 2 7432.998 6.365 0.004 639.005 38.880 <0.001
Species (Sp) 1 148,419.893 127.091 <0.001 1204.167 73.268 <0.001

Te × Sa 4 7768.062 6.652 <0.001 37.269 2.268 0.081
Te × Sp 2 11,096.771 9.502 <0.001 250.347 15.232 <0.001
Sa × Sp 2 22,573.074 19.329 <0.001 3.125 0.190 0.828

Te × Sa × Sp 4 1883.387 1.613 0.192 178.472 10.859 <0.001
Error 36 1167.820 16.435

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 13 
 

 

 

Figure 3. Comparison of the survival rate (SR) of C. nippona and C. gigas spat exposed to different 

combinations of temperatures (18, 25 and 32 °C) and salinities (21, 28 and 35 psu) on day (A) 10, (B) 

20 and (C) 30. Different lowercase letters indicate significant differences at different temperatures 

for the same salinity level within the same species, while different uppercase letters represent sig-

nificant differences between the NN and GG groups at the same environmental condition (p < 0.05). 

4. Discussion 

4.1. Differences in Thermal and Salinity Tolerance Limits 

The dynamic approach, characterized by the critical thermal or salinity methodology 

(CTM or CSM), has been extensively applied to conduct macrophysiological comparative 

studies and quantify the environmental tolerance in marine organisms [20,36,39–41]. Alt-

hough the relevant physiological indicators have not been reported in C. nippona so far, 

the tolerance indices of C. gigas (STMax: 33.63 °C; 50% CTMax: 36.67 °C; CTMax: 36.67 °C) 

to continuous temperature changes (2 °C d−1) observed in previous studies were similar 

to the current experimental results [42]. In the current study, the variation in the accumu-

lative survival rate of the early stage spat between species revealed an overall trend that 

Figure 3. Comparison of the survival rate (SR) of C. nippona and C. gigas spat exposed to different
combinations of temperatures (18, 25 and 32 ◦C) and salinities (21, 28 and 35 psu) on day (A) 10, (B) 20
and (C) 30. Different lowercase letters indicate significant differences at different temperatures for
the same salinity level within the same species, while different uppercase letters represent significant
differences between the NN and GG groups at the same environmental condition (p < 0.05).
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4. Discussion
4.1. Differences in Thermal and Salinity Tolerance Limits

The dynamic approach, characterized by the critical thermal or salinity methodology
(CTM or CSM), has been extensively applied to conduct macrophysiological comparative
studies and quantify the environmental tolerance in marine organisms [20,36,39–41]. Al-
though the relevant physiological indicators have not been reported in C. nippona so far,
the tolerance indices of C. gigas (STMax: 33.63 ◦C; 50% CTMax: 36.67 ◦C; CTMax: 36.67 ◦C)
to continuous temperature changes (2 ◦C d−1) observed in previous studies were similar to
the current experimental results [42]. In the current study, the variation in the accumulative
survival rate of the early stage spat between species revealed an overall trend that C. nip-
pona spat were more susceptible to temperature changes and hyposalinity stress compared
to C. gigas. The interspecific differences in ecological characteristics were in accordance
with the prior report that the phagocytic activity mediated by hemocytes from C. nippona
was considerably lower than that of C. gigas under hyposalinity (7.5 psu) and hypother-
mia (5 ◦C) stress [13]. One possibility for this observation was that subtidal organisms
tend to be more sensitive to environmental changes than creatures residing in littoral and
estuarine habitats subjected to brackish water or aerial exposure [18,20,40]. Although C.
nippona and C. gigas are sometimes found to be sympatric, the former is commonly grown
below the intertidal zone enabling it to avoid direct exposure to environmental stresses
caused by drastic changes in abiotic factors [13,24]. Similar interspecific variations caused
by habitat niche differences were identified in comparative studies of other bivalves as
well [27,43,44], and de Bravo [45] found that Perna perna inhabiting shallow water possessed
broader thermal scope (CTMax-CTMin) and greater salinity tolerance than P. viridis found
in deeper zones.

Moreover, species that evolved in little or no seasonal environments generally exhibit
narrower environmental tolerance and thus are more vulnerable to alterations in abiotic
factors compared to organisms that are widely distributed outside their native range,
such as C. gigas [16,40,44]. For C. nippona, Hokkaido, where the minimum sea surface
temperature in winter is below 7 ◦C, is generally considered to be the northern distribution
limit in Japan [13]. Similarly, in China, C. nippona are primarily found along the coast
of Zhoushan Island in Zhejiang Province [11,17], characterized by relatively moderate
seasonal changes in the environmental condition (e.g., temperature ranges from 10 to
30 ◦C) when compared with the warm temperate and other sub-tropical coasts [38,46]. The
increased temperature sensitivity and decreased hyposalinity tolerance exhibited by C.
nippona spat compared to C. gigas might be strongly associated with the limited natural
distribution of the oyster species, and low temperature (5 ◦C) and salinity (14 psu) levels
had been proven to induce mass mortality in early life stages of C. nippona that might
determine the boundary of species distribution range [31,47]. In addition, although no
significant difference in the ASR with increasing salinity was detected between C. nippona
and C. gigas, higher CSMax, SSMax and 50% CSMax were observed in the NN group,
which was probably species-specific and might suggest that C. nippona preferred high-salt
conditions compared to C. gigas. This might correspond to the previous finding that the
optimum growth salinity of Sydney rock oyster (Saccostrea commercialis) settled in the more
oceanic environment of outer harbors during the larval stage was higher than that of C.
gigas [27].

4.2. Differences in Growth and Survival Rates

The tolerance of organisms to changes in salinity is not only affected by the ontogenetic
and physiological stage, but also by other environmental factors such as temperature, and
vice versa [18,25,26]. It is therefore necessary to consider the interaction between temper-
ature and salinity when studying interspecific differences in environmental adaptability.
In this study, two-way ANOVA (data not shown) revealed that a significant interaction
between the two abiotic factors was found in the daily growth rate and survival rate of each
species (p < 0.05), while the DGR and SR of early stage spat revealed different responses of
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C. nippona and C. gigas to nine environmental regimes. In general, the overall performance
of C. gigas spat was superior to that of C. nippona under acute temperature and salinity
challenges, potentially implying that the physiological flexibility of C. gigas was higher
compared to that of C. nippona. In particular, the overall average growth rate of C. gigas
spat (321.33 ± 120.64 µm d−1) from all treatment groups was close to 50% faster than that
of C. nippona (216.48 ± 72.56 µm d−1), which was consistent with the result of interspecific
hybrids [9]. However, the DGR of C. gigas spat was significantly lower than that of C.
nippona at the temperature–salinity combination of 18 ◦C and 21 psu (p < 0.05). Meanwhile,
the salinity fluctuations in this experiment seemed to promote the growth of C. nippona
except at the high temperature (32 ◦C), which was contrary to the growth performance of C.
gigas. These differences between species could be related to species-specific environmental
adaptation strategies, and reduced energy input for shell production might facilitate C.
gigas surviving longer in unfavorable environments [18]. Similar findings were reported by
Laing [48], as they found that the growth rates of king scallop spat (Pecten maximus) at low
temperatures was reduced at low salinity.

In the present study, the fact that C. nippona spat showed sensitivity to a sudden
increase in salinity in the early stage of the experiment might be due to the inferior adapt-
ability of the stenohaline species to drastic changes in salinity [24,44], but the final survival
data remained at high levels (above 79%) at temperatures of 18 and 25 ◦C suggesting that
the adverse effect of hypersalinity stress might be temporary. Unexpectedly, the effect of
species on the SR of spat eventually seemed to disappear with extending exposure times
at the regime of 32 ◦C and 35 psu, probably due to the high temperature diminishing the
salinity tolerance of C. gigas spat [49], which might indirectly support the conclusion that C.
nippona spat were more suitable to hypersaline environments than C. gigas. The long-term
adaptation of C. nippona to the hypertonic environment of the relatively deeper seabed
may be an important reason for its special biological characteristics [13]. In addition, the
impact of acute salinity stress used in this experiment on the DGR and SR of C. nippona
was limited without considering temperatures, demonstrating that C. nippona spat could be
capable of long-term survival in commercially farmed systems with similar environmental
conditions even in the rainy season. In contrast, temperature might be the more important
cause of large intra- and interspecific variations in the growth and survival of spat in the
current study. The DGR and SR of both C. nippona and C. gigas spat at each salinity level
reached the maximum at 25 ◦C with increasing temperature, indicating that the optimum
farming temperatures of both species were observed near 25 ◦C which were consistent with
previous studies [12,50,51]. The inhibition of the filtration rate and digestibility might be
the main reasons for the poor growth performance of both species observed at 18 ◦C which
generally occurred in October or November along the coast of China [12,28,52]. The finding
proved strong proof that it is necessary to shorten the maturation period of broodstock
by artificially manipulating the environmental conditions to extend the optimal growing
season of C. nippona spat, whether for improving environmental tolerance or reducing
the farming cost [10,32]. However, this will result in the inevitable exposure of hatchery-
produced spat to heat stress [12,18,38]. High temperatures can lead not only to a less
favorable energy balance and reduced maximum size in shellfish, but also to severe disease
problems caused by immune system disorders of organisms and an increase in the growth
of potentially pathogenic ciliates and bacteria in subsistence environments [12,28,49,53]. In
this study, significant differences in the SR between the NN and GG groups were found
at all combinations of 32 ◦C on day 10 (p < 0.05), indicating that C. nippona was more
sensitive to sudden increased temperatures similar to the findings obtained in the former
experiment. Although the DGR of C. nippona spat was relatively high at each test condition
at 32 ◦C, the poor survival (below 60%) was observed on day 30, suggesting that sites for
field cultivation where this temperature might occur regularly should be avoided, at least
for the early stage spat.
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5. Conclusions

In conclusion, the present study showed that C. gigas spat was more tolerant to vari-
ations in temperatures and low-salinity stress compared to C. nippona which preferred
hypersaline environments, and the latter was more susceptible to acute changes in environ-
mental conditions. Therefore, particular attention should be paid to the inferior adaptability
of C. nippona when attempting to farm in locations outside their natural habitats. For C.
nippona, retarded growth occurring at a low temperature(18 ◦C) implied the need to im-
plement standard conditioning protocols to prolong the optimal growing season, while
aquafarming locations exposed to temperatures above 32 ◦C for an extended period are
not to be recommended at least in the early stage spat. Environmental regimes of 25 ◦C
and 21–35 psu were considered optimal conditions for the cultivation of C. nippona spat.
The information obtained in this study is helpful in deepening the knowledge about the
tolerance of C. nippona to environmental stresses and provides a valuable reference for the
development of the future aquaculture industry.

Author Contributions: Conceptualization, Y.H. and Q.L.; methodology, Y.H. and Q.L.; formal
analysis, S.L., L.K. and H.Y.; investigation, Y.H. and C.X.; resources, Q.L.; data curation, Y.H.;
writing—original draft preparation, Y.H.; writing—review and editing, Y.H. and Q.L.; visualization,
Y.H. and C.X.; supervision, Q.L.; project administration, C.X.; funding acquisition, Q.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the National Key R&D Program of China
(2022YFD2400305), the China Agriculture Research System Project (CARS-49), and Shandong Province
(2021ZLGX03, 2021LZGC027).

Institutional Review Board Statement: All experiments were approved by the Institutional Animal
Care and Use Committee of Ocean University of China (Permit Number: 20141201), and were
performed according to the Chinese Guidelines for the Care and Use of Laboratory Animals(GB/T
35892-2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Itoh, N.; Tun, K.L.; Komiyama, H.; Ueki, N.; Ogawa, K. An ovarian infection in the Iwagaki oyster, Crassostrea nippona, with the

protozoan parasite Marteilioides chungmuensis. J. Fish. Dis. 2004, 27, 311–314. [CrossRef] [PubMed]
2. Lu, G.Y.; Ke, C.H.; Zhu, A.J.; Wang, W.X. Oyster-based national mapping of trace metals pollution in the Chinese coastal waters.

Environ. Pollut. 2017, 224, 658–669. [CrossRef] [PubMed]
3. Okumura, T.; Nobuaki, M.; Hitoshi, S.; Yoshihiro, K. Seasonal changes in glycogen contents of the Iwagaki oyster, Crassostrea

nippona from the coast of Toga Bay, Konoura, Tomari, and Oki Islands [Japan] in the Sea of Japan. Bull. Jap. Soc. Sci. Fish. 2005, 71,
363–368. [CrossRef]

4. Masahiro, Y.; Kawabeta, K.; Eguchi, A.; Abe, H.; Yamashita, E.; Koba, K.; Tominaga, M. Characterization of taste and micronutrient
content of rock oysters (Crassostrea nippona) and Pacific oysters (Crassostrea gigas) in Japan. Int. J. Gastron. Food S 2018, 13, 52–57.
[CrossRef]

5. Semura, H.; Ishida, K.; Nakagami, H.; Hayashi, I. First maturation from 0-year-old to 1-year-old Iwagaki oyster Crassostrea
nippona, cultured by hanging method in Uragou-Bay, Oki, Shimane Prefecture, Japan. Bull. Soc. Sea Water Sci. Jpn. 2010, 64, 39–43.
(In Japanese)

6. Hermabessiere, L.; Fabioux, C.; Lassudrie, M.; Boullot, F.; Long, M.; Lambert, C.; Le Goïc, N.; Gouriou, J.; Le Gac, M.; Chapelle, A.
Influence of gametogenesis pattern and sex on paralytic shellfish toxin levels in triploid Pacific oyster Crassostrea gigas exposed to
a natural bloom of Alexandrium minutum. Aquaculture 2016, 455, 118–124. [CrossRef]

7. Houssin, M.; Trancart, S.; Denechere, L.; Oden, E.; Adeline, B.; Lepoitevin, M.; Pitel, P.-H. Abnormal mortality of triploid adult
Pacific oysters: Is there a correlation with high gametogenesis in Normandy, France? Aquaculture 2019, 505, 63–71. [CrossRef]

8. Sasaki, T. Study on Resource Regeneration and Aquaculture of the Commercially Valuable Shellfish Species in Rocky Shore of Shimane
Prefecture; Shimane Prefectural Fisheries Technology Center: Uyagawa, Japan, 2022.

9. Xu, H.Q.; Li, Q.; Han, Z.Q.; Liu, S.K.; Yu, H.; Kong, L.F. Fertilization, survival and growth of reciprocal crosses between two
oysters, Crassostrea gigas and Crassostrea nippona. Aquaculture 2019, 507, 91–96. [CrossRef]

http://doi.org/10.1111/j.1365-2761.2004.00540.x
http://www.ncbi.nlm.nih.gov/pubmed/15139910
http://doi.org/10.1016/j.envpol.2017.02.049
http://www.ncbi.nlm.nih.gov/pubmed/28262379
http://doi.org/10.2331/suisan.71.363
http://doi.org/10.1016/j.ijgfs.2018.06.001
http://doi.org/10.1016/j.aquaculture.2016.01.001
http://doi.org/10.1016/j.aquaculture.2019.02.043
http://doi.org/10.1016/j.aquaculture.2019.04.012


J. Mar. Sci. Eng. 2023, 11, 284 11 of 12

10. Hu, Y.M.; Li, Q.; Xu, C.X.; Liu, S.; Kong, L.F.; Yu, H. Response to selection for growth in successive mass selected generations of
Iwagaki oyster Crassostrea nippona. Aquaculture 2022, 560, 738575. [CrossRef]

11. Li, S.Y.; Qin, Y.P.; Shi, G.P.Y.; Wan, W.T.; Liao, Q.L.; Ma, H.T.; Li, J.; Yu, Z.N.; Pan, Y.; Zhang, Y.H. Feasibility of interspecific hy-
bridization between Iwagaki oyster, Crassostrea nippona and Portuguese oyster, Crassostrea angulata. Aquaculture 2022, 563, 739002.
[CrossRef]

12. Wang, T.; Li, Q. Effects of salinity and temperature on growth and survival of juvenile Iwagaki oyster Crassostrea nippona. J. Ocean
Univ. China 2018, 17, 941–946. [CrossRef]

13. Takahashi, K.G.; Yanai, H.; Muroga, K.; Mori, K. Morphology and phagocytic activity of hemocytes from the Japanese rock oyster
Crassostrea nippona and the Pacific oyster C. gigas. Aquacult. Sci. 2005, 53, 53–59. (In Japanese)

14. Eguchi, T.; Chijiwa, Y. Maturation of the Iwagaki oyster, Crassostrea nippona, by hanging culture in karatsu bay. Bull. Saga Genkai
Fish Res. Dev. Cent. 2012, 5, 57–59. (In Japanese)

15. Kawasaki, T.; Shimizu, Y.; Iwasa, M.; Yoshida, S.; Kuwahara, Y. Identification of oysters in Okushiri Island by mitochondrial 16S
rRNA analysis. Sci. Rep. Hokkaido Fish Res. Inst. 2014, 86, 137–144. (In Japanese)

16. Miossec, L.; Deuff, R.-M.L.; Goulletquer, P. Alien Species Alert: Crassostrea gigas (Pacific oyster); ICES Cooperative Research Reports
(CRR); ICES: Copenhagen, Denmark, 2009. [CrossRef]

17. Hu, Y.M.; Li, Q.; Xu, C.X.; Liu, S.K.; Kong, L.F.; Yu, H. Genetic variability of mass-selected and wild populations of Iwagaki oyster
(Crassostrea nippona) revealed by microsatellites and mitochondrial COI sequences. Aquaculture 2022, 561, 738737. [CrossRef]

18. Christophersen, G.; Strand, Ø. Effect of reduced salinity on the great scallop (Pecten maximus) spat at two rearing temperatures.
Aquaculture 2003, 215, 79–92. [CrossRef]

19. Cerón-Ortiz, A.N.; Cordero, B.; Arredondo-Vega, B.O.; Voltolina, D. Effect of algal diet and temperature on survival, growth and
biochemical composition of spat of the lion‘s paw scallop Nodipecten subnodosus. Aquaculture 2009, 298, 64–69. [CrossRef]

20. Van der Walt, K.-A.; Porri, F.; Potts, W.M.; Duncan, M.I.; James, N.C. Thermal tolerance, safety margins and vulnerability of
coastal species: Projected impact of climate change induced cold water variability in a temperate African region. Mar. Environ.
Res. 2021, 169, 105346. [CrossRef]

21. Guo, X.M. Use and exchange of genetic resources in molluscan aquaculture. Rev. Aquac. 2009, 1, 251–259. [CrossRef]
22. Zhang, Y.; Sun, J.; Mu, H.W.; Li, J.; Zhang, Y.H.; Xu, F.J.; Xiang, Z.M.; Qian, P.-Y.; Qiu, J.-W.; Yu, Z.N. Proteomic basis of stress

responses in the gills of the Pacific oyster Crassostrea gigas. J. Proteome Res. 2015, 14, 304–317. [CrossRef]
23. Zhang, G.F.; Fang, X.D.; Guo, X.M.; Li, L.; Luo, R.B.; Xu, F.; Yang, P.C.; Zhang, L.L.; Wang, X.T.; Qi, H.G. The oyster genome

reveals stress adaptation and complexity of shell formation. Nature 2012, 490, 49–54. [CrossRef]
24. Gong, J.W.; Li, Q.; Yu, H.; Liu, S.K.; Kong, L.F. Effects of low salinity on hemolymph osmolality and transcriptome of the Iwagaki

oyster, Crassostrea nippona. Fish Shellfish Immunol. 2022, 126, 211–216. [CrossRef] [PubMed]
25. Kinne, O. The effects of temperature and salinity on marine and brackish water animals: II. Salinity and temperature-salinity

combinations. Oceanogr. Mar. Biol. Ann. Rev. 1964, 2, 281–339.
26. O‘Connor, W.A.; Lawler, N.F. Salinity and temperature tolerance of embryos and juveniles of the pearl oyster, Pinctada imbricata

Röding. Aquaculture 2004, 229, 493–506. [CrossRef]
27. Nell, J.A.; Holliday, J.E. Effects of salinity on the growth and survival of Sydney rock oyster (Saccostrea commercialis) and Pacific

oyster (Crassostrea gigas) larvae and spat. Aquaculture 1988, 68, 39–44. [CrossRef]
28. Wang, T.; Li, Q. Effects of temperature, salinity and body size on the physiological responses of the Iwagaki oyster Crassostrea

nippona. Aquacult. Res. 2020, 51, 728–737. [CrossRef]
29. Flores-Vergara, C.; Cordero-Esquivel, B.; Cerón-Ortiz, A.N.; Arredondo-Vega, B.O. Combined effects of temperature and diet

on growth and biochemical composition of the Pacific oyster Crassostrea gigas (Thunberg) spat. Aquac. Res. 2004, 35, 1131–1140.
[CrossRef]

30. Degremont, L.; Ernande, B.; Bédier, E.; Boudry, P. Summer mortality of hatchery-produced Pacific oyster spat (Crassostrea gigas). I.
Estimation of genetic parameters for survival and growth. Aquaculture 2007, 262, 41–53. [CrossRef]

31. Noro, T.; Musashi, T.; Inoguchi, N. Influence of lower water temperature on survival of the Iwagaki oyster, Crassostrea nippona.
Saibai Gyogyo Gijutsu Kaihatsu Kenkyu 2006, 34, 59–65. (In Japanese)

32. Utting, S.; Millican, P. Techniques for the hatchery conditioning of bivalve broodstocks and the subsequent effect on egg quality
and larval viability. Aquaculture 1997, 155, 45–54. [CrossRef]

33. Li, Q.; Wang, Q.Z.; Liu, S.K.; Kong, L.F. Selection response and realized heritability for growth in three stocks of the Pacific oyster
Crassostrea gigas. Fish Sci. 2011, 77, 643–648. [CrossRef]

34. Wang, Y.P.; Guo, X.M. ITS length polymorphism in oysters and its use in species identification. J. Shellfish Res. 2008, 27, 489–493.
[CrossRef]

35. Liu, K.K.; Li, Q. Fast discrimination of Crassostrea nippona and C. gigas based on PCR-RFLP of mtDNA J. Ocean Univ. China 2018, 48,
17–22. (In Chinese) [CrossRef]

36. Chen, J.C.; Chen, W.C. Salinity tolerance of Haliotis diversicolor supertexta at different salinity and temperature levels. Aquaculture
2000, 181, 191–203. [CrossRef]

37. Wu, Y.D.; Yu, X.K.; Suo, N.; Bai, H.Q.; Ke, Q.Z.; Chen, J.; Pan, Y.; Zheng, W.Q.; Xu, P. Thermal tolerance, safety margins
and acclimation capacity assessments reveal the climate vulnerability of large yellow croaker aquaculture. Aquaculture 2022,
561, 738665. [CrossRef]

http://doi.org/10.1016/j.aquaculture.2022.738575
http://doi.org/10.1016/j.aquaculture.2022.739002
http://doi.org/10.1007/s11802-018-3536-4
http://doi.org/10.17895/ices.pub.5417
http://doi.org/10.1016/j.aquaculture.2022.738737
http://doi.org/10.1016/S0044-8486(02)00094-7
http://doi.org/10.1016/j.aquaculture.2009.10.006
http://doi.org/10.1016/j.marenvres.2021.105346
http://doi.org/10.1111/j.1753-5131.2009.01014.x
http://doi.org/10.1021/pr500940s
http://doi.org/10.1038/nature11413
http://doi.org/10.1016/j.fsi.2022.05.051
http://www.ncbi.nlm.nih.gov/pubmed/35636697
http://doi.org/10.1016/S0044-8486(03)00400-9
http://doi.org/10.1016/0044-8486(88)90289-X
http://doi.org/10.1111/are.14423
http://doi.org/10.1111/j.1365-2109.2004.01136.x
http://doi.org/10.1016/j.aquaculture.2006.10.025
http://doi.org/10.1016/S0044-8486(97)00108-7
http://doi.org/10.1007/s12562-011-0369-0
http://doi.org/10.2983/0730-8000(2008)27[489:ILPIOA]2.0.CO;2
http://doi.org/10.16441/j.cnki.hdxb.20180091
http://doi.org/10.1016/S0044-8486(99)00226-4
http://doi.org/10.1016/j.aquaculture.2022.738665


J. Mar. Sci. Eng. 2023, 11, 284 12 of 12

38. Chu, P.; Chen, Y.C.; Kununaka, A. Seasonal Variability of the Yellow Sea/East China Sea Surface Fluxes and Thermohaline
Structure. Adv. In. Atm. Sci. 2005, 22, 1–20. [CrossRef]

39. Hu, M.Y.; Li, Q.; Li, L. Effect of salinity and temperature on salinity tolerance of the sea cucumber Apostichopus japonicus. Fish Sci.
2010, 76, 267–273. [CrossRef]

40. Vinagre, C.; Leal, I.; Mendonça, V.; Flores, A.A. Effect of warming rate on the critical thermal maxima of crabs, shrimp and fish.
J. Therm. Biol. 2015, 47, 19–25. [CrossRef] [PubMed]

41. Jian, C.Y.; Cheng, S.Y.; Chen, J.C. Temperature and salinity tolerances of yellowfin sea bream, Acanthopagrus latus, at different
salinity and temperature levels. Aquacult. Res. 2003, 34, 175–185. [CrossRef]

42. Meng, G.W.; Li, Q.; Xu, C.X.; Liu, S.K. Effects of high-temperature stress on survival and five immune indicators of Pacific oyster
‘Haida No. 3’. J. Fish Sci. China 2019, 26, 738–744. (In Chinese) [CrossRef]

43. Xu, F.; Guo, X.M.; Li, L.; Zhang, G.F. Effects of salinity on larvae of the oysters Crassostrea ariakensis, C. sikamea and the hybrid
cross. Mar. Biol. Res. 2011, 7, 796–803. [CrossRef]

44. Lenz, M.; da Gama, B.A.; Gerner, N.V.; Gobin, J.; Gröner, F.; Harry, A.; Jenkins, S.R.; Kraufvelin, P.; Mummelthei, C.; Sareyka,
J. Non-native marine invertebrates are more tolerant towards environmental stress than taxonomically related native species:
Results from a globally replicated study. Environ. Res. 2011, 111, 943–952. [CrossRef] [PubMed]

45. de Bravo, M.S.; Chung, K.; Perez, J. Salinity and temperature tolerances of the green and brown mussels, Perna viridis and Perna
perna (Bivalvia: Mytilidae). Rev. Biol. Trop. 1998, 46, 121–125.

46. Fu, J.Q.; Chen, C.; Chu, Y.L. Spatial–temporal variations of oceanographic parameters in the Zhoushan sea area of the East China
Sea based on remote sensing datasets. Reg. Stud. Mar. Sci. 2019, 28, 100626. [CrossRef]

47. Wang, T.; Li, Q.; Zhang, J.X.; Yu, R.H. Effects of salinity, stocking density, and algal density on growth and survival of Iwagaki
oyster Crassostrea nippona larvae. Aquac. Int. 2018, 26, 947–958. [CrossRef]

48. Laing, I. Effect of salinity on growth and survival of king scallop spat (Pecten maximus). Aquaculture 2002, 205, 171–181. [CrossRef]
49. Bayne, B.L. Biology of Oysters. Developments in Aquaculture and Fisheries Science; Academic Press: London, UK, 2017; Volume 41.
50. Mann, R.L.; Burreson, E.M.; Baker, P.K. The decline of the Virginia Oyster fishery in Chesapeake Bay considerations for

introduction of a non-endemic species, Crassostrea gigas (Thunberg, 1793). J. Shellfish Res. 1991, 10, 379–388.
51. Langdon, C.J.; Robinson, A.M. Aquaculture potential of the Suminoe oyster (Crassostrea ariakensis Fugita 1913). Aquaculture 1996,

144, 321–338. [CrossRef]
52. Mao, Y.Z.; Zhou, Y.; Yang, H.S.; Wang, R.C. Seasonal variation in metabolism of cultured Pacific oyster, Crassostrea gigas, in

Sanggou Bay, China. Aquaculture 2006, 253, 322–333. [CrossRef]
53. Meng, L.X.; Li, Q.; Xu, C.X.; Liu, S.K.; Kong, L.F.; Yu, H. Hybridization improved stress resistance in the Pacific oyster: Evidence

from physiological and immune responses. Aquaculture 2021, 545, 737227. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/BF02930865
http://doi.org/10.1007/s12562-010-0214-x
http://doi.org/10.1016/j.jtherbio.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25526650
http://doi.org/10.1046/j.1365-2109.2003.00800.x
http://doi.org/10.3724/SP.J.1118.2019.18436
http://doi.org/10.1080/17451000.2011.569555
http://doi.org/10.1016/j.envres.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21632049
http://doi.org/10.1016/j.rsma.2019.100626
http://doi.org/10.1007/s10499-018-0261-3
http://doi.org/10.1016/S0044-8486(01)00663-9
http://doi.org/10.1016/0044-8486(96)01302-6
http://doi.org/10.1016/j.aquaculture.2005.05.033
http://doi.org/10.1016/j.aquaculture.2021.737227

	Introduction 
	Materials and Methods 
	Experimental Animal 
	Experimental Design 
	Experiment 1: Thermal and Salinity Tolerance Limits of Spat 
	Experiment 2: Growth and Survival Rates of Spat 

	Statistical Analyses 

	Results 
	Thermal and Salinity Tolerance Limits of Spat 
	Growth and Survival Rates of Spat 

	Discussion 
	Differences in Thermal and Salinity Tolerance Limits 
	Differences in Growth and Survival Rates 

	Conclusions 
	References

