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Survival Limits and Physiological and Immunological Responses of the
Surf Clam Mactra quadrangularis to Temperature and Salinity Stress
under Simulated Tidal Flat Conditions

Chae-Yeon Jeon', Hee-Do Jeung', Yu-Cheol Kim', Un-Ki Hwang' and Young-Ghan Cho'*
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This study evaluated the survival limits and physiological and immunological responses of the surf clam Mactra
quadrangularis under simulated tidal emersion conditions with environmental stressors. Unlike conventional con-
stant-submersion experiments, a tidal cycle simulation was applied: Seawater was fully drained once daily, and
clams were exposed to target ground temperatures via infrared irradiation for 4 h, followed by resubmersion. Three
stress regimes were tested: Low-temperature emersion (7°C—12, 17, 22°C), high-temperature emersion (25°C—30,
35, 40°C), and low salinity under continuous submersion (6, 8, 10 psu). Under high-temperature emersion, median
lethal time (LT50) values were extremely short (4.0, 2.2, and 2.1 days at 30, 35, and 40°C, respectively), while the
7°C—22°C treatment showed an LT50 of 11.4 days. Low-salinity stress also caused rapid mortality (LT50: 3.7 days
at 6 psu). The condition index showed no significant change under emersion stress but decreased at 6 psu. Total
carbohydrate levels were depleted under high-temperature emersion, whereas protein levels increased markedly in
a temperature-dependent manner. The total hemocyte count and phagocytosis rate showed stress-type-specific pat-
terns, including a biphasic immune response and an inverse total hemocyte count (THC)—phagocytosis relationship.
These results provide the first quantitative survival thresholds for M. quadrangularis under simulated tidal emersion

conditions.
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(IPCC, 2021). 53], ¢-2ubeh= AT 1000 |7H(1912-2014
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(NIFS, 2025). AR 2 20240 = 1122 (3jordnh)o 2 olat
Se|uhet A YE Tlafelo] 1,4309] Yol E3f I 2 giE 7]
23} v} QITHNIFS, 2025).
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A AR AL 2 SAE v e/t AE
A 7WX] 7} =2 A G2 2(UNESCO, 2021), HFA| 2 Ruditapes
philippinarum), -5-=(Mactra quadrangularis), " Meretrix
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acid method, Dubois et al., 1956)2. 2 H-A]3]¢ 0, A=Fo
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St} & Y 43(total hemocytes count, THC) 4 95 &
232 ol-5- SYBR Green I (Invitrogen, Eugene, OR, USA)2. 2
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A Y EATEL A (one-way ANOVA) 3 Tukey?| thH] i 7%
(Tukey's honestly significant difference, HSD) 4]-8-5}3itt.
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A7) A2 AfoA= 7% FHTOSERE 7H
= AL 5Ho] 245 HAkeo| w4 Uebdth(Fig. 1A).
TC—12°C(7H&E A& 5°C 4%5) W TC—17TC0C %) A
FolMe A T& AI-QR8Y)ZHA| 2] HiAkgo] Z42f oF
28.0%9} 26.7%= B]1wA A A= on, LT502 2zt
71.64(95% confidence interval, 95% CI: 56.3-101.5)3} 65.1
A(95% CI: 52.4-89.0)= AP E|of - A7) 7|7H28Y)& A
Z3}5FtH(Table 1). HHH, 7°C—22°C(15°C A5) Aol A
= == 8UARE HAiF 242 0= ARt o] LT500] 11.4
21(95% CI: 9.1-13.8)2 F4 3] T=E|glon, 28R o= 7
o] M= #HAFstict.

Ap27] 2k Al Aol e e Aol A o g
LT500] AFAEick(Fig. 1B; Table 1). 25°C—30°C A&+
o] LT502 4.02(95% CI: 3.7-4.4)019.oH, 25°C—35°CS}
25°C—40°C AP 1= 7k} 2.29(95% CI: 2.0-2.5)7} 2.1
(95% CI: 1.8-2.3)2 =% 2-32 Y "l o]Ako] HA}}ic).
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Fig. 1. Cumulative mortality (%) of Mactra quadrangularis ex-
posed to (A) low-temperature emersion stress (7°C—12°C,
7°C—17°C, 7°C—22°C) for 28 days, (B) high-temperature emer-
sion stress (25°C—30°C, 25°C—35°C, 25°C—40°C) for 9 days,
and (C) low-salinity stress (6, 8, 10 psu) for 15 days. Animals were
subjected to 4 h daily emersion under infrared irradiation at target
temperatures (A, B), or continuous submersion under low-salinity
conditions (C).

Table 1. LT50 and 95% CI for Mactra quadrangularis exposed
to low-temperature emersion stress, high-temperature emersion
stress, and low-salinity stress

Experiment Treatment  LT50 (days) 95% CI (days)
Low-temperature  7°C—12°C 71.6 56.3-101.5
emersion 7°C17°C 65.1 52.4-89.0
7°C—22°C 1.4 9.1-13.8
High-temperature 25°C—30°C 4.0 3744
emersion 25°C—35°C 22 20-25
25°C—40°C 2.1 1.8-2.3
Low-salinity 6 psu 3.7 3.6-3.8
8 psu 4.2 4044
10 psu 7.6 7.1-8.2

LT50, median lethal time; 95% CI, confidence interval. LT50 val-
ues were estimated using survival analysis. Values exceeding the
experimental period were estimated by extrapolation.
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Fig. 2. Condition index of Mactra quadrangularis exposed to
(A) low-temperature emersion stress (7°C—12°C, 7°C—17°C,
7°C—22°C), (B) high-temperature emersion stress (25°C—30°C,
25°C—35°C, 25°C—40°C), and (C) low-salinity stress (6, 8, 10
psu) during the experimental periods. Values are expressed as
mean+SD (r=15; Initial, 7=30). Different letters indicate signifi-
cant differences among groups (one-way ANOVA, Tukey's HSD,
P<0.05). nd, no data due to total mortality.
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Fig. 3. Total carbohydrate concentration (mg/g) of Mactra quad-
rangularis exposed to (A) low-temperature emersion stress, (B)
high-temperature emersion stress, and (C) low-salinity stress dur-
ing the experimental periods. Values are expressed as mean+SD
(=15, Initial, n=30). Different letters indicate significant differ-
ences among groups (one-way ANOVA, Tukey's HSD, P<0.05).
nd, no data due to total mortality.

SfshA| A3 AEHP<0.05)(Fig. 2C). F7tsto] & of, A|£4]
A AFRE =Fo| 1P A A B} BTkEe] o A=A
FFE o AR ek
Z E3tE o Wt

Ag27] 145 Al AdolA & TpdhE gAY Al
Aol val] =z TURFo| A HE X%E'H%v«l’é} l% Fsksict
(P<0.05)(Fig. 3A). =3 14UA A= 71 =2 :%HLEHH
ouj, Ag FRAFANA = 12°C A7t 7P =84t 1L
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(Fig. 3B).
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Fig. 4. Total protein concentration (mg/g) of Mactra quadrangu-
laris exposed to (A) low-temperature emersion stress, (B) high-
temperature emersion stress, and (C) low-salinity stress during the
experimental periods. Values are expressed as mean+SD (r=15;
Initial, #=30). Different letters indicate significant differences
among groups (one-way ANOVA, Tukey's HSD, P<0.05). nd, no
data due to total mortality.
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Fig. 5. Total hemocyte count (x10°cells/mL) of Mactra quadran-
gularis exposed to (A) low-temperature emersion stress, (B) high-
temperature emersion stress, and (C) low-salinity stress during the
experimental periods. Values are expressed as mean+SD (r=15;
Initial, #=30). Different letters indicate significant differences
among groups (one-way ANOVA, Tukey's HSD, P<0.05). nd, no
data due to total mortality.
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Fig. 6. Phagocytosis rate (%) of hemocytes in Mactra quadrangu-
laris exposed to (A) low-temperature emersion stress, (B) high-
temperature emersion stress, and (C) low-salinity stress during the
experimental periods. Values are expressed as mean+SD (1=15;
Initial, #=30). Different letters indicate significant differences
among groups (one-way ANOVA, Tukey's HSD, P<0.05). nd, no
data due to total mortality.
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