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F1E K

1.1 7aFIAHFIEITONT

J aX Y HY BT E Decapoda, 7 ¥ U 4 =F Portunidae, / X U HH I
Scylla \ZJBTHRBDO A =FTHY . A > F « KFELEOEH D 5 fEEHR O I NE
RVAKIBICAERT 5, ERTHEAMENREW D, 42 R - KEEDF#EEIICE
5 KPE EEERRKFZRIETH S (Keenan & Blackshaw, 1999; Le Vay, 2001; Ogawa
etal.,2011; Ogawa et al., 2012; &)1 5, 2014), KEIT4FE, T72bb, 7/ axy
H Y X Seylla paramamosain Estampador, 1949, 7 X X J a X U ¥ I S serrata
(Forskal, 1775), 7 /7 7 2ax VY HH I S olivacea (Herbst, 1796), I+ / axy HH
X S. tranquebarica (Fabricius, 1798) 7> bR S (Keenan et al., 1998; it - (KB,
2015) . AFBICIEZI T/ aF DAY I 2BR< 3MENIAMT D OIR, 1988), i
FAPRARIESCNEIR AR U, &R Lz A A XA BB L CTEEIR L (Le Vay, 2001) |
B b L7y =713 2 B C 4 BIORRZ ZE TA T e AR L%, 1 ERRET
HEA =283 % (Keenan & Blackshaw, 1999),

1. 2 RO/ XV ATV IEERRE LI-ER

JaX U HY I RRBIEICIN 2, ~ > 7 u— T & ORI AR BN M T bR
TW5 (Keenan & Blackshaw, 1999; Shelley, 2008) , ¥T4=, A O A E B OHE NN
FZLL, N2 axy A TR 2010 £ 112,408 b 205 2019 4E1213 160,616 k
N, T A XY HH I T 2010 F2 36,993 kD 2019 AL 132,957 R
[ L7z (FAO, 2021), —J5, RIKIEIEITT I A 7 2 ) 7 I C 2010 40 35,338
R B 2020 D 51,139 b AT HICE EE o TS (FAO, 2021) (K 1.1),

IO  ITRARME Z W TEY (Allan & Fielder, 2003; Keenan & Blackshaw,
1999; Le Vay, 2001; Marichamy & Rajapackiam, 2001) . 4= E MDA 25 FEE <A
T AR PE AT OO B OB ERAEIZ KA KREARTE~OEENREINTEY (Le
Vay, 2001; Walton et al., 2006) . 5t A\l RE 7R FFHE SEMEEE D 72 DI N TREH DO fbfs 2322
FNTET, /ax ) TV IO S APEILEE L < (Allan & Fielder, 2003; Le Vay et al.,



2008) . INEESE CIIVE eral., 1991; ¥R « KM, 1993a, 1993b) . ShAEMIOFE (Hamasaki
etal ,2011) , SEDBFIFEEIC L 2 KES (Hamasaki et al.,2002; =5 5, 2004) 72 &
FR & IR RED A LTS R TIR0 8 B AL PEBAR BRI DA . — O E TIT AN LR
IR DEEHIAE > T (Allan & Fielder, 2003) ,

Jax Y IAY IHOBIMEENR D H O — DO L LT, HRWIZ K HHEFED
FFohbd, /S ax VTP IFEELEL< ON=HOFRHBERR LESZE D% O L
BIZBNT, REWICKDERITERRZE T S ELRALRMETH Y (Allan &
Fielder, 2003; Quinitio & Parado-Estepa, 2011; Williams & Primavera, 2001) . 7 \l G272 /
XY HY IR OMEE HIET 9 2 T, BV PIRRORRBIIRBORETH 5,

1. 3 RIIZH1FT3/aX) HFIEOKR

AIRCIZ, N7 aXyBaFI TIAaXYHFI THT /aXyHFIo
3MENERLTERY, A/ 2 M EERMENR L > T D (Hamasaki et al., 2011,
Obata et al., 2006; Ogawa et al.,2011,2012) , WFED AT ITITHIBERY R 2R R A B0, b
7 X Y A7 I IR OO 44 TR0 i R O TR B 72 8RN O R O R AT
tok A 20 B B & 45 D% L (Hamasaki & Kitada, 2008; Hamasaki e al., 2011; %,
2000) . 7 XA/ aXY AT IEFEEESL PO L LB EICHMT S
(Ogawa et al., 2011, 2012; K¥fk - 5 FF, 2003), EWNICKIT HERT (K 1.2), F
77 ax ) BV TEATINC CTHERM 6 b raitk (R AKPERANAFZEFTE4 8 555,
2022) . HFETIL 1 MU E STV D (EEIEOKERERY;, 2017), 7I A /=
XUAH T, PREICBNWTE AT AT IZEZL T IRE LTHHDE 6T
BY ., TETIIER 3-5 M URTEIKGT SN TS GPRRIRECER R A ES 2,
2022), KHD (2017) 12K D &, TEOHRIRNIZIT 2 EPKEITMRNZIC M S
e B - BHEm oW D LS TW D,

WA IR REO R E LT, AABIRERSZT LIS N, ax ) T3 T
1979 G, 7T XA a XY T 1L 1985 F0 L EATBAR AL S (B ARFRfR
¥4, 2003) | BT =0k (Hamasaki, 2002, 2003) . Fl 4 (Suprayudi et al.,
2002; Hamasaki et al.,2002) . B (GFEE, 1997a), it (GHEE, 1997b; ik - L
£, 1993;Imaietal.,2002) 72 EIZHOWTHRV M ENTE 72, AABERERSICLD

FEE BRI L FR & b 1988 4R BB S (B ARFEHAZEW S, 2003), K7/ ax])
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T TIX 2010 40> 986,000 J2: (UK PE T - JRNLATBUE NKPER GG o % —,2012) |
T A aX Y HYPIF 2002 FED 469,000 B OKFET 5, 2004) ZH o THRT Lz
(4 1.3), A TIIERe R & &R CEOT B O/ NI 2 R A T T g (K
PEWFSE - BB RS, 2020; /KPEITHESRHERESS 5, 2021)

AFNL 2x ) Y IFHOA RO ACIRITALE S 5, AKIRIZIMREI) O RR | 417,
ITENCAERICRE S AT 5 Z L0265  (Araujo et al., 2013; Portner, 2001; Sunday et al.,
2011) . A& DIRRIGIZfE > THOAMDILRSEWHAHERL DAL Z D ATReMEDN & 5.
ENOFRRA 72 5k 2 RIS 5 BT, 22X U T IBOIREREIS RS 5 2
ENRROBND,

1. 4 KWXDER

Aiwix, N7 ax Y AEI LT I A ax ) HY I OBV PEEREANEG O X
BB 20 FLIAE B ONBLFE I 12 B 2 BRI DWW TEH DN ELY 1A T2 RFFE R R 2 B Y
FEDOELDOTHY  FH1EDOFMICH B2 E~FI4ELE S EORGELR LK
REND,

B2 ECTIIN 27ax I IFEILTIAax) T IOHET =Y A4 XN
R & B RIBIC KT OWT, YA XD 2 RO =% 24 KifE][F—
R CRBTHZLICL s THLMIC LT, BIETIE, M/ aFymyEIe 7
A ax VP IOHEN = OB KRBATE L REICE 2 DB OWT, FR AR
U 7o MEA = 2 KRN BB B 24T > Tz, 4TI, M/ axyuys
TIAaXY T IOHET=0/EIE - AKIRMTEIZOWTERBERERREZI TV, B
KR & RO TIFIEAKIRZH G LTc, BSETITHREERL LT, B2EMNLH
4 BOFERICHSE, NP7 aXK U AP I LT I A ax ) T I 0B OBEERE
DO EACIZ AT T RREIZ DWW THEEE T 5 b & b1, IRBERE MBI 2 Ao 7 =
XAV IHOEF OB OVWTERZToTe, BB, FE2ENLE4EHEDON
FIXTRFINFRLE L TAREATH D,

e Sanda, T., Shimizu, T., Dan, S., & Hamasaki, K., 2021. Effect of body size on
cannibalism in juvenile mud crab Scylla serrata (Decapoda: Brachyura: Portunidae)

under laboratory conditions. Crustacean Research 50, 87-93. (5§ 2 % 1 #ii)
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e Sanda, T, Iwasaki, T., Dan, S., & Hamasaki, K., 2023. Effect of body size on
cannibalism in juvenile mud crab Scylla paramamosain (Decapoda: Brachyura:
Portunidae) under laboratory conditions. Aquatic Animals 2023, AA2023-2 (5 2
= 2 i)

e Sanda, T., Shimizu, T., Iwasaki, T., Dan, S., & Hamasaki, K., 2022. Effect of
temperature on survival, intermolt period, and growth of juveniles of two mud crab
species, Scylla  paramamosain and Scylla  serrata (Decapoda:  Brachyura:
Portunidae), under laboratory conditions, Nauplius 30, €2022012. (&5 3 #&)

e Sanda, T., Shimizu, T., Dan, S., & Hamasaki, K., 2022. Temperature tolerance of
juveniles of two mud crab species, Scylla  paramamosain and Scylla

Paraxd

serrata (Decapoda: Brachyura: Portunidae). Crustacean Research 51, 129-135. (5

4 =)
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Effect of body size on cannibalism in juvenile mud crab Scylla serrata

(Decapoda: Brachyura: Portunidae) under laboratory conditions

2. 1.1 Introduction

Cannibalism, defined as killing and consuming either all or part of a conspecific individual,
is a common phenomenon in a wide variety of animals (Fox, 1975; Polis, 1981), including
brachyuran crabs (e.g. Lovrich & Sainte-Marie, 1997; Moksnes et al., 1997, 1998; Fernandez,
1999).

Cannibalistic behavior is commonly found in commercially cultured crabs, such as the mud
crab Scylla serrata (Forsskal, 1775) (Mirera & Moksnes, 2013, 2015) and the blue swimmer
crab Portunus pelagicus (Linnaeus, 1758) (Marshall et al., 2005), and it causes serious impacts
on the productivity and profitability of the aquaculture industry (Romano & Zeng, 2017). Post-
molt crabs with soft shells are the most vulnerable to cannibalism, and large body size
differences between individuals facilitate cannibalism even among intermolt crabs with hard
shells (Marshall et al., 2005; Mirera & Moksnes, 2013, 2015; Romano & Zeng, 2017).

The mud crab S. serrata is an important aquaculture species in subtropical and tropical
regions worldwide (Keenan & Blackshaw, 1999). Mud crab aquaculture mainly relies on wild-
caught juveniles, and due to the exhaustion of wild crab populations and the limited supply of
crab seeds, the expansion of the mud crab aquaculture industry has been considerably hindered
since the last few decades (Keenan & Blackshaw, 1999; Shelley, 2008). However, thanks to the
development of seed production technology, commercial-scale hatcheries are now producing
sufficient amounts of crab seeds for the industry in several countries (Allan & Fielder, 2003).
In mud crab hatcheries, nursery cultures grow either megalopae or first crab instar (C1) to third
to eighth instar crab (C3—C8) juveniles with carapace width (CW) of 6—40 mm before supplying
crabs to farmers (Mann et al., 2007; Quinitio & Parado-Estepa, 2011). Mann et al. (2007)
conducted nursery culture experiments on mud crabs under different stocking densities for three
development phases (phase 1, megalopae to C1/C2; phase 2, C1/C2 to C4/C5; and phase 3, C5
to C7/C8), and reported that cannibalism probably caused higher crab mortality levels, which
were associated with increasing crab size, particularly in phase 3.

The supply of sufficient food and shelter and reduction of stocking density are the two
recommended measures that can effectively mitigate the agonistic interactions that lead to
cannibalism in mud crab nursery cultures (Mann et al., 2007; Quinitio & Parado-Estepa, 2008;

Mirera & Moksnes, 2013, 2015). In these environments, substantial body size variations occur
12



within a short period of time (Mann et al., 2007); therefore, size grading is also considered as
an effective strategy to reduce the occurrence of cannibalism (Mirera & Moksnes, 2013;
Romano & Zeng, 2017). Nevertheless, many aspects of how body size differences induce
cannibalistic behavior among juveniles remain unknown.

In the present study, we aimed to elucidate the effect of body size on cannibalism in hard-shelled

juvenile mud crabs during specific, high mortality culture phases.

2. 1. 2 Materials and Methods

One-to-one match experiment

To examine the effect of body size on cannibalism in hard-shelled juvenile mud crabs,
laboratory experiments were conducted in 2018 at the Yaeyama Field Station, Japan Fisheries
Research and Education Agency, Okinawa Prefecture, Japan. Sibling hatchery-raised crabs
(C5-C9) with a CW of 12.5-33.3 mm were individually cultured in small plastic cups (diameter,
12 cm; height, 10 cm) filled with sand-filtered natural seawater (salinity: 35 ppt; temperature:
27°C-28°C). Crabs were daily fed with formula feeds used for prawns (Higashimaru Co. Ltd.,
Kagoshima, Japan).

Larger plastic cups (diameter, 14.5 cm; height, 17.7 cm) were used as experimental arenas
and were devoid of any structure that could be used as a refuge by the crabs. The experimental
arenas containing seawater (salinity; 35 ppt; temperature: 28°C) were set within a water bath
system controlled at 28°C with alternating phases of 12 h of light and 12 h of darkness. Crabs
without any sign of pre-molt stage (Quinitio & Parado-Estepa, 2011) were selected after
examination of the flat dactylus of the fifth pereiopod. Their CW was then measured at the
widest portion of the carapace, including the lateral spines, using a digital caliper. The two
individuals were then simultaneously placed in the experimental arena and a total of 50 trials
were conducted. The body size ratio of small to large crabs (large crab size / small crab size)
was within the range between 1.0 and 1.9. The two test crabs were observed 24 h after being
placed in the arena, and the occurrence of cannibalism (death) was assessed. We also checked

the loss of pereiopods in surviving crabs.

Statistical analysis
Statistical analyses were performed in R (R4.0.2; R Core Team, 2020) using a 5%

significance level. We used a generalized linear model (GLM) with a binomial distribution to
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evaluate the effect of body size (explanatory variable) on binary values defined as death
(cannibalism) (1) or survival (0) (response variable). Two models were employed using the
absolute body size of large crabs (LCW) and small crabs (SCW) or the relative size difference
(RSD) between large and small crabs as the explanatory variables: model 1, response variable
~LCW + SCW; and model 2, response variable ~ RSD. The RSD was calculated as per earlier
studies (Briffa & Elwood, 2001; Zhang et al., 2018), RSD = 1 — SCW / LCW, and it ranged
from 0.001 to 0.474. The RSDso with 95% confidence intervals (CI), at which 50% of the small
crabs were cannibalized by large crabs, was calculated using a logistic equation based on the
binomial GLM results. The RSDso value was then converted into the predator-prey size ratio
(predator size / prey size).

In the present study, pereiopod losses were observed in the surviving small crabs, whereas
only one large crab was observed to have lost a left third pereiopod. Using binomial GLM
analyses, we evaluated the effect of body size (explanatory variable) on the proportion of lost
pereiopods (chelipeds, number of lost chelipeds / 2; and walking legs, number of lost legs / 8)
in the surviving crabs (response variables). However, we detected model overdispersion
(dispersion parameters > 1.6 for chelipeds and > 4 for walking legs) and thereby corrected the
standard errors using a quasibinomial GLM (Zuur et al., 2009). The binomial GLM and

quasibinomial GLM analyses were performed using the g/m function (logit link).

2. 1. 3 Results

Cannibalism occurred in 18 (36.0%) out of 50 test trials, and large crabs preyed on small
crabs in all cases. The body size influenced the occurrence of cannibalism (Table 2.1.1). The
probability of cannibalistic events significantly increased with the increasing LCW (P=0.0139)
or with the decreasing SCW (P = 0.0122), and thereby it significantly increased with the
increasing RSD (P = 0.0015), as illustrated by the logistic curve in Fig. 2.1.1. The RSDso was
calculated as 0.337 (95% CI: 0.259-0.460) [or predator-prey size ratio = 1.51 (95% CI: 1.35—
1.85)].

At the end of the trails, one cheliped and both chelipeds were missing in 12.5% (4/32) and
12.5% (4/32) of the surviving small crabs, respectively, and 21.9% (7/32) and 15.6% (5/32) of
the preyed crabs lost 1-4 and 5—8 walking legs, respectively. The body size did not significantly
affect the proportion of lost chelipeds (P = 0.3080—-0.8440) (Table 2.2.1). The proportion of lost
walking legs was not significantly influenced from the SCW (P = 0.4080), but it tended to
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increase with the increasing LCW (P = 0.0570) and thereby significantly increased with the
increasing RSD (P = 0.0413) (Table 2.1.1), as illustrated by the logistic curve in Fig. 2.1.2.

2. 1. 4 Discussion

Mirera & Moksnes (2013) conducted laboratory experiments to examine the effects of body
size differences and shelter types on cannibalism in juvenile mud crabs, using four CW size
classes (21-30 mm, 3140 mm, 41-50 mm, and 51-70 mm inner carapace width (ICW),
measured at the widest portion of the carapace excluding the lateral spines). Each set of four
crabs with two different size classes was placed in tanks that served as experimental arenas, and
high mortality rates were detected when crabs of the smallest size class (21-30 mm) were
exposed to crabs of the largest size class (51-70 mm), suggesting that size difference would be
an important factor affecting cannibalism in juvenile mud crabs.

In the present study, we placed two juvenile mud crabs, one small and one large, in the test

arena and evaluated the occurrence of cannibalism (i.e., one-to-one match experiment). We
demonstrated that body size significantly affected the probability of cannibalistic events
between hard-shelled juveniles during nursery culture phases (Table 2.1.1 and Fig. 2.1.1). In
our experiments, large crabs always preyed on small crabs. Furthermore, 25% and 38% of the
surviving small crabs lost their chelipeds and pereiopods, respectively. The proportion of lost
walking legs increased with the increasing relative size difference between large and small crabs,
indicating a stronger aggressive behavior displayed by larger crabs (Fig. 2.1.1).
Mann et al. (2007) reported higher percentages of harvested juvenile mud crabs in nursery
cultures missing either one or both chelipeds in phase 3 (C5 to C7/C8) than in phase 2 (C1/C2
to C4/CS5). In addition, the study found higher percentages of juveniles missing chelipeds in
younger instars in both nursery culture phases. In the present study using C5—C9 juveniles, the
body size did not significantly affect the proportion of lost chelipeds in the surviving small
crabs. Our experiments suggest that the small crabs that lost their cheliped weaponry would
have certainly died if placed in trials with larger relative size differences.

Molting is a highly variable process in juvenile mud crabs. Mann et al. (2007) reported that
five instars, C2—C6 and C5—C9, were found during harvest in phase 2 and phase 3 nursery
cultures, respectively, resulting in an increased probability of larger instar crabs displaying
cannibalistic behavior toward smaller instar crabs. Therefore, size grading has been considered

one of the most effective measures to reduce cannibalism in mud crab nursery cultures (Mirera
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& Moksnes, 2013; Romano & Zeng, 2017). In fact, Mirera & Moksnes (2015) conducted
culture experiments on mud crabs using small net cages for seven days and reported that crab
mortality significantly decreased in treatments involving smaller crabs (2050 mm ICW)
compared to those including larger individuals (20—-80 mm ICW).

In the present study, the relative size difference at which 50% of the small crabs were
cannibalized by large conspecifics was estimated at 0.34 (or predator-prey size ratio = 1.5).
Maintaining the relative size difference values (or predator-prey size ratios) between juveniles
below 0.34 (1.5) could contribute to reducing cannibalism and ensure high productivity levels
in nursery cultures. In fish aquaculture, size grading devices are normally used (Kelly & Heikes,
2013), but the literature does not report that such devices have yet been developed for juvenile
crabs. Developing a size grading methodology to reduce cannibalistic events would represent a
key improvement for the mud crab aquaculture industry, thereby allowing the establishment of
cost-effective nursery cultures that can ensure higher productivity.

We used only hard-shelled crabs in the experiments whereas post-molt crabs with soft shells
are known to be the most vulnerable to cannibalism (Marshall et al., 2005; Romano & Zeng,
2017). Therefore, future studies examining cannibalism between juveniles with different
molting stages considering their body size difference would also contribute to establishing the

cost-effective nursery cultures in mud crabs.
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Table 2.1.1. Evaluation of the effect of body size (explanatory variable) on cannibalism outcome
(absence or presence) or the proportions of lost chelipeds and lost walking legs (response variable)
in juvenile mud crab Scylla serrata. Two models were employed using the absolute body size
of large crabs (LCW) and small crabs (SCW) (model 1) or the relative size difference (RSD
=1 - SCW / LCW) between large and small crabs (model 2) as the explanatory variables.
Data were analyzed using a generalized linear model (GLM). A binomial GLM (logit link) and a
quasibinomial GLM (logit link) were employed to analyze the binary and proportional data,
respectively.

Response Explanatory ~ Coefficient
variable N Model variable Estimate SE z or ¢ values P
Cannibalism 50 1 (Intercept) 02674 27542 -0.097 0.9227
LCW 02331  0.0948 2.459 0.0139
SCW 03428 0.1368 22,505 0.0122
2 (Intercept) 31768 0.9518 -3.338 0.0008
RSD 9.4202  2.9734 3.168 0.0015
Proportion of 32 1 (Intercept) 40204  3.0778 -1.306 0.2020
lost chelipeds LCW 20.0228  0.1146 -0.198 0.8440
SCW 0.1625  0.1568 1.037 0.3080
2 (Intercept) 12066 0.7006 1722 0.0953
RSD 13871 3.1398 -0.442 0.6618
Proportion of 32 1 (Intercept) 37360 3.2680 _1.143 0.2620
lost walking LCW 0.1791  0.0903 1.982 0.0570
legs SCW 0.1238  0.1476 -0.839 0.4080
2 (Intercept) 29834  0.8129 -3.670 0.0009
RSD 58716 27539 2.132 0.0413

N, number of observations; SE, standard errors.
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Fig. 2.1.1. Relationship between relative size difference and occurrence of cannibalism in test
pairs of mud crab Scylla serrata juveniles in one-to-one match experiments. Relative size
difference = 1 — (small crab size) / (large crab size). The estimated probabilities of cannibalistic
events (solid curve) with 95% confidence intervals (dotted curves) were derived from a logistic

equation formulated according to the GLM analysis: y =1/ (1 + e 31768 -942029) (Taple 2.1.1).
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Fig. 2.1.2. Relationship between relative size difference and the proportions of lost chelipeds

and walking legs in small juveniles of mud crab Scylla serrata at the end of one-to-one match

experiments. Relative size difference = 1 — (small crab size) / (large crab size). The estimated

proportions of lost walking legs (solid curve) with 95% confidence intervals (dotted curves)

were derived from a logistic equation formulated according to the GLM analysis: y=1/(1 + e

(2.9834 — 5.8716x)) (Table 2.1.1).
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Effect of body size on cannibalism in early juvenile mud crab Scylla
paramamosain (Decapoda: Brachyura: Portunidae) under laboratory

conditions

2. 2.1 Introduction

Mud crabs in the genus Scylla (Decapoda: Brachyura: Portunidae) are important fishery and
aquaculture resources in the Indo-Pacific, from warm temperate through subtropical to tropical
regions (Keenan & Blackshaw, 1999; Le Vay, 2001; Allan & Fielder, 2004; Ogawa et al., 2011,
2012). They consist of four species: S. paramamosain Estampador, 1949, S. serrata (Forskal,
1775), S. olivacea (Herbst, 1796), and S. tranquebarica (Fabricius, 1798) (Keenan &
Blackshaw, 1999). Scylla paramamosain is the main aquaculture target species in China (Ye et
al.,2010) and Vietnam (Ut et al., 2007), and it is also treated as an important target species for
stock enhancement programs in Japan (Obata et al., 2006, Hamasaki et al., 2011).

Mud crab aquaculture production has increased over the past decade (FAO, 2020), but much
of the aquaculture relies on wild-caught juvenile crabs, raising concerns about negative impacts
on natural stocks (Le Vay, 2001; Shelley, 2008). However, recent advances in seed production
technology have allowed aquaculture farmers to use artificially produced crab seeds (Allan &
Fielder, 2004). The hatchery-grown juvenile crabs are delivered to aquaculture farms at a size
of about 640 mm carapace width (CW) (Mann et al., 2007; Quinitio & Parado-Estepa, 2011).
However, cannibalism is the main cause of juvenile mortality during the nursery culture phase
before the crabs are supplied to farmers (Mann et al., 2007; Quinitio & Parado-Estepa, 2011;
Mirera & Moksnes, 2013), leading to serious impacts on the productivity and profitability of
the aquaculture industry (Romano & Zeng, 2017).

In brachyuran crabs, post-molt individuals with soft shells are the most vulnerable to
cannibalism, and large body size differences between individuals facilitate cannibalism, even
among intermolt crabs with hard shells (Marshall et al., 2005; Mirera & Moksnes, 2013, 2015;
Romano & Zeng, 2017). Therefore, size grading is considered an effective strategy to reduce
the occurrence of cannibalism in aquaculture (Mirera & Moksnes, 2013; Romano & Zeng,
2017).

Sanda et al. (2021) examined the effect of body size on cannibalism in hard-shelled juveniles

of S. serrata during the nursery culture phase. They estimated the threshold size difference at
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which 50% of the smaller crabs are cannibalized by larger crabs and suggested maintaining a
size difference below the threshold value to contain the occurrence of cannibalism in nursery
cultures of S. serrata. However, little is known about the relationship between body size
differences and cannibalism during the nursery culture phase of S. paramamosain. In the
present study, we aimed to elucidate the effect of body size on cannibalism in hard-shelled

juveniles (third to fifth instar crabs, C3—C5) of S. paramamosain with 5-11 mm CW.

2. 2. 2 Materials and Methods

Experimental animals

A wild mature female was caught in Urado Bay (33°31°N, 133°33°E), Kochi Prefecture,
Japan, in February 2022. The female crab and her larvae were cultured at the Yaeyama Field
Station, Japan Fisheries Research and Education Agency, Ishigaki, Okinawa Prefecture, Japan,
according to Sanda et al.’s (2022) method. Sibling hatchery-raised crabs were individually
cultured in small plastic cups with lids (diameter, 6.5 cm; height, 7 cm), which were submerged
in tanks with a flow-through water system of 500 L volume at natural temperature (mean =+
standard deviation, 30.1 &+ 0.5 °C) and salinity (34—35 ppt) conditions. The juveniles were fed

Artemia nauplii once a day.

One-to-one match experiment

Experiments using juvenile crabs were conducted from July to August 2022. Plastic cups
(diameter, 14.5 cm; height, 17.7 cm) were used as experimental arenas and did not have any
structure that could be used as a refuge by the crabs. The experimental arenas, which contained
seawater (salinity: 35 ppt; temperature: 28.8-29.5 °C) and Artemia nauplii at densities of 10
individuals/mL as food, were set within a water bath system with alternating phases of 12 h of
light and 12 h of darkness. Crabs with no sign of being in the pre-molt stage (Quinitio & Parado-
Estepa 2011) were selected after examination of the flat dactylus of the fifth pereiopod using a
profile projector (V-12B, Nikon Corporation, Tokyo, Japan). The experimental C3—C5 juveniles
were then measured at the widest portion of the carapace, including the lateral spines, using a
digital caliper and profile projector (CW, 5.1-10.9 mm). All selected crabs had not lost any
pereiopods, that is, chelipeds and walking legs. Two individuals were then placed
simultaneously in the experimental arena, and a total of 60 trials were conducted. The body size

ratio of smaller to larger crabs (larger crab size/smaller crab size) was within the range of 1.01
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and 2.01. The test arenas were observed for the presence of the two test crabs after 24 h, and
the occurrence of cannibalism (death) was assessed. We also checked for the loss of pereiopods

in surviving crabs.

Statistical analysis

Statistical analyses were performed with R statistical software (R4.2.1; R Core Team, 2022)
using a 5% significance level. We used a generalized linear model (GLM) with a binomial
distribution to evaluate the effect of body size (explanatory variable) on binary values defined
as death (cannibalism) (1) or survival (0) (response variable). Two models were employed using
the absolute body size of the larger crabs (LCW) and smaller crabs (SCW) or the relative size
difference (RSD) between the larger and smaller crabs (RSD = 1 — SCW/LCW) as the
explanatory variables: model 1, response variable ~ LCW + SCW; and model 2, response
variable ~ RSD. In the model 1, positive or negative impacts of body size of the test juveniles
on cannibalism could be evaluated. In the model 2, the RSDso with 95% confidence intervals
(CI), at which 50% of the smaller crabs were cannibalized by the larger crabs, was calculated
using a logistic equation based on the binomial GLM results. The RSDso value was then
converted into the predator—prey size ratio (predator size/prey size).
In the present study, pereiopod losses were observed in the surviving smaller crabs. We
evaluated the effect of body size (explanatory variable) on the proportion of lost pereiopods
(chelipeds, number of lost chelipeds/2; and walking legs, number of lost legs/8) in the surviving
crabs (response variables) by using a quasibinomial GLM (Zuur et al. 2009). Binomial GLM

and quasibinomial GLM analyses were performed using the g/m function (logit link).

2. 2. 3 Results

Cannibalism occurred in 29 (48.3%) of the 60 test trials, and larger crabs preyed on smaller
crabs in all cases. Body size influenced the occurrence of cannibalism (Table 2.2.1). The
probability of cannibalistic events significantly increased with increasing LCW (P =0.0051) or
with decreasing SCW (P =0.0021), and thereby significantly increased with increasing RSD (P
=0.0013), as illustrated by the logistic curve in Fig. 2.2.1. The RSDso was calculated as 0.213
(95% CI: 0.180—-0.254) [or predator—prey size ratio = 1.27 (95% CI: 1.22—-1.34)].

At the end of the trials, one cheliped and 14 walking legs were missing in 6.4% (2/31) and
16.1% (5/31) of the surviving smaller crabs, respectively. Body size did not significantly affect
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the proportion of lost chelipeds (P = 0.4576-0.6113) or lost walking legs (P = 0.6870—-0.8770)
(Table 2.2.1).

2. 2. 4 Discussion

In the present study, we demonstrated that body size differences significantly affect the
probability of cannibalistic events between hard-shelled juveniles (C3—CS5; 5.1-10.9 mm CW)
during the nursery culture phases of S. paramamosain (Table 2.2.1 and Fig. 2.2.1). Larger crabs
always preyed on smaller crabs, and the relative size difference [RSD = 1- (smaller crab
size)/(larger crab size)] at which 50% of the smaller crabs were cannibalized by larger
conspecifics (RSDso) was estimated at 0.21 (or predator-prey size ratio = 1.27).

Cannibalism induced by body size differences has also been observed in other portunid crabs,
including the mud crab S. serrata (Moksnes et al., 1997; Marshall et al., 2005; Mirera &
Moksnes, 2013, 2015; Sanda et al., 2021). Sanda et al. (2021) conducted one-to-one match
experiments, as we did in the present study. They used C5—C9 juveniles (12.5-33.3 mm CW)
of S. serrata to investigate the effect of body size differences on cannibalism during the nursery
culture phase. They reported cannibalistic events similar to those observed in S. paramamosain,
and the RSDso was estimated at 0.34 (or predator—prey size ratio = 1.51).

Sanda ef al. (2021) reported that chelipeds and walking legs were lost in 25% and 38% of
the surviving smaller crabs of S. serrata, respectively, and the proportion of lost walking legs
increased significantly as the relative size difference between the larger and smaller juveniles
(C5-C9) increased. Furthermore, Mann et al. (2007) reported higher percentages of harvested
juveniles of S. serrata in nursery cultures missing either one or both chelipeds during the C5 to
C7/C8 (22-33 mm CW) period compared to the C1/C2 (4.0-4.8 mm CW) to C4/C5 (8.5-15
mm CW) period. In the present study, using C3—C5 juveniles of S. paramamosain, 6% and 16%
of the surviving smaller crabs lost their chelipeds and walking legs, respectively. Consequently,
pereiopod loss in prey crabs is likely to occur in larger instars of mud crabs. This may be
because of the stronger aggressive behavior displayed by larger predator crabs and/or the
stronger resistance behavior displayed by larger prey crabs: they lost their pereiopod(s) instead
of being completely cannibalized. Stronger resistance behavior in larger prey crabs may also
explain why the RSDso (or predator-prey ratio) estimate was smaller in S. paramamosain (C3—
C5, present study) than in S. serrata (C5—C9, Sanda et al. 2021).

Sanda ef al. (2022) reared the C1 juveniles of S. paramamosain individually and reported

26



that the CW increased approximately 1.2—1.3-fold per molt between C3 and C5 when carbs
were reared at 30 °C. This magnitude, when converted to the RSD value, is about 0.20-0.23
between successive molts, which is consistent with the RSDso estimate (0.21) in the present
study. Therefore, synchronized molting of juveniles would reduce the chance of cannibalism.
However, molting is a highly variable process in juvenile mud crabs; for example, Mann et al.
(2007) reported that harvested juveniles included five instars in nursery cultures of S. serrata.
Therefore, size grading to maintain the relative size difference values (or predator—prey size
ratios) between juveniles below 0.21 (1.27) could contribute to reducing cannibalism in nursery
cultures (C3—C5) of S. paramamosain. A practical size grading methodology has not yet been
developed for juvenile crabs, which would be key for advancing the mud crab aquaculture

industry using juveniles raised from artificial seeds.
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Table 2.2.1. Evaluation of the effect of body size (explanatory variable) on cannibalism outcome
(absence or presence) or the proportions of lost chelipeds and lost walking legs (response variable)
in juvenile mud crab Scylla paramamosain. Two models were employed using the absolute body
size of larger crabs (LCW) and smaller crabs (SCW) (model 1) or the relative size difference (RSD
=1 — SCW/LCW) between larger and smaller crabs (model 2) as the explanatory variables. Data
were analyzed using a generalized linear model (GLM). A binomial GLM (logit link) and a
quasibinomial GLM (logit link) were employed to analyze the binary and proportional data,

respectively.
Response N Model Explgnatory Coefﬁcient SE zort p
variable variable Estimate values
Cannibalism 60 1 (Intercept) -1.926 6.633 0290  0.7715
LCW 3.514 1.255 2.800 0.0051
SCW -4.190 1.359 -3.083 0.0021
2 (Intercept) -7.720 2.387 -3.234 0.0012
RSD 36.170 11.225 3.222 0.0013
E;P:hrgl?gegg 31 1 (Intercept) -12.183  5.335 2284 0.0302
in the surviving LCW 0.543 0.899 0.604 0.5510
smaller crabs SCW 0522 0693 0753 04576
2 (Intercept) -2.772 0.875 -3.169 0.0036
RSD -4.065 7.911 -0.514 0.6113
i)r;)tpv(\)f;tlilgilrll g(;)f 31 1 (Intercept) -1.016 7.349 -0.138 0.8910
legs in the LCW 0.192 1.227 0.156 0.8770
Surviving SCW -0.536 1.315 -0.408 0.6870
smaller crabs
2 (Intercept) -3.852 1.497 -2.572 0.0155
RSD 3.906 10.462 0.373 0.7116

N, number of observations; SE, standard errors.
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Fig.2.2.1 Relationship between relative size difference and occurrence of cannibalism in test
pairs of mud crab Scylla paramamosain early juveniles in one-to-one match experiments.
Relative size difference = 1— (smaller crab size)/(larger crab size). The estimated probabilities
of cannibalistic events (solid curve) with 95% confidence intervals (dotted curves) were derived
from a logistic equation formulated according to the GLM analysis: y = 1/ (1 + ¢ (7-720736.170)

(Table 2.2.1).
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Effect of temperature on survival, intermolt period, and growth of juveniles
of two mud crab species, Scylla paramamosain and Scylla serrata (Decapoda:

Brachyura: Portunidae), under laboratory conditions

3. 1 Introduction

The thermal environment strongly influences biological processes, such as the behavior,
survival, and growth of ectothermic animals, and it is an important factor that defines their
distribution (Portner, 2001; Sunday et al., 2011; Araujo et al., 2013; Hoffmann et al., 2013).

Mud crabs in the genus Scylla (Decapoda: Brachyura: Portunidae) are important fishery
resources in the Indo-Pacific, from warm temperate through subtropical to tropical regions
(Keenan & Blackshaw, 1999; Le Vay, 2001; Ogawa ef al., 2011; 2012). They consist of four
species: S. paramamosain Estampador, 1949, S. serrata (Forskal, 1775), S. olivacea (Herbst,
1796), and S. tranquebarica (Fabricius, 1798) (Keenan & Blackshaw, 1999). In Asian and
Oceanian countries, they are also treated as important aquaculture target species (Keenan &
Blackshaw, 1999; Azra et al., 2019). The main aquaculture target species are S. paramamosain
and §. serrata (Allan & Fielder, 2004). The former is cultured mainly in China (Ye et al., 2010)
and Vietnam (Nghia ef al., 2007), and the latter mainly in the Philippines (Quinitio & Parado-
Estepa, 2011) and Australia (Ruscoe et al., 2004).

In Japan, three mud crab species, S. paramamosain, S. serrata, and S. olivacea, occur (Oshiro,
1988), and two former species are important components of local fisheries in small brackish
water bays and inlets (Obata et al., 2006; Hamasaki et al., 2011; Ogawa et al., 2011; 2012). S.
paramamosain is distributed on the Pacific coast of Honshu, a warm temperate area of Japan.
S. serrata is mainly distributed in the Ryukyu Archipelago, a subtropical area of Japan that is
more southern than S. paramamosain's habitat (Oshiro, 1988; Ogawa et al., 2011; 2012).
Therefore, it is hypothesized that S. paramamosain may adapt better to lower temperature
environments than S. serrata. Hamasaki (2002) and Hamasaki (2003) supported this hypothesis
by determining the biological lower threshold temperature for egg development as 13.98°C for
S. paramamosain and 15.70°C for S. serrata. Larvae of mud crabs grow into the juvenile stage
through pelagic zoeal and megalopal stages (Keenan & Blackshaw, 1999; Hamasaki ef al. 2011).
After settlement, mud crab juveniles must survive and grow through environmental adaptations.
However, the temperature adaptation of the juvenile crabs of these species has not been clarified.

Some studies have examined the effects of temperature on the survival and development of
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juveniles of S. paramamosain (Gong et al., 2015; Syafaat ef al., 2021) and S. serrata (Ruscoe
et al., 2004; Baylon, 2010) under laboratory conditions. However, the minimum temperature
for culturing juveniles was higher in experiments for S. serrata (20°C) than in those for S.
paramamosain (14°C). Consequently, further study under a similar culture temperature regime
is required to clarify the temperature adaptation of these mud crab species. In the present study,
we aimed to compare and evaluate the temperature adaptation of S. paramamosain and S.

serrata through juvenile culture experiments.

3. 2 Materials and Methods

Experimental animals

We conducted three culture experiments using juvenile crabs raised from three different
broods for each species at the Yaeyama Field Station, Japan Fisheries Research and Education
Agency, Ishigaki, Okinawa Prefecture, Japan.

Three wild mature females of S. paramamosain were caught in Urado Bay (33°31'N,
133°33'E), Kochi Prefecture, Japan, in February 2020 (brood 1, 125 mm in carapace width
(CW); brood 2, 131 mm CW; and brood 3, 127 mm CW). Those of S. serrata were collected in
Iriomotejima Island (24°20'N, 123°45'E), Okinawa Prefecture, Japan, in August 2018 (brood 1,
147 mm CW) or Okinawajima Island (26°20'N, 127°51'E), Okinawa Prefecture, Japan, in
October 2020 (brood 2, 156 mm CW; brood 3, 172 mm CW).

Females were reared individually in 200 L tanks with a flow-through water system under
natural temperature and salinity conditions (around 34 ppt). They were fed frozen krill
Euphausia sp. and short-necked clams Ruditapes philippinarum. After the eggs were laid, we
periodically observed their development and transferred each ovigerous female with mature
eggs to a 500 L tank for larval hatching. Culture temperature (mean + standard deviation) during
the egg incubation period was 22.4 £+ 0.6°C, 22.5 = 0.7°C, and 27.6 = 0.6°C for broods 1-3 of
S. paramamosain, respectively, and 25.0 + 0.5°C, 21.8 £ 0.8°C, and 23.3 & 0.5°C for broods 1—
3 of S. serrata, respectively.

The newly hatched zoeae from each brood were stocked at a density of 20 individuals/L in a
500 L tank. They were fed rotifers Brachionus plicatilis species complex (S-morphotype) and
Artemia nauplii. Larvae metamorphosed into megalopae 1821 days after hatching. The 4-5-
day-old megalopae from each brood were transferred into a 15 L container and fed Artemia

nauplii. Rearing waters of zoeae and megalopae were not renewed during the culture period,
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and the water temperatures for culturing larvae were ~24—27°C. Larvae molted to the first instar
crabs (C1) in late April 2020 (broods 1 and 2) and late July 2020 (brood 3) for S. paramamosain
and in mid-December 2018 (brood 1), late March 2021 (brood 2), and late April 2021 (brood

3) for S. serrata.

Juvenile culture under different temperatures

The first instar crabs (C1) within a day of molting from the megalopae were used for the
culture experiments under 4-7 different temperature levels within a range of 15-30°C.
Juveniles were cultured for the designated period in each species-brood until surviving animals
had reached the designated instar crabs (second to fifth instar crabs, C2—C5), depending on the
respective temperature levels. Culture temperature, culture period, and the instar at the end of
the experiments are summarized for respective species-broods in Table 3.1. Thus, low
temperatures were not tested at older instar crabs because a limited number of our temperature-
controlled incubation chambers could not allow us to use them for further longer periods at low
temperature levels. The crab culture began on the same day in most treatments, but it exceeded
2 days in brood 3 of S. paramamosain and brood 1 of S. serrata, depending on their larval
developmental processes.

The C1 juveniles were individually reared in 50 mL plastic tubes (Falcon™ Conical
Centrifuge Tube, Corning Japan KK, Tokyo, Japan) containing 40 mL UV-sterilized seawater
(salinity, ~34 ppt). The experimental tube was maintained in temperature-controlled incubation
chambers with a photoperiod cycle of 12 h light and 12 h dark (MT1-201, Tokyo Rikakikai Co.
Ltd., Tokyo, Japan). Ten crabs were used for each temperature level in all experiments.

Daily observations were made on the occurrence of molting and whether the crabs were alive
or dead. After observations, all the culture water was replaced, and Artemia nauplius was given
as food at densities of 5 individuals/mL for CI1, 12 individuals/mL for C2, and 15
individuals/mL for C3—C5. Carapace width (the widest portion of the carapace) of cultured
crabs was measured using digital calipers, and measurements were taken during the intermolt

period at each instar.

Data analysis
Statistical analyses were performed using R statistical software (R4.1.1; R Core Team, 2021)
at a 5% significance level. To evaluate the effect of temperature on the survival of the juveniles

of each species while considering brood differences, we used a bias-reduced generalized linear
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model (BRGLM) with a binomial distribution, that is, a logistic model. In the BRGLM analysis,
binary survival (1) or death (0) until the respective instar crabs was a response variable, and
temperature and brood identity were continuous and categorical explanatory variables,
respectively. The coefficients of a logistic equation (with standard errors; z—values with
probabilities) were estimated using the brglm function (logit link) implemented in the brglm
package (Kosmidis & Firth, 2021). The survival analysis was not performed for C4 of S. serrata
because all crabs survived at all temperature levels.

We evaluated the influence of temperature (T) and brood (B) (continuous and categorical
explanatory variables, respectively) on the intermolt period (number of days) and growth
(carapace width) of each instar crab in each species (response variables) using a generalized
linear model (GLM) with a Poisson distribution and a linear model (LM), respectively. In these
analyses, two models were applied considering the nonlinear effect of temperature: model 1, y
~T + T? + B and model 2, y ~ T + B. The coefficients of the models were estimated, and their
statistical significance was evaluated using the g/m function for Poisson-GLM (log link)
analyses and the /m function for LM analyses. The model with a lower Akaike information
criterion (Akaike, 1973) value was selected and shown to be the best for each instar crab in
each species. Differences in the intermolt period and carapace width between the broods of each
species were tested with Tukey’s method using the gl/A¢ function in the multcomp package
(Hothorn et al., 2008).

To compare the low-temperature adaptation of juveniles of the two species, the relationship
between temperature (T) and intermolt period (D) was evaluated using the heat summation
theory equation (Hamasaki, 2003): D = a/(T — b). The parameters a and b are the so-called
“thermal constant” and “lower threshold temperature (LTT),” respectively, for biological
development. The thermal constant summarizes the effective temperature for development (>
threshold temperature) up to a selected biological endpoint. We used the data set of temperature
and the intermolt period of C1 juveniles to determine the heat summation theory equation
because they were cultured at the widest temperature range among respective instar crabs in
both species. The parameters were estimated using a nonlinear ordinary least-squares method
and evaluated with #-tests using the nls function. The 95% confidence interval (CI) for each

parameter was estimated with the confint function.

3. 3 Results
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Survival

The survival rate of juveniles was not significantly different among broods in both species
(Table 3.2). In S. paramamosain, temperature significantly affected the survival of juveniles
and their ability to reach C2, C4, and C5 (Table 3.2). Survival rates decreased at the lowest
temperature level (15.3°C) when juveniles molted to C2 although they still showed high values
(80%) (Fig. 3.1). Then, survival rates were maintained above 90% at 19.0-30.3°C. However,
they largely declined with increasing temperature from 24.7 to 29.8°C through C4-CS5, with
final survival rates of 100% and 30-40% at 24.7 and 29.8°C, respectively. In S. serrata,
temperature significantly affected the survival of juveniles and their ability to reach C2 and C3
(Table 3.2). Survival rates decreased at lower temperature levels (15.2—-19.6°C) through C2—
C3, and juveniles could not molt to C2 at the lowest temperature level (15.2°C) (Fig. 3.2). Then,
survival rates showed relatively high values (> 80%) through C4—CS5 at test temperatures (21.9—
30.5°C).

Intermolt period

Model 1 was selected as the best for describing the relationship between temperature and the
intermolt period at C1-C3 of S. paramamosain and C1-C2 of S. serrata and model 2 for other
instar crabs. However, the temperature did not significantly affect the intermolt period at C4 of
S. serrata (Table 3.3). The intermolt period decreased exponentially (mode 1 1) or linearly
(model 2) with increasing temperatures (Fig. 3.3, 3.4). Inter-brood variability was evident in
the intermolt periods of the instar crabs, S. paramamosain (C1-C2) and S. serrata (C2—C3).
However, the trends of temperature effects on the intermolt period were similar among broods

in both species (Figs. 3.3, 3.4).

Growth

The C1 juveniles could be assigned unbiasedly to respective test temperature groups because
the carapace width of C1 juveniles did not differ significantly among test temperatures in both
species (Table 3.4 and Figs. 3.5, 3.6). When the carapace width of C1 juveniles was compared
among broods, it was significantly different among broods in S. serrata but not in S.
paramamosain (Table 3.4 and Figs. 3.5, 3.6). Model 1 was selected as the best for describing
the relationship between temperature and carapace width at C2—C4 of S. paramamosain and
C2—-C3 of S. serrata, and model 2 for other instar crabs. However, the temperature did not

significantly affect the carapace width at C5 of both species (Table 3.4). The relationship
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between temperature and carapace width was expressed by an upward convex curve by model
1 in both species (Figs. 3.5, 3.6), and the carapace width tended to reach peaks at around 26°C
in S. paramamosain (Fig. 3.5). However, it did not largely decrease even at higher temperatures
(> 30°C) in S. serrata (Fig. 3.6). Inter-brood variability was evident in carapace width at C2—
C4 of S. paramamosain and all instar crabs of S. serrata. However, the trends of temperature

effects on juvenile growth were similar among broods in both species (Figs. 3.5, 3.6).

Low temperature adaptation

The analyses of the heat summation theory equation estimated the LTT (95% CI) for the
development of C1 juveniles as 13.65°C (13.51-13.77°C) for S. paramamosain and 15.44°C
(15.12-15.72°C) for S. serrata (Table 3.5).

3. 4 Discussion

The present study demonstrated interspecific variation in the temperature adaptation of two
mud crab species: S. paramamosain and S. serrata. The C1 juveniles were able to molt to C2
with 80% survival rates at 15.4°C, and survival rates were maintained above 90% at all test
temperatures (19.0-30.3°C) until C3 in S. paramamosain (Fig. 3.1). On the other hand, C1
juveniles were not able to survive to C2 at 15.2°C, and survival rates decreased to 70% until C3
at 19.1°C in S. serrata (Fig. 3.2). Survival rates of S. paramamosain juveniles declined to 30—
40% until C5 at 29.8°C (Fig. 3.1), whereas all S. serrata juveniles survived to C5 even at 30.5°C
(Fig. 3.2). Additionally, the carapace width of juveniles increased with increasing temperature
but became smaller at 27.6-30.2°C in S. paramamosain (Fig. 3.5), whereas it appeared to reach
a plateau at > 24°C in §. serrata (Fig. 3.6). Thus, our results highlight that juveniles of S.
paramamosain and S. serrata adapt to lower and higher temperature conditions, respectively.

The intermolt period of juveniles exponentially or linearly decreased with increasing
temperature (Figs. 3.3, 3.4), a phenomenon that has been observed in many decapod crustacean
species (Anger, 2001). Based on the data set of temperature and the intermolt period at C1, the
lower threshold temperature (LTT) (95% CI) for juvenile development was estimated as
13.65°C (13.51-13.77°C) for S. paramamosain and 15.44°C (15.12—-15.72°C) for S. serrata
(Table 3.5). The LTT for egg development has been estimated to be 13.98°C for S.
paramamosain (Hamasaki, 2002) and 15.70°C for S. serrata (Hamasaki, 2003). The LTT for

zoeal development to the megalopal stage has also been estimated as 15.08°C for S. serrata

38



(Hamasaki 2003). Consequently, LTT estimates for egg and zoeal developments well matched
those for juvenile development in S. paramamosain and S. serrata, suggesting that the low-
temperature adaptations may be similar regardless of the life history stage in these mud crab
species.

The influence of temperature on the survival and development of juveniles of S.
paramamosain and S. serrata has been studied as a basis for developing nursery culture
techniques in aquaculture. Gong et al. (2015) reared C1 juveniles of S. paramamosain from
China until molting to C2 at 14, 20, 26, 32, and 39°C and reported that juveniles could molt at
20, 26, and 32°C with survival rates of 87, 95, and 91%, respectively. Syafaat et al. (2021)
reared C1 juveniles of S. paramamosain from Malaysia at constant temperatures of 24, 28, and
32°C and ambient temperatures of 27-30°C for 45 days and reported respective survival rates
as 87, 97, 80, and 93%. They also reported that the growth rate was highest at 28°C, followed
by 32°C and ambient temperature (27-30°C), and lowest at 24°C. Syafaat et al. (2021) further
evaluated the critical thermal minimum of C1 juveniles of S. paramamosain, which was defined
as the temperature when crabs were on their backs and could not recover an upright posture,
and they recorded it as 17—18°C. Thus, the lower temperature (14°C) at which C1 juveniles of
Chinese S. paramamosain by Gong et al. (2015) could not moult coincided with the LTT
(13.65°C) of Japanese S. paramamosain in our experiments. However, Malaysian S.
paramamosain by Syafaat et al. (2021) appeared to exhibit a higher temperature adaptation
compared with Japanese S. paramamosain probably because of the higher habitat temperatures
in tropical Malaysia.

As for S. serrata, Ruscoe et al. (2004) reared C2 juveniles raised in Australia at 20, 25, 30,
and 35°C for 18 days. They reported a lower survival rate (36%) at 20°C than other temperatures
(94-98%) as well as minimum and maximum growth rates at 20 and 30°C, respectively. Baylon
(2010) reared C1 juveniles raised in the Philippines until molting to C2 at 20, 26, and 32°C and
recorded slightly lower survival rates (~83%) at 20°C compared with other temperatures (>
90%: survival rates derived from figure 1 by Baylon (2010)). Thus, the performance of S.
serrata juveniles under different temperatures appeared to be similar between previous and
present studies conducted in subtropical or tropical areas, and our results could clarify the lower
critical temperature for juvenile development in S. serrata.

Besides temperature, salinity is an important environmental factor affecting the physiological
process of decapod crustaceans (Anger, 2001). Gong et al. (2015) reported slightly lower

survival rates (75%) of S. paramamosain juveniles from C1 to C2 at 5 ppt compared with those
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(96-97%) at 10—40 ppt under 26°C. Ruscoe et al. (2004) and Baylon (2010) conducted juvenile
culture experiments for S. serrata under the different salinity and temperature combinations.
They reported that juveniles could not survive at 0 ppt but exhibited similar performance at a
broad range of salinity (5—45 ppt). Thus, juveniles of S. paramamosain and S. serrata are
euryhaline, and the temperature adaptation of these species inferred by the present study may
be general in natural environments with a wide range of salinity.

Our results supported the hypothesis that S. paramamosain may adapt better to lower
temperature environments than S. serrata, based on the biogeography of these species in Japan.
Ogawa et al. (2011) examined the species compositions of mud crabs in commercial catch from
brackish inlets on Iriomotejima Island (24°20'N, 123°45'E), Ryukyu Archipelago, during the
period from September 2001 to August 2005. They reported that two species, S. serrata and S.
olivacea, were identified in the area, with S. serrata being the dominant species (> 95% of the
catch). Moreover, Ogawa et al. (2012) examined the species compositions of mud crabs in
commercial catches from Urado Bay (33°31'N, 133°33'E) during the period from October 2008
to October 2009. They reported that three mud crab species were identified in the area, with S.
paramamosain being the dominant species (74% of the catch), followed by S. serrata (23%)
and S. olivacea (3%). In Urado Bay, S. serrata and S. olivacea accounted for only several
percent of the total catch during the late 1980s (Sugimoto & Hasegawa, 1989; 1990). The
Kuroshio Current plays an important role in transferring the larvae of southern marine
organisms from warmer to cooler latitudes in the northwestern Pacific region (lida et al., 2010;
Soeparno et al., 2012; He et al., 2015; Chang et al., 2018). S. serrata larvae hatched in the
Ryukyu Archipelago may disperse to the temperate bays and inlets via the Kuroshio Current,
and the survival rate of juveniles settled there might have improved under global warming
conditions.

The present study highlighted the temperature adaptation of early juveniles of two mud crab
species, S. paramamosain and S. serrata. Further studies will be required to elucidate the
temperature adaptation of these species throughout an entire life cycle to understand and predict
future changes in the species compositions and the northern limit of their distribution under a

global warming scenario.
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Table 3.1. Culture temperature (mean + standard deviation), culture period, and the instar at the end
of culture experiments in two mud crab species, Scylla paramamosain and S. serrata.

Scylla paramamosain Scylla serrata
BI;;)O Tem(g%r;l ture Start date E’s;;osc)l Instar  Brood Tem(g%r;l ture Start date l(’(;:;;os()i Instar

1 153+04 22 Apr 2020 54 C2 1 19.0+0.7 19 Dec 2018 34 C3
19.3£0.5 22 Apr 2020 52 C3 21.1+0.6 19 Dec 2018 26 C3
21.8+0.2 22 Apr 2020 46 C4 23.1+0.7 19 Dec 2018 31 C4
24.7+0.2 22 Apr 2020 49 C5 245+0.4 19 Dec 2018 26 C4
25.8+0.7 22 Apr 2020 44 C5 264+1.3 19 Dec 2018 33 C5
29.8+0.5 22 Apr 2020 40 C5 28.1+0.2 19 Dec 2018 27 C5
304 +0.7 18 Dec 2018 27 C5
2 153+04 23 Apr 2020 52 C2 2 152+03 23 Mar 2021 24 C1
19.3+04 23 Apr 2020 49 C3 19.6 0.9 23 Mar 2021 38 C3
21.8+0.2 23 Apr 2020 49 C4 21.9+0.3 23 Mar 2021 39 C4
24.7+0.2 23 Apr 2020 45 C5 24.8+0.1 23 Mar 2021 23 C4
25.9+0.8 23 Apr 2020 47 C5 28.1+£0.3 23 Mar 2021 30 C5
29.8+0.5 23 Apr 2020 39 C5 285+1.9 23 Mar 2021 28 C5
3 19.0+0.6 29 Jul 2020 35 C3 3 19.1£0.8 25 Apr 2021 30 C3
21.0+0.3 29 Jul 2020 31 C3 224+0.2 25 Apr 2021 28 C4
233+0.5 28 Jul 2020 25 C4 254+0.4 25 Apr 2021 28 C5
27.7+0.2 28 Jul 2020 32 C4 305+£04 25 Apr 2021 24 C5

303+0.7 28 Jul 2020 25 C4

C1-5, second to fifth instar crabs
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Table 3.2. Coefficient estimates with standard errors (SE) for the explanatory variables in the
generalized linear model with a binomial distribution to evaluate the juvenile survival (alive or not)
until the respective instar crabs (response variable) under different temperature (T) and brood (B, nos.
1-3) conditions (explanatory variables) in two mud crab species Scylla paramamosain and S. serrata.
The coefficient estimate for brood was the output for brood nos. 2 and 3, representing changes in the
response variable relative to the baseline category (brood no. 1). The statistical analysis was not
performed for C4 of S. serrata because all crabs survived at all temperature levels. Crabs from brood
no. 3 of S. paramamosain were cultured until molting to C4.

S. paramamosain S. serrata
Instar Coefficient N  Estimate SE z value P N Estimate SE z value P
C2 Intercept 170 -3.3116  2.0216 -1.638 0.1014 170 -23.1229 8.5585 -2.702  0.0069
T 0.2854  0.1065 2.680 0.0074 1.3785 0.4404 3.130  0.0018
B-2 0.6761  0.8407 0.804 0.4213 -0.8579 1.9626 -0.437  0.6620
B-3 04154  1.0221 0.406 0.6844 -1.9861 1.6649 -1.193  0.2329
C3 Intercept 150 3.7569  2.3165 1.622  0.1050 150 -12.0152 7.7443 -1.551  0.1208
T -0.0486  0.0907 -0.536 0.5920 0.7220 0.3489 2.069 0.0385
B-2 0.8860  0.9856 0.899  0.3690 -0.1669 1.7407 -0.096  0.9236
B-3 -0.0132  0.7744 -0.017 0.9860 -0.9602 1.7048 -0.563  0.5733
C4 Intercept 110  18.9302  5.9271 3.194 0.0014
T -0.6169  0.2055 -3.002 0.0027
B-2 0.7883 09115 0.865 0.3871
B-3 0.7806  0.8595 0.908 0.3638
C5 Intercept 60  17.8407  4.4009 4.054 0.0001 70 -18.2917 15.6493 -1.169  0.2420
T -0.6244  0.1581 -3.950 0.0001 0.7462 0.5779 1.291 0.1970
B-2 0.2519  0.6977 0.361 0.7180 0.8937 1.7525 0.510 0.6100
B-3 2.3064 1.8213 1.266  0.2050

C2-5, second to fifth instar crabs; N, number of crabs

45



Table 3.3. Coefficient estimates with standard errors (SE) for the explanatory variables in the
generalized linear model with a Poisson distribution to evaluate the intermolt periods (number of
days) of respective instar crabs (response variable) under different temperature (T) and brood (B, nos.
1-3) conditions (explanatory variables) in two mud crab species Scylla paramamosain and S. serrata.
Two models were applied: model 1,y ~ T + T2 + B and model 2, y ~ T + B. The model with a lower
Akaike information criterion (AIC) value was selected and shown to be the best for each instar in
each species. See Appendix Tables 3.1 and 3.2 for the coefficient estimates and AIC values of all
models for S. paramamosain and S. serrata, respectively. The coefficient estimate for brood was the
output for brood nos. 2 and 3, representing changes in the response variable relative to the baseline
category (brood no. 1). Crabs from brood no. 3 of S. paramamosain were cultured until molting to
C4.

S. paramamosain S. serrata

Instar Coefficient N  Estimate SE z value P N  Estimate SE z value P

Cl1 Intercept 164 11.7114 0.4980 23.516 <0.0001 158 11.1156 1.4312 7.766  <0.0001
T -0.6955 0.0480  -14.483 <0.0001 -0.6403  0.1213 -5.279 < 0.0001
T? 0.0120 0.0011 10.876 < 0.0001 0.0105 0.0025 4.176  <0.0001
B-2 -0.0291 0.0502 -0.580 0.5617 0.1235 0.0670 1.843 0.0653
B-3 -0.2209 0.0671 -3.294 0.0010 -0.0324 0.0749 -0.433 0.6647

C2 Intercept 144  14.1412 1.2720 11.118 <0.0001 156 9.7669 1.3495 7.237 <0.0001
T -0.8699 0.1077 -8.080 <0.0001 -0.5087 0.1144 -4.449 < 0.0001
T? 0.0154 0.0022 6.885 <0.0001 0.0077 0.0024 3.252 0.0012
B-2 -0.0370  0.0622 -0.596 0.5514 0.1355 0.0620 2.185 0.0289
B-3 -0.1511  0.0641 -2.359 0.0183 -0.1056 0.0718 -1.472 0.1411

C3 Intercept 101 14.1041 2.5929 5439 <0.0001 120 4.4759 0.3065 14.603 < 0.0001
T -0.8541 0.2028 -4.212  <0.0001 -0.0918 0.0117 -7.862 < 0.0001
T2 0.0154  0.0039 3.938 <0.0001
B-2 -0.0670 0.0671 -0.999 0.3180 0.1033 0.0725 1.425 0.1542
B-3 -0.0636 0.0775 -0.821 0.4120 -0.1475 0.0849 -1.738 0.0823

C4 Intercept 43 5.0630 0.6360 7.961 <0.0001 68 2.7240 0.6702 4.064 <0.0001
T -0.0874 0.0246 -3.554 0.0004 -0.0169 0.0235 -0.719 0.4720
B-2 -0.1258  0.0775 -1.623 0.1047 0.0718 0.0934 0.769 0.4420
B-3 -0.1008 0.0988 -1.019 0.3080

C1-4, first to fourth instar crabs; N, number of crabs
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Table 3.4. Coefficient estimates with standard errors (SE) for the explanatory variables in the general
linear model to evaluate the carapace widths of respective instar crabs (response variable) under
different temperature (T) and brood (B, nos. 1-3) conditions (explanatory variables) in two mud crab
species Scylla paramamosain and S. serrata. Two models were applied: model 1,y ~ T + T? + B and
model 2, y ~ T + B. The model with a lower Akaike information criterion (AIC) value was selected
and shown to be the best for each instar in each species. See Appendix Tables 3.3 and 3.4 for the
coefficient estimates and AIC values of all models for S. paramamosain and S. serrata, respectively.
The coefficient estimate for brood was the output for brood nos. 2 and 3, representing changes in the
response variable relative to the baseline category (brood no. 1). Crabs from brood no. 3 of S.
paramamosain were cultured until molting to C4.

S. paramamosain S. serrata

Instar Coefficient N  Estimate SE z value P N  Estimate SE z value P

Cl Intercept 170 3.4829 0.0627  55.539 <0.0001 170 3.7647 0.0373 100.840 < 0.0001
T 0.0005 0.0026 0.186 0.8520 -0.0018 0.0015 -1.240 0.2170
T2
B-2 0.0465 0.0282 1.649 0.1010 -0.1730 0.0143  -12.122 < 0.0001
B-3 0.0435 0.0298 1.458 0.1470 -0.1068 0.0159 -6.737  <0.0001

C2 Intercept 164  -0.1561 0.4767 -0.327 0.7438 158 1.0344 0.7065 1.464 0.1450
T 0.3871 0.0419 9.233 <0.0001 0.3312 0.0581 5.698  <0.0001
T2 -0.0074 0.0009  -8.227 <0.0001 -0.0061 0.0012 -5.175  <0.0001
B-2 0.0676  0.0450 1.505 0.1344 -0.5110 0.0334 -15.286 < 0.0001
B-3 -0.1491 0.0473  -3.152 0.0019 -0.3753  0.0365 -10.272 < 0.0001

C3 Intercept 144  -6.9159 1.6019 -4.317 <0.0001 156 -2.6792 1.1255 -2.380 0.0185
T 1.0327 0.1321 7.821 <0.0001 0.7298 0.0925 7.893  <0.0001
T2 -0.0201 0.0027  -7.489 <0.0001 -0.0131 0.0019 -7.032  <0.0001
B-2 0.0969 0.0798 1.215 0.2260 -0.8105 0.0530 -15.301 < 0.0001
B-3 -0.1036 0.0814  -1.273 0.2050 -0.6027 0.0580 -10.399 < 0.0001

C4 Intercept 101 -12.1186 5.6778  -2.134 0.0354 120 8.0636 0.3502  23.028 < 0.0001
T 1.5130 0.4405 3.435 0.0009 0.0539 0.0131 4.123 0.0001
T2 -0.0291 0.0085  -3.434 0.0009
B-2 0.4286 0.1462 2.932 0.0042 -1.4096 0.0765 -18.417 <0.0001
B-3 0.1465 0.1639 0.894 0.3735 -0.5169 0.0967 -5.345  <0.0001

C5 Intercept 43 11.1068 2.3906 4.646 <0.0001 68 10.3924 0.9338 11.130  <0.0001
T -0.0735 0.0914  -0.804 0.4260 0.0439 0.0327 1.343 0.1840
B-2 0.2996 0.3241 0.924 0.3610 -2.0146 0.1367 -14.740 < 0.0001
B-3 -0.9462  0.1375 -6.881 < 0.0001

C1-5, first to fifth instar crabs; NV, number of crabs
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Table 3.5. Coefficient estimates with standard errors (SE) and 95% confidence intervals (CI) of the
heat summation theory equation [D = a/(T — b)] describing the relationship between mean
temperature (T) and the intermolt period (D, number of days) of the first instar crab in the two mud
crab species Scylla paramamosain and S. serrata.

Species N Coefficient Estimate SE 95% CI t value P
S. paramamosain 164 a 77.4811 2.7298 722493  82.8884 28.38 <0.0001
13.6452  0.0667 13.5112 13.7709  204.46 <0.0001
S. serrata 158 a 56.1539  1.9054  52.6309  59.9455 29.47 <0.0001
b 154391  0.1564 15.1242 15.7226 98.73 <0.0001

N, number of crabs.
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Appendix Table 3.1. Coefficient estimates with standard errors (SE) for the explanatory variables in
the generalized linear model with a Poisson distribution to evaluate the intermolt periods (number of
days) of respective instar crabs (response variable) under different temperature (T) and brood (B, nos.
1-3) conditions (explanatory variables) in Scylla paramamosain. Two models were applied: model 1,
y ~ T+ T?+ B and model 2, y ~ T + B. The Akaike information criterion (AIC) was calculated for
each model to select the best model with a lower AIC value. The bold AIC value was a lower between
those of models 1 and 2. The coefficient estimate for brood was the output for brood nos. 2 and 3,
representing changes in the response variable relative to the baseline category (brood no. 1). Crabs
from brood no. 3 were cultured until molting to C4.

Model 1 Model 2

Instar N Coefficient  Estimate SE z value P Estimate SE z value P

Cl 164 Intercept 11.7114 0.4980 23,516 <0.0001 6.4983 0.1154 56.318 <0.0001
T -0.6955 0.0480 -14.483 <0.0001 -0.1819  0.0057 -32.181 <0.0001
T? 0.0120 0.0011  10.876 <0.0001
B-2 -0.0291  0.0502  -0.580  0.5617  -0.0333  0.0502  -0.664  0.5070
B-3 -0.2209  0.0671  -3294  0.0010  -0.3430  0.0651  -5.265 <0.0001
(AIC) 718.7 828.3

C2 144  Intercept 14.1412 1.2720 11.118 < 0.0001 5.5099 0.1808 30.478  <0.0001
T -0.8699 0.1077 -8.080 < 0.0001 -0.1331  -0.0077 17.286 < 0.0001
T2 0.0154 0.0022 6.885 < 0.0001
B-2 -0.0370 0.0622  -0.596 0.5514 -0.0363  0.0621 -0.584 0.5590
B-3 -0.1511 0.0641 -2.359 0.0183 -0.0994  0.0636  -1.563 0.1180
(AIC) 678.1 722.8

C3 101  Intercept 14.1041 2.5929 5.439 <0.0001 3.9478  0.2710 14.568 < 0.0001
T -0.8541 02028  -4.212 <0.0001 -0.0570  0.0108  -5.286 <0.0001
T? 0.0154 0.0039 3.938 <0.0001
B-2 -0.0670 0.0671 -0.999 0.3180 -0.0675 0.0671 -1.006 0.3140
B-3 -0.0636 0.0775 -0.821 0.4120 -0.0627 0.0771 -0.813 0.4160
(AIC) 533.9 547.3

C4 43 Intercept -2.2059 129929  -0.170 0.8652 5.0630  0.6360 7.961 <0.0001
T 0.4506 0.9608 0.469 0.6391 -0.0874  0.0246  -3.554 0.0004
T2 -0.0099 0.0177 -0.560 0.5754
B-2 -0.1300 0.0779  -1.669 0.0951 -0.1258  0.0775  -1.623 0.1047
(AIC) 248.0 246.4

C1-4, first to fourth instar crabs; N, number of crabs
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Appendix Table 3.2. Coefficient estimates with standard errors (SE) for the explanatory variables in
the generalized linear model with a Poisson distribution to evaluate the intermolt periods (number of
days) of respective instar crabs (response variable) under different temperature (T) and brood (B, nos.
1-3) conditions (explanatory variables) in Scylla serrata. Two models were applied: model 1, y ~ T +
T2+ B and model 2, y ~ T + B. The Akaike information criterion (AIC) was calculated for each model
to select the best model with a lower AIC value. The bold AIC value was a lower between those of
models 1 and 2. The coefficient estimate for brood was the output for brood nos. 2 and 3, representing
changes in the response variable relative to the baseline category (brood no. 1).

Model 1 Model 2

Instar N Coefficient Estimate SE z value P Estimate SE z value P

Cl1 158 Intercept 11.1156 1.4312 7.766  <0.0001 52113 0.1992 26.167  <0.0001
T -0.6403 0.1213  -5279  <0.0001 -0.1362  0.0085 -16.064  <0.0001
T? 0.0105 0.0025 4.176  <0.0001
B-2 0.1235 0.0670 1.843 0.0653 0.1096  0.0668 1.639 0.1010
B-3 -0.0324 0.0749  -0.433 0.6647 -0.0109  0.0746 -0.146 0.8840
(AIC) 618.4 633.6

C2 156 Intercept 9.7669 1.3495 7.237  <0.0001 54282 0.1869  29.046  <0.0001
T -0.5087 0.1144  -4.449 <0.0001 -0.1383  0.0080 -17.353 < 0.0001
T? 0.0077 0.0024 3.252 0.0012
B-2 0.1355 0.0620 2.185 0.0289 0.1241  0.0619 2.006 0.0448
B-3 -0.1056 0.0718  -1.472 0.1411 -0.0940 0.0717 -1.311 0.1898
(AIC) 641.7 650.1

C3 120 Intercept 8.8986 3.2271 2.757 0.0058 4.4759  0.3065 14.603  <0.0001
T -0.4356 0.2500 -1.742 0.0814 -0.0918 0.0117 -7.862  <0.0001
T? 0.0066 0.0048 1.377 0.1684
B-2 0.0896 0.0734 1.221 0.2220 0.1033  0.0725 1.425 0.1542
B-3 -0.1746 0.0872  -2.002 0.0453 -0.1475  0.0849 -1.738 0.0823
(AIC) 500.4 500.3

C4 68 Intercept 143761  21.2851 0.675 0.4990 2.7240 0.6702 4.064 <0.0001
T -0.8475 1.5166  -0.559 0.5760 -0.0169  0.0235 -0.719 0.4720
T? 0.0148 0.0269 0.548 0.5840
B-2 0.1105 0.1177 0.939 0.3480 0.0718  0.0934 0.769 0.4420
B-3 -0.1584 0.1441  -1.099 0.2720 -0.1008  0.0988 -1.019 0.3080
(AIC) 296.8 295.1

C1-4, first to fourth instar crabs; N, number of crabs
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Appendix Table 3.3. Coefficient estimates with standard errors (SE) for the explanatory variables in
the general linear model to evaluate the carapace widths of respective instar crabs (response variable)
under different temperature (T) and brood (B, nos. 1-3) conditions (explanatory variables) in Scylla
paramamosain. Two models were applied: model 1, y ~ T + T?>+ B and model 2, y ~ T + B. The
Akaike information criterion (AIC) was calculated for each model to select the best model with a
lower AIC value. The bold AIC value was a lower between those of models 1 and 2. The coefficient
estimate for brood was the output for brood nos. 2 and 3, representing changes in the response variable
relative to the baseline category (brood no. 1). Crabs from brood no. 3 were cultured until molting to
C4.

Model 1 Model 2

Instar N Coefficient Estimate SE t value P Estimate SE t value P

Cl1 170 Intercept 3.4940 0.2885 12.109  <0.0001 34829 0.0627 55539  <0.0001
T -0.0005 0.0256  -0.019 0.9850 0.0005 0.0026 0.186 0.8520
T? 0.00002 0.0006 0.038 0.9690
B-2 0.0465 0.0283 1.643 0.1020 0.0465 0.0282 1.649 0.1010
B-3 0.0435 0.0300 1.453 0.1480 0.0435  0.0298 1.458 0.1470
(AIC) -144.7 -146.6

C2 164 Intercept -0.1561 0.4767  -0.327 0.7438 3.6727 0.1227 29932  <0.0001
T 0.3871 0.0419 9.233  <0.0001 0.0440  0.0050 8.708  <0.0001
T? -0.0074 0.0009 -8.227  <0.0001
B-2 0.0676 0.0450 1.505 0.1344 0.0677  0.0535 1.265 0.2079
B-3 -0.1491 0.0473  -3.152 0.0019 -0.1336  0.0563  -2.375 0.0187
(AIC) 5.7 61.8

C3 144  Intercept -6.9159 1.6019 -4.317 <0.0001 49676 0.2597 19.130 < 0.0001
T 1.0327 0.1321 7.821  <0.0001 0.0459  0.0103 4.458  <0.0001
T? -0.0201 0.0027 -7.489  <0.0001
B-2 0.0969 0.0798 1.215 0.2260 0.1001  0.0941 1.063 0.2896
B-3 -0.1036 0.0814 -1.273 0.2050 -0.1900 0.0951 -1.997 0.0477
(AIC) 146.3 193.1

C4 101 Intercept -12.1186 5.6778 -2.134 0.0354 7.2792  0.6078 11.977  <0.0001
T 1.5130 0.4405 3.435 0.0009 0.0022  0.0238 0.092 0.9269
T? -0.0291 0.0085  -3.434 0.0009
B-2 0.4286 0.1462 2.932 0.0042 0.4302 0.1541 2.792 0.0063
B-3 0.1465 0.1639 0.894 0.3735 0.1350 0.1728 0.781 0.4366
(AIC) 199.6 209.3

C5 43 Intercept 62.7017  54.7034 1.146 0.2590 11.1068 2.3906  4.646 < 0.0001
T -3.8829 4.0361 -0.962 0.3420 -0.0735 0.0914  -0.804 0.4260
T? 0.0698 0.0740 0.944 0.3510
B-2 0.3303 0.3262 1.013 0.3170 0.2996  0.3241 0.924 0.3610
(AIC) 133.1 132.0

C1-5, first to fifth instar crabs; NV, number of crabs
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Appendix Table 3.4. Coefficient estimates with standard errors (SE) for the explanatory variables in
the general linear model to evaluate the carapace widths of respective instar crabs (response variable)
under different temperature (T) and brood (B, nos. 1-3) conditions (explanatory variables) in Scylla
serrata. Two models were applied: model 1, y ~ T + T? + B and model 2, y ~ T + B. The Akaike
information criterion (AIC) was calculated for each model to select the best model with a lower AIC
value. The bold AIC value was a lower between those of models 1 and 2. The coefficient estimate for
brood was the output for brood nos. 2 and 3, representing changes in the response variable relative to
the baseline category (brood no. 1).

Model 1 Model 2

Instar N Coefficient ~ Estimate SE t value P Estimate SE t value P

Cl 170 Intercept 3.7390 0.1799  20.787  <0.0001 3.7647 0.0373 100.840 < 0.0001
T 0.0004 0.0154 0.025 0.9800 -0.0018  0.0015 -1.240 0.2170
T2 0.0000 0.0003 -0.144 0.8850
B-2 -0.1726 0.0145 -11.870 < 0.0001 -0.1730 0.0143 -12.122 < 0.0001
B-3 -0.1066 0.0159 -6.690 < 0.0001 -0.1068 0.0159 -6.737  <0.0001
(AIC) -368.6 -370.6

C2 158 Intercept 1.0344 0.7065 1.464 0.1450 4.6559 0.1052 44276  <0.0001
T 0.3312 0.0581 5.698  <0.0001 0.0310 0.0042 7.465  <0.0001
T? -0.0061 0.0012 -5.175  <0.0001
B-2 -0.5110 0.0334 -15.286 <0.0001 -0.5012  0.0361 -13.900 < 0.0001
B-3 -0.3753 0.0365 -10.272  <0.0001 -0.3960 0.0392 -10.092 < 0.0001
(AIC) -86.2 -62.7

C3 156 Intercept -2.6792 1.1255 -2.380 0.0185 5.1602 0.1782 28.962  <0.0001
T 0.7298 0.0925 7.893 < 0.0001 0.0810 0.0071 11.492  <0.0001
T? -0.0131 0.0019 -7.032  <0.0001
B-2 -0.8105 0.0530 -15.301  <0.0001 -0.7858 0.0607  -12.945  <0.0001
B-3 -0.6027 0.0580 -10.399  <0.0001 -0.6422  0.0662 -9.695 < 0.0001
(AIC) 56.6 98.8

C4 120 Intercept 5.7355 3.4703 1.653 0.1010 8.0636 0.3502 23.028  <0.0001
T 0.2320 0.2645 0.877 0.3820 0.0539 0.0131 4.123 0.0001
T2 -0.0034 0.0050 -0.674 0.5020
B-2 -1.4067 0.0768 -18.305 < 0.0001 -1.4096 0.0765  -18.417  <0.0001
B-3 -0.5093 0.0976 -5.219  <0.0001 -0.5169  0.0967 -5.345  <0.0001
(AIC) 93.9 92.3

C5 68 Intercept 42.1151  30.0139 1.403 0.1650 10.3924  0.9338 11.130  <0.0001
T -2.2180 2.1393 -1.037 0.3040 0.0439 0.0327 1.343 0.1840
T2 0.0402 0.0380 1.057 0.2940
B-2 -1.9092 0.1691 -11.293  <0.0001 -2.0146  0.1367 -14.740 < 0.0001
B-3 -1.1011 0.2008 -5.484 < 0.0001 -0.9462 0.1375 -6.881 <0.0001
(AIC) 96.0 95.2

C1-5, first to fifth instar crabs; NV, number of crabs
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Survival rate (%)

Figure 3.1. Survival rates of Scylla paramamosain juveniles under different temperature
conditions. The first instar crabs (C1) were raised from three broods (nos. 1-3) and reared until
molting to the second to fifth instar crabs (C2—C5). Curves were drawn using the coefficient

estimates shown in Table 3.2. Significant differences were not found among broods at all instar

crabs.
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Figure 3.2. Survival rates of Scylla serrata juveniles under different temperature conditions.
The first instar crabs (C1) were raised from three broods (nos. 1-3) and reared until molting to
the second to fifth instar crabs (C2—C5). Curves were drawn using the coefficient estimates

shown in Table 3.2. Significant differences were not found among broods at all instar crabs.
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Figure 3.3. Intermolt periods of Scylla paramamosain juveniles at respective instars under
different temperature conditions. The first instar crabs (C1) were raised from three broods (nos.
1-3) and reared until molting to the second to fifth instar crabs (C2—C5). Curves were drawn
using the coefficient estimates shown in Table 3.3. Differences in the intermolt period between

broods at each instar (P < 0.05) are indicated by different lowercase letters in the tables

following the brood numbers.
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Figure 3.4. Intermolt periods of Scylla serrata juveniles at respective instars under different
temperature conditions. The first instar crabs (C1) were raised from three broods (nos. 1-3) and
reared until molting to the second to fifth instar crabs (C2—C5). Curves were drawn using the
coefficient estimates shown in Table 3.3. Differences in the intermolt period between broods at
each instar (P < 0.05) are indicated by different lowercase letters in the tables following the

brood numbers.
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Figure 3.5. Carapace widths of Scylla paramamosain juveniles at respective instars under
different temperature conditions. The first instar crabs (C1) were raised from three broods (nos.
1-3) and reared until molting to the second to fifth instar crabs (C2—C5). Curves were drawn
using the coefficient estimates shown in Table 3.4. Differences in carapace width between
broods at each instar (P < 0.05) are indicated by different lowercase letters in the tables

following the brood numbers.
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Figure 3.6. Carapace widths of Scylla serrata juveniles at respective instars under different
temperature conditions. The first instar crabs (C1) were raised from three broods (nos. 1-3) and
reared until molting to the second to fifth instar crabs (C2—C5). Curves were drawn using the
coefficient estimates shown in Table 3.4. Differences in carapace width between broods at each
instar (P < 0.05) are indicated by different lowercase letters in the tables following the brood

numbers.
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Temperature tolerance of juveniles of two mud crab species, Scylla

paramamosain and Scylla serrata (Decapoda: Brachyura: Portunidae)

4. 1 Introduction

Mud crabs in the genus Scylla De Haan, 1833 (Decapoda: Brachyura: Portunidae) are
distributed from warm temperate through subtropical to tropical regions of the Indo-West
Pacific, and they are important fishery and aquaculture resources (Keenan & Blackshaw, 1999;
Le Vay, 2001; Ogawa et al., 2011, 2012). Mud crabs comprise four species: S. olivacea (Herbst,
1796), S. paramamosain Estampador, 1949, S. serrata (Forskal, 1775), and S. tranquebarica
(Fabricius, 1798) (Keenan & Blackshaw, 1999). They have similar life histories: eggs are
incubated under the female’s pleon, and larvae grow into the first instar crab (C1) through five
zoeal and one megalopal stages; then, juveniles initiate the benthic life after settling on shallow
coastal habitats (Keenan & Blackshaw, 1999; Le Vay, 2001).

Three mud crab species, S. olivacea, S. paramamosain and S. serrata, reside in Japanese
coastal waters, and the two latter species are abundant and main components of mud crab
fishery (Obata et al., 2006; Hamasaki et al., 2011; Ogawa et al., 2011, 2012). These two species
exhibit different biogeographical distributions: S. paramamosain occurs on the Pacific coast of
Honshu, a warm temperate area, and S. serrata are mainly distributed in the Ryukyu
Archipelago, a subtropical area (Oshiro & Imai, 2003; Ogawa et al., 2011, 2012).

Temperature plays a fundamental role in determining the geographical distribution of
ectotherms because the thermal environment strongly affects the biological processes, such as
the behaviour, physiology, growth and survival, of ectothermic animals throughout their entire
life cycle (Sunday et al., 2011; Aratjo et al., 2013; Hoffmann et al., 2013). The sea-surface
temperatures have increased at a rate of 1.19°C/100 years in the whole country of Japan under
the global warming environment (Japan Meteorological Agency, 2022). Therefore, knowing the
temperature tolerance of S. paramamosain and S. serrata throughout an entire life cycle is key
to understanding and predicting future changes in the species compositions and the northern
limit of their distribution under a global warming scenario.

We previously investigated the temperature adaptations of S. paramamosain and S. serrata
by culturing C1 juveniles to moult to C2—C5 at different temperatures (~15-30°C) (Sanda et
al., 2022). The C1 juveniles of S. paramamosain could moult to C2 at 15.4°C and the survival
rate was reduced at 29.8°C through C4-CS5, whereas the C1 juveniles of S. serrata could not
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moult to C2 at 15.2°C and the survival rate was not affected by temperature thereafter. Thus, it
is suggested that juveniles of S. paramamosain and S. serrata adapt to lower and higher
temperature conditions, respectively, reflecting their biogeographical distribution of the former
in the temperate area and the latter mainly in the subtropical area, Japan. Nevertheless, the low-
and high-temperature tolerance limits of juveniles, particularly after growing to CS5, of these
two mud crab species are largely unknown. In the present study, to further elucidate the
temperature adaptations of S. paramamosain and S. serrata, we determined the low- and high-

temperature tolerance limits for locomotor activity and survival in laboratory-raised juveniles.

4. 2 Materials and Methods

Experimental animals

Temperature tolerance experiments were conducted using laboratory-raised juvenile crabs in
2018-2021. Larvae were cultured to moult to C1 juveniles according to the method of Sanda e?
al. (2022) at the Yaeyama Field Station, Japan Fisheries Research and Education Agency,
Ishigaki, Okinawa Prefecture, Japan. Juvenile crabs were kept individually in plastic containers
with lids (6.5 cm diameter and 7 cm height or 16 cm length, 10 cm width and 8 cm height),
which were submerged in tanks with a flow-through water system of 300 L volume at natural
temperature (mean + standard deviation, 25.2 £ 2.7°C) and salinity (34-35 ppt) conditions. The
lids of the culture containers had small holes that allowed seawater to enter the containers from
the stock tank. Juveniles were fed with Artemia nauplii and formula feeds for prawns
(Higashimaru Co. Ltd., Kagoshima, Japan) ad libitum once a day. The crabs that reached or

exceeded the C5 juveniles were used for the temperature tolerance experiments.

Temperature tolerance experiments

The temperature tolerance of the mud crabs was evaluated by exposing the juveniles to
decreasing or increasing thermal regimes in temperature-controlled incubatory chambers or
tanks and determining their locomotor activity and survival. Low- and high-temperature
tolerance experiments were performed twice for S. paramamosain and four times for S. serrata,
respectively, using 20 juveniles for the respective trials (Supplementary Table S4.1). The mean
CW values of juveniles used for the respective trials were 11.1-16.9 mm for S. paramamosain

and 11.6-48.4 mm for S. serrata (Table S1). We prepared two size classes for S. serrata
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juveniles (11.6—18.1 mm and 35.6-48.4 mm mean CW) to infer if body size affects the
temperature tolerance.

In trial no. 1 of the low-temperature tolerance experiment using S. serrata, juveniles were
stocked individually in 50 mL plastic tubes (Falcon™ Conical Centrifuge Tube, Corning Japan
KK, Tokyo, Japan) and kept in a temperature-controlled incubation chamber (MT1-201, Tokyo
Rikakikai Co. Ltd., Tokyo, Japan). In other trials, crabs were kept individually in plastic
containers with lids (8.7 cm diameter and 4.2 cm height or 13 cm length, 9.5 cm width and 5.5
cm height), which were submerged in 30—100 L test tanks containing 30-70 L of seawater
(salinity, 34 ppt) by species, of which the temperature was controlled using aquarium coolers
(ZC-2000.,, Zensui Co. Ltd., Osaka, Japan) or heaters (Protect Heater R-300W, Marukan Co.,
LTD, Osaka, Japan). The lids of the culture containers had small holes that allowed seawater
to enter the containers from the test tank. A piece of formulated feed for prawns was given to
juveniles during the experimental period.

Juvenile crabs were directly transferred from the culture vessels to the test containers
controlled at a designated initial temperature. In the low-temperature tolerance experiment,
initial temperature was set at 25°C in trial no. 1 for S. paramamosain and trial nos. 1 and 3 for
S. serrata, and it was reduced to 20°C in successive trials for both species (Table S1). It was
because this temperature did not affect juvenile activity and survival in the former trials and
reducing the initial temperature could shorten the duration of the experiment. In the high-
temperature tolerance experiment, initial temperature was set at 30°C in all trials for both
species. The temperature settings of the incubation chamber and test tanks (i.e. coolers and
heaters) were then adjusted to reduce or raise by 1°C for the low- and high-temperature
tolerance experiments, respectively. After 24 h, the crabs were observed for locomotor activity
(walking or not), survival and moulting. Temperature adjustment (decrease or increase of 1°C)
and observation of juveniles were repeated every 24 h until all juveniles had died. After
observation, all the culture water was replaced in the culture tubes used in trial no. 1 of the low-
temperature tolerance experiment using S. serrata or half of the water was exchanged with new
water in the test tanks used for other trials. The water temperature was recorded every 30 min
with a data logger (Thermochron SL-type; KN Laboratories, Inc., Osaka, Japan) set in the

culture tube or container.
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Statistical analysis

Statistical analyses were performed using R statistical software (R4.2.1; R Core Team, 2022)
at a 5% significance level. The temperature tolerance ability of the juveniles was evaluated by
estimating the critical low or high temperatures (CLT or CHT) at which 50% of test juveniles
ceased walking behaviour or died. Moulting occurred in some juveniles of both species;
however, moulting incidence was not considered for evaluating the temperature tolerance traits
of the crabs because the occurrence of moulting depends on the initial moulting stage of the test
juveniles, which was not controlled in the present study.

We applied a bias-reduced logistic regression to formulate the relationship between the mean
water temperature for 24 h before observation, the proportions of survivors among the test
juveniles (survival rate) and the juveniles that exhibited walking behaviour among the survivors
(walking rate). Logistic regression analyses were performed with the brglm function
implemented in the brglm package (Kosmidis & Firth, 2021), and the CLT and CHT with 95%
confidence intervals were estimated with the invest function in the investr package (Greenwell

& Kabban, 2014).

4. 3 Results

Low-temperature tolerance

Similar trends were observed for changes in the walking and survival rates of juveniles in
relation to decreased temperature regimes in both species. The walking rates of juveniles largely
decreased below ~10°C, and almost all juveniles did not walk below 7-9°C; then, their survival
rates sharply declined (Supplementary Fig. S4.1). Moulting occurred in 3—5 juveniles at 17.7—
22.2°C for S. paramamosain and 2-5 juveniles at 17.1-25.5°C for S. serrata (Supplementary
Table S4.2), and moult-related death was not observed in any juveniles.

CLT values for the walking behaviour and survival of juveniles were successfully estimated
in all trials of both species (Fig. 4.1; Tables S4.2 and S4.3). They did not vary in two size classes
of S. serrata and tended to be lower in S. paramamosain than in S. serrata, as summarised as
follows [mean + standard deviation (range)]: walking, 8.40 &+ 0.69°C (7.91-8.89°C) and 9.63 +
0.62°C (8.83-10.19°C), and survival, 6.36 + 0.86°C (5.76—6.97°C) and 7.37 £ 0.44°C (7.00—

7.92°C) for S. paramamosain and S. serrata, respectively.
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High-temperature tolerance

The survival rates of juveniles were relatively high below 38°C but largely declined at 39—
40°C, and all died above 40°C (Supplementary Fig. S4.2). Almost all surviving juveniles
exhibited walking behaviour (Fig. S4.2). Moulting occurred in 4-5 juveniles at 30.3-38.7°C
for S. paramamosain and 1-5 juveniles at 32.8-38.7°C for S. serrata in the respective trials
(Table S4.2), and moulting failure did not occur in any juveniles.

CHT values were not estimated for walking behaviour, but they were successfully estimated
for survival in all trials of both species (Fig. 4.1; Tables S4.2 and S4.3). CHT estimates for
survival were similar in S. paramamosain [38.99 + 0.36°C (38.74-39.25°C)] and two size

classes of S. serrata [39.12 + 0.56°C (38.39-39.72°C)].

4. 4 Discussion

The present study evaluated the temperature tolerance ability of two mud crab species, S.
paramamosain and S. serrata, by exposing the juveniles (> C5 with ~11 mm CW) to decreasing
or increasing thermal regimes and determining the critical low or high temperatures (CLT or
CHT) at which 50% of test juveniles ceased locomotor activity (i.e. walking behaviour) or died.
In the low-temperature tolerance experiment, the walking and survival rates of juveniles largely
declined below ~10°C in both species, and the estimated CLT values were summarised for
locomotor activity as 8.4 + 0.7°C and 9.6 = 0.6°C and those for survival as 6.4 + 0.9°C and 7.4
+ 0.4°C in S. paramamosain and S. serrata, respectively.

Sanda et al. (2022) reported that when C1 juveniles of S. paramamosain and S. serrata were
reared at ~15-30°C, S. paramamosain could moult to C2 at 15.4°C, whereas S. serrata could
not moult to C2 at 15.2°C. Additionally, the lower threshold temperature (LTT) (95%
confidence interval) for juvenile development was estimated as 13.7°C (13.5-13.8°C) for S.
paramamosain and 15.4°C (15.1-15.7°C) for S. serrata. Thus, interspecific variation in the
low-temperature adaptation by evaluating CLT and LTT values was equivalent in two mud crab
species: juveniles of S. paramamosain adapted to lower temperature conditions than those of S.
serrata.

Sanda et al. (2022) also documented that the survival rate of S. paramamosain juveniles
declined to 30—40% until C5 at 29.8°C, whereas all S. serrata juveniles survived to C5 even at
30.5°C, suggesting that juveniles of S. serrata adapt to higher temperature conditions than those

of S. paramamosain. In our high-temperature tolerance experiments, CHT values for locomotor
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activity could not be estimated, as almost all surviving juveniles exhibited walking behaviour,
whereas the estimated CHT values for survival were summarised as 39.0 £ 0.4°C in S.
paramamosain and 39.1 £ 0.6°C in S. serrata. Thus, upper thermal tolerance ability may be
enhanced in larger juveniles of S. paramamosain.

The thermal tolerance traits of brachyuran crabs have often been evaluated by estimating the
critical thermal minimum (CTmin) and/or maximum (CTmax), which are defined as the
temperatures at which a crab cannot right itself after being turned onto its dorsal surface (Azra
et al., 2018). Syafaat et al. (2021) estimated CTmin and CTmax for C1 juveniles of S.
paramamosain. Juveniles were exposed to decreasing and increasing temperature regimes at a
rate of 1°C/min, and the CTmin and Ctmax were determined as 17-18°C and 40°C, respectively.
Thus, Japanese S. paramamosain appeared to exhibit a lower temperature adaptation compared
with Malaysian S. paramamosain, probably because of the lower habitat temperature in
temperate Japan compared to tropical Malaysia. However, it should be noted that the different
decreasing thermal regimes, 1°C/min in Syafaat et al. (2021) and 1°C/24h in the present study,
may affect the low-temperature tolerance limits of the test crabs.

In Japan, S. paramamosain is distributed on the Pacific coast of Honshu (31-35°N), a warm
temperate area, whereas S. serrata mainly occurs in the Ryukyu Archipelago (< 28°N), a
subtropical area (Oshiro & Imai, 2003; Ogawa et al., 2011, 2012). Major fishing grounds of S.
paramamosain occur in brackish bays and inlets, such as Urado Bay (33°31'N, 133°33'E),
Kochi Prefecture, Japan; S. serrata also occurs in these fishing grounds and its fishery catch
declined largely during the winter season (Ogawa ef al., 2012). The main reproductive season
extends from spring to summer in S. paramamosain (Hamasaki, 2002; Ogawa et al., 2012) and
S. serrata (T. Sanda, personal observation), and the planktonic larval duration prior to moulting
to C1 is about 3—5 weeks at 26-32°C (Hamasaki, 2003). Larvae of S. serrata hatched in the
Ryukyu Archipelago may disperse to the temperate area via the western boundary current, i.e.
the Kuroshio Current, as inferred for marine larvae (e.g. Sanda et al., 2019). After settling in
the brackish bays and inlets, S. serrata juveniles could moult and grow under the warm water
conditions above the threshold temperature for development; then, their mortality may increase
during the overwintering periods, depending on their weak low-temperature tolerance ability
compared with S. paramamosain juveniles.

The present study further highlighted the interspecific variation in thermal adaptation of two
mud crab species, S. paramamosain and S. serrata. In Urado Bay, the composition of S. serrata

in the total catch of mud crab fishery increased from a small percentage during the late 1980s
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to 23% in 2008-2009 (Sugimoto & Hasegawa, 1989, 1990; Ogawa et al., 2012). The statistics
of the lowest sea surface temperatures were available from 2010 to 2019 in central Urado Bay,
and they were recorded as 9—13°C (Kochi Prefectural Fisheries Experiment Station, 2022). The
survival rate of S. serrata juveniles may be further improved during the overwintering period,
and mud crab species compositions in temperate brackish bays and inlets may shift to S. serrata

under global warming conditions.
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Fig. 4.1. Critical low or high temperatures (CLT or CHT) for walking behaviour (A) and
survival (B, C) plotted against the mean carapace width of the test juveniles in two mud crab
species, Scylla paramamosain and Scylla serrata. CLT and CHT values were estimated as the
temperature at which 50% of test juveniles ceased walking behaviour or died. The vertical bars
represent the 95% confidence intervals of the CLT or CHT estimates, and the horizontal bars

show the standard deviations of the carapace widths of the test juveniles.
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Table S4.1. Carapace width (mean =+ standard deviation) of test juveniles and temperature at the
beginning of the experiment to evaluate the low-temperature or high-temperature tolerance of two
mud crab species, Scylla paramamosain and Scylla serrata. A total of 20 juveniles were used for each
trial.

Temperature at the

. . Trial Date of Carapace width of ..
Experiment Species ) . . beginning of the
no. experiment  test juveniles (mm) . o
experiment (°C)
Low- S. paramamosain 1 2020/8/13 11.1£1.0 25
temperature 2 2020/10/22 13.2+0.9 20
tolerance S. serrata 1 2018/9/25 11.6+ 1.0 25
2 2020/5/13 153+£0.9 20
3 2018/10/30 35.6+£2.8 25
4 2020/2/4 432+32 20
High- S. paramamosain 1 2020/7/7 15.8+1.7 30
temperature 2 2020/7/7 16.9+ 1.1 30
tolerance S. serrata 1 2019/10/28 15.8+0.8 30
2 2020/7/7 18.1£0.9 30
3 2020/2/5 45.1+£4.0 30
4 2021/2/2 48.4+3.8 30
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Table S4.2. Low- or high-temperature tolerance limit evaluated by critical temperatures (CT) at
which 50% of test juveniles ceased walking behaviour or died in two mud crab species, Scylla
paramamosain and Scylla serrata. The CT values with 95% confidence intervals (CI) were estimated
based on the logistic regression equations to formulate the relationship between the mean water
temperature (T), the proportions of survivors among the test juveniles and the juveniles that exhibited
walking behaviour among the survivors (see supplementary Table S4.3). CT values were not
estimated for juveniles in the high-temperature tolerance experiment because almost all surviving
juveniles exhibited walking behaviour (see supplementary Fig. S4.2). A total of 20 juveniles were
used for each trial. Number of moulted juveniles during the experiment are also shown for each trial.

. Number of Critical temperature (°C)
Experiment  Species Trflal moulted Walking behaviour Survival
juveniles  Estimate  95% CI Estimate  95% CI
I;cr)r\:;o_erature jaramamosain 1 5 8.89 8.52 9.26 697 6.71 7.23
tolerance 2 3 791 7.66 8.16 576 542 6.09
S. serrata 1 4 10.03 9.65 1041 792 7.70  8.15
2 2 8.83 8.55 9.10 7.53 731 17.76
3 5 947 9.16 9.78 7.00 6.88 7.12
4 0 10.19 9.88 10.50 7.02 6.71 7.33
High- 5. . 1 4 39.25 38.51 40.00
temperature  paramamosain
tolerance 2 5 38.74 38.51 38.96
S. serrata 1 4 38.39 37.74 39.03
2 5 39.12 38.71 39.53
3 3 39.27 38.84 39.69
4 1 39.72  39.40 40.05
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Table S4.3. Coefficient estimates with standard errors (SE) of the logistic regression equations to formulate the relationship between the mean water
temperature (T), the proportions of survivors among the test juveniles (survival rate) and the juveniles that exhibited walking behaviour among the survivors
(walking rate) in temperature tolerance experiments using two mud crab species, Scylla paramamosain and Scylla serrata. Coefficients were not estimated
for juveniles in the high-temperature tolerance experiment because almost all surviving juveniles exhibited walking behaviour (see supplementary Fig. S4.2).

Experiment Species Trial Coefficient Walking rate Survival rate
no. N Estimate SE  zvalue P N  Estimate SE z value P
Low-temperature S. paramamosain 1 Intercept 19 -13.558 2452 -5.529 <0.0001 20 -20.461 4.756 -4.302 <0.0001
tolerance T 1.525 0.271  5.623 <0.0001 2936 0.674 4357 <0.0001
2 Intercept 15 -24862 5908 -4208 <0.0001 17 -10.511 2.317 -4.536 <0.0001
T 3.143 0.747 4.207 <0.0001 1.826  0.388 4.705 <0.0001
S. serrata 1 Intercept 18  -13.420 1.873 -7.165 <0.0001 21 -35.054 11972 -2.928 0.00341
T 1.338 0.187  7.175 <0.0001 4423 1464 3.022  0.00251
2 Intercept 14 -21.928 4352 -5.039 <0.0001 16 -21.667 4.373 -4955 <0.0001
T 2484 0.489  5.077 <0.0001 2.876  0.581 4947 <0.0001
3 Intercept 19 -17.606 3.074 -5.727 <0.0001 21 -52.131 18.523 -2.814 0.00489
T 1.859 0.323  5.758 <0.0001 7444  2.635 2.825 0.00472
4 Intercept 13 -19.528 3.365 -5.803 <0.0001 16 -14.150 2949 -4.799 <0.0001
T 1.916 0.329 5.832 <0.0001 2016 0413 4.883 <0.0001
High-temperature S. paramamosain 1 Intercept 12 23.086 3.471  6.652 <0.0001
tolerance T -0.588  0.091 -6.459 <0.0001
2 Intercept 12 151.540 37.543 4.036 <0.0001
T -3.912 0971 -4.031 <0.0001
S. serrata 1 Intercept 12 29.562 4.036 7.324 <0.0001
T -0.770  0.108 -7.154 <0.0001
2 Intercept 12 46.994 7.889  5.957 <0.0001
T -1.201  0.203  -5.928 < 0.0001
3 Intercept 11 66.292 12931 5.127 <0.0001
T -1.688  0.332  -5.083 < 0.0001
4 Intercept 11 81.427 18.382  4.430 <0.0001
T -2.050  0.463 4430 <0.0001
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Fig. S4.1. Changes in walking rate (A—F) and survival rate (G-L) in relation to temperature when the low-temperature tolerance limits were
evaluated for early juveniles of two mud crab species, Scylla paramamosain (A, B, G and H) and Scylla serrata (C—F and I-L). Experiments were
conducted using 20 juveniles from two broods for S. paramamosain and four broods for S. serrata. The survival rate was calculated as (number of
survivors)/(initial number of juveniles). The walking rate was calculated as (number of crabs that exhibited walking behaviour)/(number of
surviving crabs) x 100. Curves were drawn based on the coefficient estimates of the logistic regression equations shown in Table S4.3.
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Fig. S4.2. Changes in walking rate (A—F) and survival rate (G-L) in relation to
temperature when the high-temperature tolerance limits were evaluated for early juveniles
of two mud crab species, Scylla paramamosain (A, B, G and H) and Scylla serrata (C—F
and I-L). Experiments were conducted using 20 juveniles from two broods for S.
paramamosain and four broods for S. serrata. The survival rate was calculated as (number
of survivors)/(initial number of juveniles). The walking rate was calculated as (number
of crabs that exhibited walking behaviour)/(number of surviving crabs) x 100. Curves
were drawn based on the coefficient estimates of the logistic regression equations shown
in Table S4.3.
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ICHEE L T e, BN 50% DR TH AT 2 RSD OHEEE (LA T RSDso)
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BN D RSD % 0.34 L FICHERFT 2 Z LA TH D LB bR,
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=& M B 1 H & FRRDOFERZ 60 BT o 72, £ ORER, LT 29 [5] (48.3%,
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T ERICHAWTEHEST = DR A ZOBENZERT D L. K0 KIUHEY = 0B
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HLRVT a XU HF IFEE A & LT FEERIC BT D i K ORFEEE K]
D—DTH Y | EORKIEIZONTEL L DFERBITONTE Iz, ZORKER, (K
A Ri&H] (Mirera & Moksnes, 2013; Romano & Zeng, 2017), ¥ = /L ¥ — DX &
(Mirera & Moksnes, 2015) ., K% & CTOHHE (Shelley & Lovatelli, 2011; Ut et al.,
2007) 72 EWHITH D Z EBH LN/ > TN D, ARIFFETIE, A X&E D
fatr & LT RSDso LA R DEY A ZFEI D Z L 2 RE Lo, /INEORE @ I
BEAE S I T A XZERDZ 0T Wz (KT 1 XIEH D I T OXFIR
TREECTH D Z LR TIE I D, Takeshima er al., (2017) 1L, #H I Portunus
trituberculatus (Miers, 1876) 0D A J 1 237505 5 e 4 = £ TOFTE) 2 KAl EERIZ
T OB L, N THEA~TET 21782 2-3 D =Hlice—27IcET s L,
3 HRHEN =LA SIS LERD | lRE & & b I T 2588 L7 Z & 2
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