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Fig. 1 Scheme of morphometric measurements of S. esculenta beak

(a) (c) upper beak, (b) (d) lower beak; UHL. upper hood length, UCL. upper crest length, URL. upper rostrum length, URW. upper rostrum width,

ULWL. upper lateral wall length, UWL. upper wing length, LHL. lower hood length, LCL. lower crest length, LRL. lower rostrum length, LRW. lower

rostrum width, LLWL. lower lateral wall length, LWL. lower wing length, the same below.
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®1 FENMEEMBENESMEREEREERIN
Tab.1 Sample information and feeding habits of S. esculenta at different developmental stages
MER BB FEARECE(F, MY A £ TSR (F, M)/t JIAK 7 FEl (F, M)/mm B Ik
ontogenetic stage sample number beak sample number mantle length feeding habits
KIRAM]  immature 58 (28, 30) 58 (28, 30) 51~99, 57~99 e
TS maturing 49 (22,27) 49 (22,27) 71~145, 87~162 K
S mature 31(26, 5) 31(26, 5) 79~160, 87~158 IF
TE: F.MEME, MLOEME.
Notes: F. female, M. male.
x2 TRMEREMEMNESHNARILSSH
Tab.2 Beak morphologic parameters of S. esculenta at different ontogenetic stages
AR A RIApE8 U] A
i RS S S5 immature maturing mature
beak morphologic parameters Jmm PR E/mm o OPEEbRER O E/mm TR
range mean+SD range mean+SD range mean+SD
E3k#K upper hood length 3.31~13.83 9.66+2.02 8.79~16.31 13.09+1.98 9.09~16.69 12.93+1.98
FRK  upper crest length 6.49~19.27 13.2242.53 11.49~23.75 17.64+2.98 11.82~22.88 17.41£3.01
LMK upper rostrum length 0.96~8.57 3.02+1.22 2.04~5.40 4.13+0.69 2.35~5.21 3.92+0.82
%% upper rostrum width 0.64~3.90 2.33+0.78 1.16~5.56 3.47+1.04 1.12~5.23 3.47+0.85
EfEEK:  upper lateral wall length 2.44~13.31 9.62+1.83 9.13~17.19 13.00£2.05 7.30~17.08 12.80+2.26
3K upper wing length 2.87~7.74 4.62+1.11 3.7~16.08 6.33+2.17 3.60~8.13 5.80+0.99
ki lower hood length 2.09~10.67 3.84£1.12 3.1~10.51 5.47+1.33 3.60~6.04 5.03+0.65
THRK  lower crest length 4.03~10.83 7.39+1.21 6.80~13.05 10.64+1.56 4.69~13.27 10.38+1.83
R+ lower rostrum length 0.84~4.51 2.58+0.97 1.29~6.41 3.81£1.29 1.09~6.01 4.16+1.23
FE%E  lower rostrum width 0.65~5.22 2.62+1.15 0.81~6.63 3.88+1.43 0.48~6.38 4.19+1.33
TEEK  lower lateral wall length 5.13~13.36 9.77+1.58 7.93~16.64 13.13+2.15 8.39~16.14 13.16+2.07
THEK  lower wing length 2.79~9.80 7.11+1.33 6.84~12.72 9.37+1.36 7.46~11.46 9.47+1.21

JE FE D750 FHBLXT 4 55 W AR BT HORE L AR R, 3RS
H o415 . R R B4 geomorph F2 L %F
£ T SHHE ST MR 55 o SR TR A b R AE A S AR
R, RSB EESERE, Mhrd
) B AR i 5 R AR A b G O A SR AR
T4 5 A B AR S 138 X, RIS I
AP TR, A lAE LSRR S E 27 A
Frai (Bl 2). BASABTSE G Arid 2 IR AL, L
D/INILBG IR 22, ARIBUAA) H bR p, A b K540 B 241
JEHT T2

AT ) XSS S BT T (gen-
eralized procrustes analysis, GPA), JHBRSZIAE ot
AR 2 S B R B0 K/ (centroid
size) J& 48 I A Hb AR o5 2 B0 R 88 17 FOT O I
FIE, 1l R AEPIREE R RN R A 5
A R 4 WA TS i KM R, BN R &
BB ARB R NESS, RTIRSLEilfrZ
JC W J5 22 43 AF (multivariate analysis of covariance,
MANCOVA), F#1 4 S BTsifeMA RN L A
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[F] % B By BORIPE ) ) HOB 28 00 22 S5 W 25 v R
AR E s 4T 52 573 Hr (principal component ana-
lysis, PCA), XA [FAMA L B BB i 4 2 0k A ot 5
A2 T AT IO . Al PR 5528 JE A% (thin-
plate spline, TPS) ¥ AS[F] & & By Bt 1 550 () B 25748
eI AL . FIH Z 70 A RS (multivariate regres-
sion) 73 AT M BT SR S 1) 2 o0 A =X, R i
A5 B0 RN 56 ok LU EOR R & & B Be
£ 55 ) e AR KRG, A A SO S A
WEMGER GE D, #7ZIchIHRF (multivariate
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ZIN TR £ i - XoF 3 Jo S 285 728 A 1Y 52 R R
DL 4343 BI7E R 4.0.5 “geomorph” ., “mvpart” Fi
J Al Excel A5 1L
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Fig.2 Upper and lower beak morphology description and landmark positions of S. esculenta

(a) upper beak, (b) lower beak, the same below. RT. rostral tip, JA. jaw angle, W. wing, LW. lateral wall, C. crest, H. hood, R. rostrum. The figure rep-

resents the landmark number.

B RN B IE RSOk, B RS BTG R
IR TSRS S 0 B ERU] A 388 S B R ) ol

ESMﬁ e
female male
4 L
S8, ' =
Xz
D8
g
o
2
A B C
ME R BB
ontogenetic stages
(a)

POV R BE RER, W B ) 00 L PR IS O (8] 3).

ESWﬁ et
female male
'] -
< 8
ot
D8
= =
=5,
1 . . .
A B C
ME R BB
ontogenetic stages
(b)

El3 &BMARLEMBEBRIABLRNER

ARG, BRI, CoRRRY, FRE. BACNRHE.

Fig. 3 Beak centroid size variation in different ontogenetic stages of S. esculenta

A. immature, B. maturing, C. mature, the same below. Black dot is an abnormal value.
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R3 SEHETRLEMBARIHESHESTHAES
Tab.3 MANCOVA of the beak morphology in different developmental stages of S. esculenta

TiH

tems df SS MS F Z P

L% upper beak
KN size 1 0.052 0.052 18.823 5237 0.001°
KEMBL  ontogenetic stages 2 0.026 0.013 4.669 4.469 0.001°
PR sex 1 0.008 0.008 2.840 2.437 0.009"
KK BMEL  size x ontogenetic stages 2 0.010 0.005 1.843 2.033 0.025"
KAPER]  size x sex 1 0.004 0.004 1.399 0.956 0.176™
KAMB<PE7  ontogenetic stages x sex 2 0.009 0.005 1.720 1.891 0.029"
KR EBMr B MR size x ontogenetic stages x sex 2 0.005 0.002 0.905 -0.139 0.561™
7%  residuals 128 0.351 0.003
KA total 139 0.464
T lower beak
KN size 1 0.017 0.016 5.133 4277 0.001°
KEMBL  ontogenetic stages 2 0.025 0.012 3.864 4.662 0.001°
PR sex 1 0.003 0.003 1.070 0.393 0.356™
KK BMEL  size x ontogenetic stages 2 0.016 0.008 2.457 3.041 0.001
KAPER]  size x sex 1 0.003 0.003 0.974 0.166 0.447™
KAMB<PET  ontogenetic stages x sex 2 0.006 0.003 0.897 -0.235 0.586™
KR EBMr B MR size x ontogenetic stages x sex 2 0.007 0.004 1.157 0.596 0.281™
7%  residuals 128 0.411 0.003
M total 139 0.488

e df HHE, SSSEJ5AL, MS. ¥iJ5, FORRSHE: Z BN, ns. TREEER, * HEENSLIHEERP<0.05), ** GHREFM5%T

2 ZE R (P<0.01).

Notes: df. degrees of freedom, SS. sum of squares, MS. mean squares, F. test statistics, Z. effect size. ns. no significant difference, *. significant statistical

differences (P<0.05), **. extremely significant statistical differences (P<0.01).
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Fig. 4 Main component analysis for beak of S. esculenta

(a) the first principal component PC1 versus PC2 for female upper beak; (b) the first principal component PC1 versus PC2 for male upper beak; (c) the

gender-neutral view of first principal component PC1 versus PC2 for lower beak. Ellipses represent 95% confidence intervals.
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Fig. 5 Variation of beak morphology in

different ontogenetic stages of S. esculenta

(a) female upper beak, (b) male upper beak, (c) lower beak.
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Fig. 6 Correlativity of the regression scores of beak morphology and
predicted valuesversus In(centroid size) of S. esculenta

(a) (b) upper beak, (c) (d) lower beak; the In is the logarithm base natural number.
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Fig. 7 Multiple regression tree (left) and relative importance index (right) of mantle length and
feeding preference in S. esculenta

(a) upper beak, (b) lower beak. Labels above nodes specify the factor selected for splitting. Regression tree with percentage of explained variance under

each split and cumulative R* on the left scale. n represents the number of measures.
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Effects of ontogenesis on the morphology of beaks of Sepia esculenta from
southern Yellow Sea
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Abstract: Sepia esculenta belongs to Cephalopoda, Sepioidea, Sepiidae, and Sepia, which has become an essen-
tial economic seafood species along the northern coast of China. The beak is the main feeding organ of cephalo-
pods, its morphology and internal structure can record biological information on cephalopods at different stages of
growth. In addition, there are differences in the feeding objects of cuttlefish at different stages of individual devel-
opment, which may affect the morphology of beaks. In order to investigate the effects of ontogeny and feeding
habits on the beaks of cuttlefish, 138 pairs of beaks of cuttlefish were collected from the southern Yellow Sea from
November 2018 to March 2019. Using the landmark point method of geometric morphometry, the upper and lower
beaks images were defined and analyzed by 27 marks. The results showed that (O The upper beaks are slightly lar-
ger than the lower beaks. And the transition from immature to maturing may be a transgressive period in the
growth of the beaks. @ There were significant differences in the size, morphology, and allometric growth pattern
of upper and lower beaks in different developmental stages (P<0.05), and there were significant differences in the
morphology of upper beaks in different genders (P<0.05), but lower beaks were not the case (P>0.05). @ The
female upper beaks have a high morphological diversity in the mature stage, while the male upper beaks show this
in the immature stage. And the maturing stage has a greater influence on the lower beaks. @ In the immature
stage, the beak of cuttlefish was curved and sharp, which facilitated a quick bite on small amphipods. While in
maturing stage, the beak’s hood and wing became wider and the beak’s rostrum was sharp, which helped cut-
tlefish to capture prey precisely of the fast-swimming and agile fish. However, in the mature stage, the beak’s
rostrum was short and blunt, the lateral wall was longer and the beak’s wing was wide, which provided a large
bite force to crush the hard shell of crustaceans. The development mechanism of beaks at different develop-
mental stages may be a response to better adapt to the changes of feeding objects and satisfy feeding needs. In
addition, environmental factors in the southern Yellow Sea may also lead to morphological changes in the
beaks of the cuttlefish. Future studies should focus on the internal mechanism of beak deformation in response
to the transformation of feeding objects and environmental change. These are associated with individual
growth and feeding habit of phenotypic plasticity reflecting the cuttlefish beak growth regularity and the
adaptive use of food resources of cuttlefish. This study, through the analysis of the growth of cuttlefish’s beak
shape change, improved the basic biology of cuttlefish information, and may provide a certain scientific basis
for reasonable use of resources.

Key words: Sepia esculenta; beak; morphologic change; ontogenesis; geometric morphometrics; the southern Yel-
low Sea
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