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scarab beetles (Scarabaeoidea), and examine how these relate to the evolution of functional morphology associated with
digging behavior in this taxon. [Methods] Eight scarab species with differing excavation abilities were selected. Micro-
computer tomography (micro-CT), was used to scan and construct 3D models of the pronotum and the main internal muscles
involved in forecoxal movement (the tergal remotor and tergal promotor), in these species. External differences in pronotum
shape were examined using 3D geometric morphometrics, whereas internal structures were compared quantitatively by
assessing their muscle volume, cross-sectional area, and attachment surface area. [Results] Principal component analysis
identified notable differences in the shape of the pronotum between strong and weak excavators. The pronotum of strong
excavators has a more pronounced “saddle-shaped” arch and a more streamlined “wedge-shaped” profile, which probably aid
in stress relief and increase stability. Quantitative muscle assessments revealed that the attachment area ratio of the tergal
remotor muscle was significantly larger in species with stronger excavating ability (P<0.01). However, no significant
differences were observed in the mid-cross-sectional area, volume, or other related measures, of this muscle (P>0.05).
[Conclusion] Scarab beetles’ prothoracic structures reflect evolution for different levels of excavating ability. In species with
strong excavating ability, the external pronotum has become more arched and streamlined to boost mechanical stability, while
internally, increased muscle attachment areas create a stronger anchor and improve muscular efficiency, without overtly
increasing muscle size. This study highlights the advantages of multidimensional quantitative morphology in functional
morphology research, and offers a clear example of how biological structures adapt to different environmental requirements.

Key words Scarabaeoidea; functional morphology; digging-ability; three-dimensional reconstruction; geometric morphometrics
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4 faB} Scarabaeidae HIWEMEVF} Scarabaeinae
B, X R4 A T L i KR A i () A 7 (42
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Tablel Sample information

B ARk % if 248 BE )
Family Subfamily Tribe Species Excavation ability
afapt g 406 S Mg A A LA IR

Scarabaeidae Scarabaeinae Onthophagini Caccobius unicornis Strong
i E 885 P FEWE P - I [ R A 58
Scarabaeidae Scarabaeinae Coprini Heliocopris bucephalus Strong
araft U 06 S / I 5 5 B 1 SR
Scarabaeidae Scarabaeinae Phanaeini Oxysternon festivum Strong
afapt g A6 S el LA SR i g IR
Scarabaeidae Scarabaeinae Coprini Synapsis davidi Strong
el i 4 i, 0 W 4 F FLF WS %
Scarabaeidae Rutelinae Rutelini Kibakoganea tamdaoensis Weak
arft B4 R IRREEN FEE 55
Scarabaeidae Cetoniinae Cetoniini Protaetia brevitarsis Weak
AR TRE R P PRI R PR 5
Passalidae Passalinae Leptaulacini Leptaulax dentatus Weak
SRR GIRIRE BRI R LA 55
Lucanidae Lucaninae Lucaninae Phalacrognathus muelleri Weak
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B1 WX =4EEREE
Fig.1 3D reconstruction of the tested beetle taxa
A SPGB W REE; C. ORI ;
D. HE/EER; E WKL, F. oo e ;
G. 1R E e s H. A LEs .

A. Kibakoganea tamdaoensis; B. Leptaulax dentatus;
C. Phalacrognathus muelleri; D. Protaetia brevitarsis;
E. Synapsis davidi; F. Oxysternon festivum;

G. Heliocopris bucephalus; H. Caccobius unicornis.

WA ATE (1ZAS ).
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I 75 T (AU #8 A5 Leica EM CPD 300
/SCD050, fE[E ), {f &4 CT ( MicroXCT 400,
Xradia Inc, [ ) 7F 4 f555L T #HA7HH, FIH
=2t FHHK ) Amira ( Version: 5.2.2) XTHiHgE
A5 I AR PN ) AR R B 280 B L
A ( Tergal promotor, TP ) FIHE Il /2 27 T 218
FIHLIA ( Tergal remotor, TR ) [ K72 i #E
oy B = ([ 2)

1.3 AIRIEHEH = EIAREES N

fifi 1 Amira 4% 8 4~ 4 e 0 i A5 Al 4
TTEE, $ Amira 5 H AR HAY ply 452
E‘JE?’ME@@/\@ Landmark {4 ( Version: 3.0 )
v R R T E (Patch ) 22 HilbR 5
WA, LIS £ @ 5744 b s ( Landmark ) 4351l
PRICBILAT 9 A B2 il — i & 3:A,B):
T A 2 00 2 R T 5 A 52 5 T D 55 AR T % 14
s BB AR 2RI AT 2% 128 65 W A
ek L e s s TR AR AE A I b S it
/N RS BT AR A S R

EHETEE T TR
Tergal remotor ( TR )

EHIRTE RN LA
Tergal promotor ( TP )

B2 #ilkABIRAERTEE
Fig.2 Schematic diagram of pronotum and
internal muscle reconstruction

V-2 2 T 4 LA T I — 4E R BR (R )
S8 DI 1 W AT AL T R AZ R ILIAL 5
W DR AR R B B2 LA
Three-dimensional reconstruction of the pronotum of
Kibakoganea tamdaoensis (legs removed): The purple area
represents the tergal remotor (TR) muscle, which controls
the depression of the forecoxae; The blue area represents
the tergal promotor (TP) muscle, which controls the
elevation of the forecoxae.

3 HIMEEMRRTER

Fig.3 Landmarks on the pronotum

A, FORBARE THERIPR AL E; B R
S PR S AR BT bR AR SR
A. It shows the position of the controlled punctuati
in the ideal state; B. It shows the position of all the
punctuation and half punctuation in the actual
punctuate on process.

T 60 Al 0 % R 5 5 P 52 5 TR AU % 1Y)
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component analysis, PCA ), 43k 7x7 245 i
HF#RYAR 573 Hr ( Canonical variance analysis,
CVA ) 5H50pR%053#T ( Deformation analysis ),
FTAE G B WA 5387 10 20 9 B Jr 22 39 B 1
B SR Y tps M A SO T A

( Semi-landmark ), 3%
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Table 2 Test results
M AR TRAAF TP AR TR A PBOEmA  TRLAFTHOE ARG i 75 4w A2
Yy Fh (mm?®) (mm’®) (mm®) (mm?) AR (mm?) (mm?)
Species Pronotum TR volume TP volume Mid-cross-sectional TP muscle pronotum Pronotum area
volume (mm’)  (mm®) (mm’) area (mm®) attachment area (mm?) (mm®)

A1 LA U
Caccobius 1.115 0.027 0.021 0.037 0.439 1.140
unicornis
LI i
Heliocopris 2 964.000 89.546 76.379 14.842 120.120 230.421
bucephalus
(IESGE R
Oxysternon 454.151 10.938 8.836 4.965 23.250 56.832
Sfestivum
?ﬁkﬂﬂ%-ﬂlﬁﬁ o 814.189 49.919 44,752 19.709 36.788 86.531
Synapsis davidi
P98 R
Leptaulax 194.985 11.829 11.027 4716 16.909 77.675
dentatus
PHF &l
Kibakoganea 108.574 3.111 2.519 1.444 7.618 48.719
tamdaoensis
FANRGC
Phalacrognathus ~ 445.644 27.803 23.519 10.110 28.955 123.052
muelleri
R TE S
Protaetia 87.242 1.608 0.925 0.609 3.832 47.879

brevitarsis
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B4 AERSBFETIHNTHR=ZEEENESERESE (D) 5HE
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Fig. 4 Morphological variation scatter plot of two scarab groups based on 3D pronotal
information (D) and shape deformation diagrams of the positive (PC+) and negative (PC - ) extreme
points of the first principal component of the two groups (A, B, C, E, F, G)

A. JEHEM (PC1-); B. FHW (PCI1 - ); C. il (PC1 - ); D. JFHEM (PCl+);
E. WM (PCl1+); F. M (PC1+),

A. Posterior view (PC1 - ); B. Dorsal view (PC1 - ); C. Lateral view (PC1 - );
D. Posterior view (PC1+); E. Dorsal view (PC1+); F. Lateral view (PC1+).
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Fig.5 Column chart of canonical variance (CV)
analysis of test scarabs
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TR: #HIETERT T#ENLIA Tergal remotor
TP: #EHIRT RIS E24HLA Tergal promotor
I TRA T AR_L RS Hf Attachment area ratio of the TR on the pronotum

TRAY4ESTZ Spreading ratio of the TR
1.0 1 TPS5TR{A&FREL TP to TR volume ratio

[ 0 TRSHIMEAR L TP to pronotum volume ratio
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Fig. 6 Statistical map of the results of measurement of thorax related structures
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