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a b s t r a c t

The lower Albian Jinju Formation has produced various fossils of invertebrates. Of them, insect fossils
have remained understudied, and especially, orthopteran fossils have never been described from the
Jinju Formation. Here we report a new species of the Elcanidae (Orthoptera: Elcanoidea), Panorpidium
spica sp. nov. based on three specimens from the Jinju Formation. Notably, we have applied Wavelength
Dispersive Spectrometer (WDS) analysis for the first time on insect fossils, and discovered that the
carbon elemental maps are helpful in recognizing crucial morphology. The presence of pterostigmata in
forewing supports that elcanids evolved a unique flight mechanism distinct from other extant orthop-
terans. Based on a detailed morphological comparison with the paddles of the extant tridactylids, it is
inferred that the leaf-shaped spurs on the metatibiae of elcanids were used for jumping on the water,
although other possible functions cannot be ruled out. Diving into the water and jumping on the water
surface must have been an effective way of escaping from predators, both for the flightless nymphs and
the short-range flying adults.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The Cretaceous Gyeongsang Supergroup, Korea, spanning from
the Hauterivian to the Santonian, is known to produce diverse
fossils and traces. Especially the lower Albian Jinju Formation has
produced abundant trace fossils and body fossils. The trackways
reported from the Jinju Formation are of non-avian dinosaurs (Kim
et al., 2012a; Kim et al., 2018a; Kim et al., 2018b), birds (Lockley et
al., 2012; Kim et al., 2012b), lizards (Kim et al., 2017a), turtles (Kim
and Lockley, 2016), frogs (Kim et al., 2019), and mammals (Kim et
al., 2017b). Vertebrate body fossils are relatively uncommon,
which include fishes (Yabumoto and Yang, 2000; Yabumoto et al.,
2006; Kim et al., 2014), teeth of pterosaurs and non-avian di-
nosaurs (Yun et al., 2007). Along with vertebrate fossils and
trackways, the Jinju Formation produces fossils of various kinds of
invertebrates which must have been a food source for small ver-
tebrates in the Cretaceous. Examples of invertebrate fossils include
Nam), typark@kopri.re.kr
insects (Engel et al., 2002; Engel et al., 2006; Baek and Yang 2004;
Park et al., 2013; Nam and Kim 2016; Khramov et al., 2020; Sohn et
al., 2019), spiders (Selden et al., 2012; Park et al., 2019), isopods
(Park et al., 2012), ostracods (Paik et al., 1988; Choi, 1990; Choi and
Huh, 2016; Choi et al., 2018), and conchostracans (Park and Chang,
1998). Of them, despite the abundance and high diversity, insect
fossils have remained extremely understudied, and especially, to
date, orthopteran fossil has not been documented from the Jinju
Formation.

Within the Order Orthoptera, the phylogenetic position of the
extinct superfamily Elcanoidea remains unsettled; they are
considered to belong to the Suborder Ensifera (Zessin, 1987;
Kukalov�a-Peck,1991; Carpenter,1992; Gorochov,1995; Gorochov et
al., 2006), or treated as a sister group to the Suborder Caelifera
(B�ethoux and Nel, 2002), while Gorochov and Rasnitsyn (2002)
even proposed a possibility of being a sister group to all other or-
thopterans. The Elcanoidea is divided into two families, Elcanidae
and Permelcanidae (Grimaldi and Engel, 2005; Gorochov et al.,
2006; Fang et al., 2018b). The Permelcanidae includes six species
of three genera, known from the Lower Permian to the Lower
Triassic (Tillyard, 1937; Sharov, 1968), while the Elcanidae contains
more than 50 species belonging to fifteen genera usually from the
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Mesozoic (Gorochov et al., 2006; Cigliano et al., 2018). The elcanid
fossils occur from the Upper Triassic to the Cretaceous of Europe,
Asia, North and South America (Sharov, 1968; Martins-Neto, 1991;
Ansorge, 2003; Gorochov et al., 2006; Pe~nalver and Grimaldi, 2010;
Fang et al., 2015). Recently, a single forewing from the Paleogene of
France was assigned to a new species of the Elcanidae, which
suggests a possibility of elcanids having survived the
CretaceousePaleogene extinction (Schubnel et al., 2020). Although
a growing number of the Cretaceous elcanid fossils are being
documented from the Burmese amber and the Jehol Biota (Poinar et
al., 2007; Heads, 2009; Pe~nalver and Grimaldi, 2010; Fang et al.,
2015; Fang et al., 2018a; Tian et al., 2019a; Ko�c�arek, 2020), their
detailed morphology still remains incompletely understood.

This study describes a new species of the elcanid genus Pan-
orpidium Westwood, 1854, based on three specimens collected
from the Lower Cretaceous (Albian) Jinju Formation. In order to
fully appreciate the fossil morphology, we have used wavelength
dispersive X-ray spectrometers (WDS), which marks the first
application to insect fossils. The new specimens provide critical
information on elcanid features, such as pterostigma in the wings
and well-preserved spurs in the hind legs. Especially, we compare
the spurs to the paddles and spurs in the hind legs of the extant
tridactylid orthopterans, the pygmy mole crickets, which will help
understand the function of the spurs in elcanids.

2. Material and methods

Three specimens for this study were collected from the lower
part of the Jinju Formation at the Jeongchon section (35�0704500N,
128�0600200E), 5.6 km south of the city of Jinju, Republic of Korea
(see Park et al., 2019). The most recent detrital zircon analysis
shows that the age of the lower boundary of the Jinju Formation is
112.4 ± 1.3 Ma, while the upper boundary is 108.7 ± 0.5 Ma; hence
the age of the formation can be considered early Albian (Lee et al.,
2018). The fossils are preserved as reflective carbonaceous film on
different slabs of dark grey shale. The specimens are housed in the
Gongju National University of Education, with registration numbers
GNUE212001, GNUE212002, and GNUE212003.

The fossils were immersed in 70% ethanol and photographed by
a Leica M205C microscope equipped with a Leica DFC550 camera.
Different parts of the specimens were photographed and then the
images were stitched in Adobe Photoshop CS6. The JEOL JXA-8530F
field emission electron probe microanalyzer (FE-EPMA) at the Ko-
rea Polar Research Institute, equipped with five wavelength
dispersive X-ray spectrometers (WDS) and energy dispersive X-ray
spectrometers (EDS) was used for X-ray elemental maps of carbon.
The maps were acquired from an acceleration voltage of 20 kV,
beam current of 200 nA, beam size of 5e8 ㎛, dwell time of 10e12
ms, and step size of 5e8㎛. Each raw data of X-ray elemental maps
was processed for brightness, contrast and pseudo-colouring by
ImageJ to enhance visibility. The specimens were coated by gold for
mapping using a Cressington 108 Auto sputter coater with 10 mA
for 80 s. Drawings were made from photographs and X-ray carbon
elemental images, using photo-editing and painting software:
PaintTool SAI (http://detstwo.com/sai/) and CLIP STUDIO PAINT
(https://www.clipstudio.net/en/).

Wing venation nomenclature follows B�ethoux and Nel (2001,
2002). Abbreviations of wing venation nomenclatures are: CP,
posterior costa; ScA, ScP, anterior, posterior subcosta; R, radius; RA,
RP, anterior, posterior radius; MA, MP, anterior, posterior media;
CuA, CuP, anterior, posterior cubitus; CuPaa, the anterior branch of
first posterior cubitus; CuPab, the posterior branch of first posterior
cubitus; CuPb, the second posterior cubitus; 1A, anterior anal vein.

Anatomical terminology for body structure follows Storozhenko
et al. (2015), but also refers to Pe~nalver and Grimaldi (2010) and
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Fang et al. (2018a) to describe the exceptional tibia structure of
elcanids. Corresponding abbreviations of Anatomical terminology
for bodyare: as, apical spur; cl, claws; cr, cercus; ds1e3,1e3rd dorsal
spur; dv, dorsal valves of ovipositor; epp, epiproct; sgp, subgenital
plate; st, sternites; t8e10, 8e10th tergites; ta1e3,1e3rd tarsomeres;
tb, tibia; vs, ventral spines; vv, ventral valves of ovipositor.
3. Systematic palaeontology

Order Orthoptera Olivier, 1789
Superfamily Elcanoidea Handlirsch, 1908
Family Elcanidae Handlirsch, 1908
Subfamily Elcaninae Handlirsch, 1908

Genus Panorpidium Westwood, 1854
Type species: Panorpidium tessellatum Westwood, 1854

Included species. Type species Panorpidium tessellatum Westwood,
1854; P. angustior Handlirsch, 1939; P. beyrichi Giebel, 1856; P.
bimaculatum Gorochov, Jarzembowski & Coram, 2006; P. dei-
chmuelleri Handlirsch, 1908; P. geinitzi Geinitz, 1880; P. lata Sharov,
1968; P. liasinum Giebel, 1856; P. lithophilum Germar, 1842; P.
longicorne Handlirsch, 1908; P. magnum Handlirsch, 1908; P. me-
dium Handlirsch, 1908; P. mesostenum Handlirsch, 1939; P. mini-
mum Handlirsch, 1908; P. minutum Sharov, 1968; P. oppenheimi
Handlirsch, 1908; P. parvum Gorochov, Jarzembowski & Coram,
2006; P. phyllophorum Handlirsch, 1908; P. proximum Gorochov,
Jarzembowski & Coram, 2006; P. reticulatum Handlirsch, 1939; P.
sibiricum Sharov, 1968; P. westwoodi (Handlirsch, 1908); P. yix-
ianensis Fang, Wang, Zhang, Wang, Jarzembowski, Zheng, Zhang,
Lia & Liu, 2015; and possibly P. parvum Gorochov, Jarzembowski
and Coram, 2006.

Panorpidium spica sp. nov.
(urn:lsid:zoobank.org:act:C2E51899-1280-4C38-98A7-
DDC649EFE5FC).

Materials. Holotype, well-preserved female with incomplete head,
GNUE212001 (Figs. 2, 3 and 4AeD); Paratype, sex unknown, head
and posterior abdomen incomplete, GNUE212002, (Figs. 4AeD and
5EeF); sex unknown, Forewing overlapped with hindwings,
GNUE212003 (Figs. 4EeF and 5G).
Etymology. Derived from the binary star ‘Spica’, the a Virginis,
referring to the two spots on the forewing.
Type horizon and locality. Jinju Formation, lower Albian, at the
Jeongchon section (35�0704500N, 128�0600200E), 5.6 km south of the
city of Jinju, Republic of Korea (Fig. 1).
Diagnosis. Forewing medium sized; area of ScA narrow; area of ScP
wider than ScA with four branches ending at the anterior margin;
RA and RP forked near middle point of ScP; narrow MP situated
relatively proximal; S-shaped curved CuA þ CuPaa and M; slightly
widened width of the area between 1A and CuPb; two large and
round spots present, through which MA branches and some RP
branches run.
General Description. Head to tip of wing 18.4e22.7 mm long (except
antennae segment).
Head: incompletely preserved, narrow and elongate; mandible
thick, but gathered sharp; enlarged antennal scape segments.
Thorax: Lateral lobes of large saddle-shaped pronotum with pos-
terior prolongation, prolongated area two times longer than
unprolongated area, coloured stripe around lower and posterior
margin (present in the paratype specimen GNUE212002). Protho-
racic and mesothoracic legs long (Fig. 3C); tibia relatively wider
than other leg segments with a longitudinal inner groove in center;
coxa short, cylindrical shape; protarsus slender with row of tiny
spines; mesotarsus preserved with three tarsomeres; ta1 long with
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Fig. 1. Location map of the Jeongchon section (modified from Park et al., 2019). A. Location of the Gyeongsang Basin; the rectangular area is magnified in B. B. Distribution of the
sedimentary rocks and volcanic rocks in the Gyeongsang Basin. C. Road map of the study area showing the fossil locality (star).
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rows of tiny spines with an apical spine; ta2 very short with a stout
conical spine; ta3 longest, simple; claws well-developed. Meta-
thoracic legs well-developed (Figs. 3D and 4B); metacoxa small,
rounded triangle; metafemur very long and thick, with short and
denser setulae on dorsal surface, two stripes across the knee and
femur; hind knee robust, semi-lunar processes prominent on the
dorsal edge; metatibia long (Figs. 2B,E, 3E and 4B), flat and rela-
tively wide, two dorsal rows of tiny spines, three pairs of articulated
leaf-like subapical dorsal spurs, long apical spurs developed;
metatarsus long with three tarsomeres; ta1 longest with row of
spines, ta2 very short with a stout conical spine, ta3 long; claws
well-developed.
Abdomen (Figs. 2EeG and 3B): tenth tergite short, narrow, trian-
gular; cerci long, slender, unsegmented; subgenital plate short;
ovipositor long but not reaching the forewing end, gently recurved,
9.8 mm long (from the tip to the base).
Wing: Forewing macropterous, relatively medium size with
rounded and pointed apex, long and narrow, 14.9e18.6 mm long
and 2.8e3.1 mm wide at midlength. Costal area long and narrow;
CP reaching anterior margin at 1/4 of forewing, with numerous
branchlets; area of ScA narrow, branches reaching anterior margin
at one third of forewing; area of ScP wider than ScA, branches
reaching anterior margin before half of forewing; stem of R long
and strong, forked into RA and RP nearmiddle point of ScP area;
basal stem of R thick and strong; RA long, close to anterior margin
with numerous oblique branches reaching anterior margin close to
apex; RP with seven to eight comb-like branches with more
branches near apex; area between RA and RP narrow with 13e14
crossveins; MA branched into MA1 and MA2, MA1 branched close
to diverging RA and RP,MA2 branched near the ending point of ScA;
MP narrow, starting before middle of ScA area in anterior margin
with more than five to six crossveins reaching CuA þ CuPaa; CuA þ
CuPaa starting near the end point of ScP, reaching posteriormargin;
CuPab, CuPb and 1A fused with each other, reaching posterior
margin at one third of forewing; area between 1A and posterior
margin filled with partly oblique crossveins; area between RA and
3

margin coloured like pterostigma with four short extensions to the
area between RP and RA, connected with a colouration of the apex;
two large and round spots in region of RP and MA branches, some
spots in area between 1A, CuPab and stem of R. Hindwing shorter
than forewing with more rounded apex.
Holotype. GNUE212001 (Figs. 2, 3 and 5AeD); head to tip of wing
22.7 mm long (except antennae segment), well-preserved body
with ovipositor, forewing overlapped by other wings, dorsal part of
abdomen, and metafemurs.
Head: The proximal to dorsal part of the head, a few segment of
antennae partially preserved. 1.1 mm wide, 2.0 mm high.
Thorax: Lateral lobe 5.0 mm long, 3.2 mm high. Prothoracic leg:

Both profemurs not preserved; left tibia 2.3 mm long, right tibia
>1.4 mm long (inaccuracy of proximal extremities); only proximal
part of ta1 preserved, left tarsus with short spines, left tarsus >0.6
mm long and right tarsus > 0.4 mm long. Mesothoracic leg: Both
mesofemurs not well-preserved; left tibia 2.1 mm long, right tibia
>1.5 mm long (only preserved middle part); first segment of
mesotarsus had short spines; left tarsus complete with three tar-
someres and a claw, ta1 0.8 mm long (except the spine), conical
form ta2 0.2 mm long excluding the spine, ta3 1.1 mm long, claw 0.5
mm long; conical form ta2 including the spine 0.5 mm long; right
tarsus >0.7 mm long (some proximal part preserved). Metathoracic
leg: Distal half part of right femur hidden by abdomen, left femur
8.3mm long and 2.2mmwide at thickest section, setulae preserved
on dorsal surface; both tibiae retaining incomplete two pairs sub-
apical dorsal spurs; left tibia 9.0 mm long and 0.5 wide, ds11.2 mm
long and 0.2 mm wide, ds2 1.1 mm long and 0.3 mm wide, two
apical spurs preserved, 0.6 mm long and 1.2 mm long; right tibia
>8.8 mm long and 0.5 wide, ds11.0 mm long and 0.3 mmwide, ds2
>0.9 mm long and >0.3 mm wide (proximal part incomplete), an
apical spur preserved,1.5mm long; left tarsus nearly completed but
some part of ta2, t3, tarsomores and claws incomplete, ta1 2.6 mm
long (except vs), ta2 >0.2 mm long, ta3 >0.7 mm long, claws >3
mm; right tarsus nearly complete but proximal part of ta1



Fig. 2. The holotype of Panorpidium spica sp. nov., GNUE212001. A. Overview, B. Magnified image of the distal part of metatibiae showing details of the spurs, CeD. Carbon
elemental maps fromWavelength Dispersive Spectrometer (WDS) analyses, emphasizing lower concentration parts and higher concentration parts, respectively, E.Magnified image
of the apex of the abdomen showing detailed ovipositor structures, FeG. Carbon elemental maps of the apex of the abdomen, emphasizing lower concentration parts and higher
concentration parts, respectively. Abbreviations: as, apical spur; cl, claws; sgp, subgenital plate; st, sternites; t8e10, eight to tenth tergites; ta2, second tarsomeres; vs, ventral
spines. Scale bars for A, C and D are 2 mm; B, E, F, and G are 1 mm.
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incomplete, ta1 >2.6 mm long (except vs), ta2 0.2 mm long except a
spine, ta3 1.0 mm long, claws 0.6 mm, 0.5 mm long each other.
Abdomen: Abdomal segments well-exposed, detached tergites and
sternites show several segments, apex part of abdomen preserved;
dorsal part of ninth tergite incomplete; tenth tergite triangular;
cerci nearly preserved but apical parts broken by fragments; left
cercus 1.6 mm long, right cercus >1.4 mm long; subgenital plate
preserved weakly (recognizable in the WDS carbon elemental
map), small in profile; ovipositor 9.8 mm long (measured from the
tip to the base), base 0.7 mm wide, tip 0.2 mm wide.
Wing: Partially incomplete near the MA area; forewing 18.6 mm
long and 3.1 mmwide at midlength; CP preserved at least 9 oblique
branches, several proximal branches pectinate, reaching margin;
ScA with four branches ending in anterior margin; two crossveins
preserved between CP and ScA; ScP with four branches ending in
anterior margin, six cross-vein preserved between ScA and ScP; RA
preserved at least 21 short oblique branches, two proximal
branches pectinate; fourteen crossveins preserved between RA and
RP; RP with seven longitudinal branches which are pectinate,
4

reaching margin, some branches incompletely preserved; one
crossvein preserved between RP andMA1; six crossveins preserved
between MP and CuA þ CuPaa; distal part of MA branches not
preserved.
Paratypes. GNUE212002 (Figs. 4AeD and 5EeF). Smaller than the
holotype, head to tip of wing 18.4 mm long, head and apex of
abdomen incomplete, forewing overlapped by the other forewing,
hind wings, metafemurs and metatarsus.
Head: Preserved in anterior view, incomplete dorsal part; frons
weakly preserved; each mandible 1.2 mm long.
Thorax: Lateral lobe 3.6 mm long, 2.4 mm high, stripe around lower
and posterior margin preserved. Prothoracic leg: Incompletely
preserved, right tibia and proximal part of ta1 saved inaccuracy;
right tibia >1.1 mm long, ta1 > 0.6 mm. Mesothoracic leg: Incom-
pletely preserved. Metathoracic leg: Both femurs obliquely over-
lapped with metacoxae, right femur 6.7 mm long and 1.8 mmwide
at thickest section, left femur 6.5 mm long and >1.5 mm wide at
thickest section; right tibia >3.6 mm long, folded in femur, with
fragment of three parts subapical spur and a row of tiny spines at
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dorsal; left tibia >3.6 mm long, overlapped by wings only partially
but preserved fragments of subapical spur and two rows of tiny
spines at dorsal margin; both tarsi not preserved.
Abdomen: Three abdominal segments preserved, but ventral part
incomplete.
Wing: Apex of wing partially incomplete; forewing >14.3 mm long
and 2.5 mm wide at midlength; at least ten oblique branches pre-
served in middle of CP; ScA branches unpreserved; one crossvein
preserved between CP and ScA; ScP with four branches ending in
anterior margin; RA preserved at least twenty short oblique
branches; fourteen crossveins between RA and RP; RP with six
longitudinal branches which are pectinate, reaching margin, distal
part of RP branches incomplete; four crossveins preserved between
RP and MA1; five crossveins preserved between MP and CuA þ
CuPaa.
Fig. 3. Interpretive drawings of the holotype of Panorpidium spica sp. nov., GNUE212001. A
Metafemur, E. Distal part of metatibiae with spurs and tarsi, F. Forewing. Abbreviations: as, a
CuPaa, the anterior branch of first posterior cubitus; CuPab, the posterior branch of the fir
spurs; dv, dorsal valves of the ovipositor; epp, epiproct; MA, MP, anterior, posterior media;
subgenital plate; st, sternites; t8e10, eight to tenth tergites; ta1e3, first to third tarsomeres;
bars for A is 5 mm; B, C D and E are 1 mm; F is 2 mm.
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GNUE212003 (Figs. 4EeF and 5G): Only overlapped wings; fore-
wing 14.9 mm long and 2.8 mmwide at midlength; CP preserved at
least eight oblique branches; ScA with three branches reaching
anterior margin; four crossveins preserved between CP and ScA;
ScP four branches reaching anterior margin; incomplete colour-
ations present around RA branches; thirteen crossveins preserved
between RA and RP; RPwith seven longitudinal branches which are
pectinate, reaching margin; one crossvein preserved between RP
and MA1; six crossveins preserved between MP and CuA þ CuPaa.
Remarks. These three specimens can be easily recognized by the
presence of two large and round spots, and the colouration in the
apex area in the forewings. The forewing with narrowed area be-
tween RA and RP, fused distal parts of CuPab, CuPb, and 1A indicate
that these specimens belong to Elcaninae. The presence of three
longitudinal branches between the basal part of RP and CuA þ
CuPaa (Fig. 5D), and the converging and fusion of distal parts of
. Overview, B. Apex of the abdomen with ovipositor structures, C. Mesothoracic leg, D.
pical spur; cl, claws; cr, cercus; CP, posterior costa; CuA, CuP, anterior, posterior cubitus;
st posterior cubitus; CuPb, the second posterior cubitus; ds1e2, first to second dorsal
R, radius; RA, RP, anterior, posterior radius; ScA, ScP, anterior, posterior subcostal; sgp,
tb, tibia; vs, ventral spines; vv, ventral valves of ovipositor; 1A, anterior anal vein. Scale



Fig. 4. Photo and interpretive drawings of the paratypes of Panorpidium spica sp. nov. AeB. Overview photo and the interpretive drawing of GNUE212002, respectively, CeD.
Magnified images of the wing and the interpretive drawing of the forewing of GNUE212002, respectively, EeF. Photo and the interpretive drawing of the forewing of GNUE212003,
respectively. Abbreviations: CP, posterior costa; CuA, CuP, anterior, posterior cubitus; CuPaa, the anterior branch of the first posterior cubitus; CuPab, the posterior branch of the first
posterior cubitus; CuPb, the second posterior cubitus; ds1e3, first to third dorsal spurs; MA, MP, anterior, posterior media; R, radius; RA, RP, anterior, posterior radius; ScA, ScP,
anterior, posterior subcostal; 1A, anterior anal vein. Scale bars are 2 mm.

Fig. 5. Forewing morphology of Panorpidium spica sp. nov. AeD. Wings of the holotype, GNUE212001, A. Normal photographic image (white arrow indicates the folded anal region
margin of the hind wing), BeC. Two carbon elemental maps, emphasizing lower concentration pars and higher concentration parts, respectively (white arrow, hind wings; black
arrow, fore wings), D. Detailed interpretive drawing of the forewing venation and the colouration pattern, EeG. Carbon elemental maps of the paratypes, EeF. Two images of
GNUE212002, emphasizing lower carbon concentration pars and higher carbon concentration parts, respectively (white arrow indicates the colouration in the margin of lateral
lobes). G. Carbon elemental map of GNUE212003. Abbreviations: CP, posterior costa; CuA, CuP, anterior, posterior cubitus; CuPaa, the anterior branch of the first posterior cubitus;
CuPab, the posterior branch of the first posterior cubitus; CuPb, the second posterior cubitus; MA, MP, anterior, posterior media; R, radius; RA, RP, anterior, posterior radius; ScA, ScP,
anterior, posterior subcostal; 1A, anterior anal vein. Scale bars are 2 mm.
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CuPab, CuPb and 1A suggest that these specimens belong to the
genus Panorpidium Westwood, 1854. With the exception of P.
bimaculatum Gorochov, Jarzembowski and Coram, 2006, the new
species is distinguished from other Cretaceous Panorpidium species
by the presence of the two large and round spots. Moreover, the
forewing venations are different from other species: i.e., MP is more
proximal than in P. yixianensis Fang et al., 2015 from the Yixian
Formation; RA and RP forked closer to MA1 branch than first
branch of RP, wider width of the area between 1A and CuPb,
compared to P. tesselatumWestwood,1854; narrower margin of MP
area and more cossveins branches in the area between RA and RP
are distinguishable from P. sibiricum Sharov, 1968; smaller fore-
wing, wider ScP, narrower ScA, wider area between CuPab and
CuPb than P. proximum; the large forewing, several crossveins
presented between RP and M. much narrower MP, wider CuA þ
CuPaa, wider width of the area between 1A and CuPb, and more
pointed margin of apex make the new species different from P.
parvum Gorochov, Jarzembowski and Coram, 2006. The presence of
two large round dark spots in the region of RP and MA branches is
similar to Panorpidium bimaculatum Gorochov, Jarzembowski and
Coram, 2006, but Panorpidium. spica sp. nov. differs in having nar-
rower ScP, more proximally-situated divergence point of RP and RA,
wider width of the area between 1A and CuPb, and the colouration
of the area between RA and the margin (forming pterostigma) with
four extensions towards the crossveins between RP and RA.
The patterns in insect wings are for mimicry and/or camouflage, or
due to sexual selection (Grimaldi and Engel, 2005; Stevens and
Ruxton, 2019). Interestingly, the Middle Jurassic elcanid Parelcana
pulchmacula Tian, Gu, Yin and Ren, 2019 also had two large and
round spots in the region of RP and MA branches. It can be inferred
that the presence of two round spots in the wing was a common
theme in the Elcaninae with possible functions of mimicry or
camouflage.
Compared to the holotype, the two paratypes are relatively small,
but share all key characteristics of the new species. Intraspecific
variation in body andwing size is common in orthopterans (Kelly et
al., 2008; Picaud and Petit 2008; Poniatowski and Fartmann, 2009;
Berggren et al., 2012), including elcanids (Zessin, 1987). Given that
male is usually smaller than female in orthopterans, the different
size might represent sexual dimorphism.
4. Discussion

4.1. X-ray elemental maps and recognition of morphology

In a recent research on the central nervous system of the
Cambrian stem euarthropod Kerygmachela kierkegaardi Budd, 1993,
the WDS analysis was used on the fossils preserved in shale for the
first time (Park et al., 2018). The present study has applied theWDS
analysis on the elcanid fossils, which has turned out to be effective
in recognizing wing venations, as well as other overprinted body
structures. Due to overlapping with other wings or body parts,
forewing venation pattern, an important criteria in insect taxon-
omy, is often difficult to recognize in insect fossils. In the holotype
of Panorpidium spica sp. nov., the forewing overlaps on the other
wings, dorsal part of the abdomen, and the metafemurs, hindering
the recognition of the venation. The carbon maps from the WDS
provide a solution to this. Different body part or structure of the
holotype specimen show different carbon concentration, and the
higher carbon concentration appears to be brighter in the
elemental maps. For example, the apparently left forewing vena-
tions have higher carbon concentrations than the venations of the
other overlapped wings, metafemurs, and abdominal structures,
and thus they are brighter in theWDS carbonmaps (Figs. 2CeD and
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5EeF). In normal photos, identifying the forewing venations, such
as ScA, ScP, CuA, and CuP, is difficult, but these venations stand out
in the WDS carbon maps (Fig. 5). It was also possible to identify the
branching site of the RA and the RP (Fig. 5D), which is an important
generic-level diagnostic character of the Elcanidae. In a map in
which lower carbon concentration areas also appear to be bright,
the abdominal structures that are not distinctive in normal
photographic images, such as subgenital plate and sternite, become
recognizable (Fig. 2EeG).

4.2. Pterostigma in the wings

The WDS carbon maps of the Panorpidium spica sp. nov. show
highest concentration of the carbon element near the margin of the
RA area (Fig. 5C, F), which is comparable to pterostigma. The
pterostigma is expanded veins or pigmented and sclerotized cuticle
in a cell which is located at the anterior edge of the wing to
concentrate weight and strength (Grimaldi and Engel, 2005). The
concentrated mass and specialized location of pterostigma play a
critical role during flight by increasing the limit of inertial pitch
angle and speed at wing flapping (Norberg, 1972) or wing rotation
(Ennos, 1988), or by helping control the wing vibration amplitude
(Zhao et al., 2013; Song et al., 2020a). Pterostigmata are known to
be present in Odonata, Zoraptera, Hymenoptera, Strepsiptera,
Coleoptera, and some raphidiopterans, hemipterans and mecop-
terans (Kukalov�a-Peck, 1993). Although pterostigma is not known
in extant orthopterans, its presence in the elcanids has been sug-
gested in recent studies. Fang et al.(2018b) considered the coloured
area between RA and the wing margin, filled with crossveins in
Cascadelcana virginiana Fang et al., 2018 and Panorpidium yix-
ianensis Fang et al., 2015 as pterostigma, while Ko�c�arek (2020) re-
ported the presence of a seemingly true pterostigma in Ellca nevelka
Ko�c�arek, 2020 without crossvein in it. Fang et al. (2018b) and
Ko�c�arek (2020) further suggested that the presence of pterostigma
structure in elcanids may have been related to a unique flight
mechanism distinct from other extant orthopterans: e.g., Fang et al.
(2018b) proposed a gliding mode for elanid flight. The pterostigma-
like structure of Panorpidium spica sp. nov. has numerous cross-
veins in it, which is similar to other elnacids except Ellca nevelka.
In overall, it is relatively longer and larger compared with the wing
size than the pterostigmata in other insect orders, and thus must
have acted as a largemass in the anteriormargin. Colouration in the
similar area of wing is commonly observed in the Elcanidae, and
sometimes it is extended to distal part of the wing, as seen in
Panorpidium spica sp. nov. (Zessin., 1987; Gorochov et al., 2006;
Fang et al., 2015; Tian et al., 2019a; Tian et al., 2019b). However, in
the WDS carbon maps, the pterostigma-like structure can be
distinguished from other extended areas by higher concentration of
the element (Fig. 5C, F), which also supports that the structure was
a genuine pterostigma.

4.3. Spurs in the metatibia

The well-preserved tibia of hind legs in Panorpidium spica sp.
nov. reveals a leaf-like morphology of the spurs. The specialized
spurs on metatibiae are the most distinctive feature of the Elcani-
dae; spurs of leaf-like, spine-like or paddle-like shapes have been
documented (Sharov, 1968; Zessin, 1987; Ansorge, 2003; Poinar et
al., 2007; Pe~nalver and Grimaldi, 2010; Fang et al., 2015; Fang et
al., 2018a; Tian et al., 2019a; Ko�c�arek, 2020; Gu et al., 2020).
Zeuner (1939) assumed that the spurs of elcanids were for swim-
ming or preventing sinking in dry sand. For example, extant sci-
zodactyloids have modified tarsi that secure a wide surface on the
desert sand (Aydin and Khomutov, 2008; Channa and Sultana,
2013; Dawwrueng et al., 2018). However, this is not the case for
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the elcanid spurs, since the spurs are located in subapical tibiae, not
tarsi, and the depositional environments of the elcanids-occurring
strata around the world are usually far from dry condition (e.g.
Zhou et al., 2003; Paik et al., 2019; Yu et al., 2019). Ko�c�arek (2020)
proposed that elcanid spurs may have provided horizontal and
vertical stabilization during flight by widely spread hind legs and
had controlled the direction of flight with movable flattened
structures, but other studies have supposed that given the flattened
shape, elcanid spurs were related to swimming (Zeuner, 1939;
Sharov, 1968; Gorochov, 1995; Fang et al., 2015; Tian et al., 2019a;
Schubnel et al., 2020).

Diving into water to escape from predators is not uncommon
behavioral repertoire in the extant orthopterans (Dettner, 2019),
and can be seen in tridactylids, tetrigoideanas, grylloideans, and
acridoideans, all of which have well-developed hind legs often
ornamented with structures for swimming or evading aquatic
predators (Franklin et al., 1977; Kim and Kim, 2010; Muhammad et
al., 2018). Of them, tridactylids, the pygmy mole crickets, have
Fig. 6. Morphological comparison between the tridactylid metatibiae with paddles and th
collected from Guryong Falls, Jucheon-myeon, Namwon-si, Jeollabuk-do, Korea). AeC. Micro
leg, B. Dorsal view, C. Lateral view, D. Illustration of X. japonica jumping on water surface u
Saussure, 1877 from Burrows and Sutton (2012), E. Interpretive drawing of the paddles a
metathoracic legs, F. Nymphal stage specimen of Hispanelcana lopezvallei, redrawn from Pe~n
sp. nov.). Scale bars for A is 1 mm; B and C are 0.2 mm; F is 0.3 mm; G is 1 mm.
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paddles (also referred to as natatory lamellae and spurs) on the
distal part of metatibiae, which are comparable to the elcanid spurs
in shape and position (Fig. 6). They usually live near water, such as
pond, stream, and river, and when exposed to danger, they rapidly
jump into the water (Burrows and Picker, 2010; Cao et al., 2020).
After escaping from danger, they return to land by jumping
repeatedly on the water using well-developed spurs and paddles
on the hind legs, which become unfolded in order to increase the
surface area (Fig. 6D), so that the hind legs can push the water more
efficiently (Burrows and Sutton, 2012). The presence of well-
developed hind legs with the semilunar process that is known to
store energy for jumping (Burrows and Morris, 2001; Cofer et al.,
2007) suggests that the elcanids were agile jumping insects.
Thus, the relatively small bodies and the presence of dorsal spurs
on the metatibiae in elcanids may have enabled them to jump at
the water as tridactylids do, whichmust have been an effective way
of escaping sudden danger from predators, such as small thero-
pods. The depositional environment of the Jinju Formation is
e elcanid metatibiae with spurs. AeE. Xya japonica Haan, 1844 (pygmy mole cricket,
scopic images, A. Dorsal view of the whole body, BeC. Distal part of the metathoracic
sing paddles and spurs, drawn with reference to the jumping posture of Xya capensis
nd spurs of X. japonica. FeG. Interpretive drawings of the distal part of the elcanid
alver and Grimaldi (2010), G. Adult stage specimen (reconstruction of Panorpidium spica



Fig. 7. Artistic reconstruction of Panorpidium spica sp. nov., escaping towards the water from a theropod predator (artwork by Do-Yoon Kim).
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interpreted to be of large-scale lacustrine in a back-arc basin
(Chough and Sohn, 2010), thus forming a suitable habitat for
jumping into water as an escaping strategy (see Fig. 7).

With the exceptions of some subfamilies that are able to fly a
long-distance (Uvarov, 1977; Ritchie and Pedgley 1989; Wang et al.,
2014), most orthopterans repeat short-distance flights and jumps.
The elcanids may also have been a short-distance flyer, so that once
flew towards water, they periodically had to land on the water
surface. Being equipped with the well-developed wings, they did
not need to swim in the water. Rather, they would jump from the
water surface right away. In many adult orthopterans, jumping is a
way of launching into the air for a flight (Katz et al., 1993). In a
similar sense, the spurs-assisted jumping of elcanids on the water
surface must have led to launching of short-range flight.

The spurs on hind tibiae were also developed at nymphal stages
of elcanids; they had leaf-like, spine-like or paddle-like shapes
(Pe~nalver and Grimaldi, 2010; Heads et al., 2018). This indicates that
spurs were already functional in the nymphal stages of elcanids
(Fig. 6F). In fact, spurs must have been more useful for flightless
nymphs than for the flyable adults. When attacked by predators,
the flightless nymphs would jump into the water, and then
repeatedly jumped or swam using metatibial spurs on water sur-
face, eventually returning to the ground. Although they escaped
from the land, water surface was not a safe haven. Fossils of several
large aquatic predators are known from the Jinju Formation, such as
aquatic insects, coptoclavids (Park et al., 2013) and fishes
(Yabumoto and Yang, 2000; Yabumoto et al., 2006; Kim et al., 2014).
Therefore, escaping to water from terrestrial predators would have
been just a temporary safe strategy, so that the repeated jumping
on thewater surfacewould eventually led to landing on the ground.
This behavior of flightless elcanid nymphs may have been more
similar to the flightless tridactylids than the flyable elcanid adults.
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There are elcanids with spine-like spurs which may have been
less effective to generate a flow in water (Pe~nalver and Grimaldi,
2010; Ko�c�arek, 2020). It can be inferred that they had different
habitat, although it cannot be completely ruled out that, as some
extant orthopterans do (Franklin et al., 1977; Brouwers and Newton
2010; Gutjahr and Souza Braga, 2018), theymight have been able to
swim with their spur-less hind legs. However, other possibility for
the function of spurs cannot be ruled out, yet. For instance, the
paddle-like spurs may have been helpful for jumping from sandy
substrate, although such environments have not been inferred from
the Jinju Formation. In addition, the possibility of the paddle-like
spurs causing resistance during counter-moving can be also
considered.

Within the Orthoptera, the presence of specialized spurs and
paddles on subapical part of the metatibiae for swimming is pre-
sent only in the extant tridactylids and the extinct elcanoideans.
Those structures have morphological similarities in that the artic-
ulated structures of movable leaf-like shape are arranged into two
rows on the dorsal side of metatibia. If the presence of such
specialized spurs on metatibiae is phylogenetically meaningful,
elcanoideans may have been phylogenetically close to tridactylids.
Since the Tridactyloidea forms the most basal branch of the Caeli-
fera (Song et al., 2015; Song et al., 2020b), the phylogenetic position
of the Elcanoidea may have been also close to the basal position
within the Orthoptera. However, the more basal group than elca-
nids, the Permelcanidae, did not develop spurs (Sharov, 1968), and
such swimming paddles have not been observed from the Creta-
ceous tridactylid fossils (Heads, 2009; Poinar, 2018; Xu et al., 2020);
the paddles are present in the Eocene fossil of France (Azar and Nel,
2008). Morphologically, paddles of the tridactylids are arranged
asymmetrically, whereas the spurs of the elcanids are arranged
symmetrically. The elcanid spurs possessed a strong rachis in the
middle of leaf-shaped structure that is suitable for supporting in
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the water, but it is not developed in the paddles of tridactylids.
Therefore, for now, it is hard to find phylogenetic significance in the
presence of specialized spurs and paddles on the metatibiae, and
thus a formal phylogenetic analysis using more detailed morpho-
logical data is required for more accurate elucidation of the
phylogenetic position of elcanoideans.

5. Conclusions

Panorpidium spica sp. nov. is described from the Lower Creta-
ceous (Albian) Jinju Formation, Korea. The Wavelength Dispersive
Spectrometer (WDS) analyses have produced carbon elemental
maps that are helpful in recognizing crucial features, such as
pterostigma, forewing venations, and abdominal structures. The
pterostigma in the wings suggest that elcanids had a unique mode
of flight, distinct from extant orthopterans. The well-preserved
dorsal spurs on the metatibiae are considered to have been used
for jumping on the water surface, based on morphological com-
parison with the extant tridactylids (pygmy mole cricket). Jumping
into the water must have been a useful way of escaping from the
predators both for the flight-less nymphs and the short-range
flying adults.
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