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Abstract:

Academic Editor: Dragan Chobanov

The species of the genus Cercopis Fabricius, 1775 are morphologically similar, and there are difficulties
in identifying them due to the inadequacy of diagnostic keys and the colour and pattern variations. For
this reason, it can be challenging to distinguish the species without carefully dissecting and examining
the male genitalia. In the present study, we compared the morphology of the acdeagus and the genital
plates of two Cercopis species using geometric morphometrics (GM). We investigated the size and shape
of the aedeagus and genital plates of C. intermedia Kirschbaum, 1868 and C. vulnerata Rossi, 1807 to
evaluate whether these structures could serve as useful tools for species differentiation. The centroid size
of aedeagus was significantly different between species (p=0.01), but genital plate size was not (p=0.8).
Both aedeagus and genital plate shape were significantly different between species, based on Procrustes
ANOVA and Pillai trace (MANOVA) p value. The results of discriminant function analysis of aedeagus
and genital plate indicate that species are clearly discriminated. The parametric p value of T? and permuta-
tion p value of T? and procrustes distances show that the differences were significant.
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insects, comprising approximately 1,500 species

Introduction

Genital structures in insects are crucial for species
identification and often represent the sole reliable
method for distinguishing closely related species
(Mutanen & Pretorius 2007). Cercopidae is the most
diverse family within Cercopoidea (Hemiptera:
Auchenorrhyncha) and consists of xylem-feeding
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across 173 genera worldwide (Soulier-Perkins
2019). However, only 20 genera and 93 species
have been recorded in the Palearctic region (Bar-
tlett et al. 2018). Cercopids distribution is heavily
concentrated in tropical and subtropical zones, with
nearly 70% of recorded species inhabiting tropical
areas. Due to the foamy secretion produced by their
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nymphs, members of Cercopidae are commonly
referred to as ‘foamy cicadas’ or ‘spittlebugs’. Ad-
ditionally, because the adults are capable of strong
jumping, they are also known as ‘frog jumpers’
(Cryan & Svenson 2010). In the majority of species,
adults exhibit distinctive and colourful tegmina pat-
terns (Holzinger et al. 2003) and can display striking
patterns that combine red, orange and yellow with
black (Bartlett et al. 2018). Adults typically feed on
the foliage and stems of a wide range of host plants,
whereas nymphs are root feeders (Liang & Fletcher
2002; Liang & Webb 2002). Members of the family
commonly range in size from 6 to 12 mm.

Cercopis, commonly called red-black froghop-
pers, has a forewing colour pattern as follows: red
spots on the basal half of the clavus and in the mid-
dle of the corium, and a red horizontal band on its
apical third. Species show a very high variation in
patterning, including completely black forms and
differences in the width of the dots or bands even
among individuals of the same species (Holzinger
et al. 2003, Tanyeri & Zeybekoglu 2020, 2022,
Demirel 2022). In C. vulnerata, all leg segments
are uniformly black, whereas in related species the
femora and tibiae are partially red. Male genitalia
also differ: the anterior processes at the apex of the
aedeagus are two-thirds the length of the posterior
pair in C. vulnerata, while in C. sanguinolenta and
C. intermedia, the anterior processes are approxi-
mately half as long (Holzinger et al. 2003, Demirel
& Ding 2021).

Cercopis fauna of Tirkiye consists of 5 spe-
cies: C. vulnerata, C. sanguinolenta (Scopoli,
1763), C. intermedia, C. septemmaculata (Melichar,
1903) and C. distincta Melichar, 1896 (Lodos and
Kalkandelen, 1981, Onder et al. 2011). Demirel &
Ding (2021) gave the first local record of C. dis-
tincta, which is defined as an endemic species in
Tirkiye but whose terra typica is unknown. In the
same study, rare species of Cercopis in Tiirkiye were
redescribed. The limited studies conducted on the
Cercopidae family in Tiirkiye in the following years
can be grouped as faunistic records and taxonomic
studies (Demirel & Ding 2021, Demirel & Hasbenli
2021, Demirel 2022, Tanyeri & Zeybekoglu 2022).

Due to this diversity, distinguishing species
based solely on male genitalia can be challenging.
Male genitalia in insects are among the most evo-
lutionarily variable morphological structures, and
their rapid rate of morphological change is widely
believed to be driven by sexual selection (Arnqvist
1998). In particular, they have been considered one
of the most important and useful specific diagnos-
tic characteristics in insect systematics (Liu et al.
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2023). In Auchenorrhyncha, the genital structures
that serve as reliable taxonomic characters include
the aedeagus, stylus, pygofer, genital plate and anal
tube in males, and the seventh pregenital sternite in
females (Ossiannilson, 1978).

Geometric morphometric (GM) is a useful tool
for shape analysis in biology (Rohlf & Bookstein
1990, Bookstein 1991, Zelditch et al. 2004) that
not only offers precise and accurate descriptions,
but also serves the equally important purposes of
visualisation, interpretation and communication of
results (Klingenberg 2013). With the help of GM,
the sexual dimorphism, ecomorphology and minor
morphological variation of characters can be statis-
tically and scientifically defined and compared (Li
et al. 2016, Harvey & Sherratt 2023, Ludoski et al.
2023). GM is a quantitative approach to insect spe-
cies identification based on size and shape analyses.
Body structures such as wing, head, pronotum, fe-
mur, elytra, aedeagus and mandible are used in geo-
metric morphometry studies (Qubaiova et al. 2015,
Zuniga-Reinoso & Benitez 2015, Li et al. 2016,
Espinoza-Donoso et al. 2020, Kocinski et al. 2021,
Cheng et al. 2022, Zhao et al. 2022, Changbunjong
et al. 2023, Oleksa et al. 2023). GM analysis is of-
ten used to determine the differences in shape and
venation of insect wings (Bai et al. 2016, Suganya
& Manimegalai 2021; Escobar-Suarez et al. 2023,
Tarris-Samaniego et al. 2023).

Due to the high degree of morphological simi-
larity observed among taxa, the shape of the median
lobe of the aedeagus and its apex were analysed in
two species of the subgenus Cryobius Chaudoir,
1838 (Coleoptera: Carabidae: Pterostichus Bonelli,
1810) to help in species delimitation (Zubrii et al.
2023). This finding underscores the value of geo-
metric morphometric analysis in modern taxonomy
and highlights the importance of integrating geni-
talic characters when dealing with morphologically
cryptic taxa in Carabidae.

The utility of external female genitalia in taxo-
nomic delimitation has been demonstrated through
geometric morphometric (GM) analysis in Triatomi-
nae (Belintani et al. 2022). Building upon this ap-
proach, the male genital structures of Pterostichus
(Cryobius) brevicornis brevicornis (Kirby, 1837)
were examined across its broad Holarctic range,
highlighting the value of genital traits in assessing
intraspecific diversity within groups (Zubrii et al.
2022).

In this paper, two Cercopis species from Tiir-
kiye were examined. Two male genitalia structures
(aedeagus and genital plate) were selected to inves-
tigate the morphological variation of Cercopis based
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on a GM approach. The aedeagal shaft (aedeagus)
and appendages were evaluated when making com-
parisons in the aedeagus. In addition to the differ-
ence in appendages in the aedeagus, we evaluated
whether the aedeagal shaft would differ in species
differentiation.

Material and Methods

Dry samples of C. intermedia and C. vulnerata
were collected from different localities in Sinop
province (Northern Anatolia, 42°01°40.71”N
35°09°06.21”’E), placed in 5% acetic acid and sof-
tened a few hours before being photographed. The
aedeagus and genital plate were softened using 5%
KOH. A total of 49 male samples (C. intermedia CI
n=24, C. vulnerata CV n=25) were used.

Data collection and geometric morphometric
analysis

The aedeagus and genital plate were dissected and
separated. Photos of these structures were taken with

a Nikon D-7000 camera connected to a Zeiss 7100
stereomicroscope. The aedeagus and genital plate
samples were analysed through a Two-dimensional
(2D) landmark based geometric morphometric pro-
cedure (Bookstein 1991, Rohlf & Marcus 1993).
The landmarks were digitised using the tpsDig 2.64
software (Rohlf 2015). 12 landmarks were used for
the aedeagus (Fig. 1A) and seven landmarks for the
genital plate (Fig. 1B). The used landmarks were
type II, which defines curved areas, and type IlI,
which defines the end points (Bookstein 1991).

Statistical significance of the differences in
centroid size (CS) (Zelditch et al. 2004), which is
the total of the squares of each landmark to the cen-
troid of the shape, was analysed with variance anal-
ysis. Morphol 1.06d (Klingenberg 2011) was used
to perform the Procrustes ANOVA and the program
PAST 4.10 (Hammer et al. 2001) was used to build
the CS boxplot charts.

General Procrustes Analysis (GPA) was per-
formed to scale, translate and rotate the landmark

Fig. 1. Collected landmarks on the aedeagus (A) and genital plate (B) of Cercopis vulnerata.
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coordinates and Procrustes coordinates which con-
tain information on shape only (Rohlf & Slice 1990).
After a covariance matrix of shape coordinates was
obtained, Principal Component Analyses (PCA) was
performed by Morphol (Klingenberg 2011) to see
the shape variations. In order to compare the groups,
Canonical Variance Analysis (CVA) and Discrimi-
nant Function Analysis (DFA) were performed with
MorpholJ (Klingenberg 2011). CVA and DFA are
different from each other: while the relative separa-
tion of groups is analysed by CVA by a pooled vari-
ance-covariance matrix, the separation of every pair
of the groups is analysed by DFA by the covariance
matrices of two groups for every comparison. In ad-
dition, the focusing process on the degree of differ-
ent groups is made by CVA as DFA deals with the
degree among the different groups and the possibil-
ity of the right group’s members for every kind. To
determine the statistical difference pairwise in mean
shapes, a permutation test which has Procrustes and
Mahalanobis distance (10000 replication) was used.

Results

The CS of aedeagus was significantly different be-
tween species (p=0.01), but genital plate size was
not (p=0.8). Both aedeagus and genital plate shape
were significantly different between species, based
on Procrustes ANOVA and Pillai trace (MANOVA)
p values (Table 1, Fig. 2).

The PC analysis for genital plate (PC1 35.2%
and PC2 27%) explain the total variation and factors
affecting PC1 min are the 7th and 5th LMs being
lower, the 2nd LM being higher, and shortening and
widening of the genital plate. Factors affecting PC1
max are the 7th and 5th LMs being higher, the 2nd
LM being lower, and elongation and expansion of
the plate. Factors affecting PC2 min are narrowing
in the 5th and 6th LM part of the plate, and elonga-
tion between the 4th and 5th LM. Factors affecting
PC2 max are widening of the 5th, 6th and 7th LMs,
and shortening of the 4th and 5th LMs (Fig. 3A).

The PC1 39.2% and PC2 22% (Fig. 3B) ex-
plain the total variation of the aedeagus shaft be-
tween species. Shorter apex (Ist and 2nd LMs),
end of the Ist pair of appendages in the aecdeagus
(5th LM), basal part (11th and 12th LMs) and nar-
rowing at the width (7-10 LMs) are the factors af-
fecting PC1 min. Narrowing in the apex, elonga-
tion at the end of the first pair of appendages of
the aedeagus, widening of the width, and elonga-
tion in the basal are the factors affecting PC1 max.
Factors affecting PC2 min are the contraction at
the end of the 2nd pair of the appendages in the
aedeagus (6th LM), narrowing and contraction in
the width, and a wider angle at the basal. Factors
affecting PC2 max are elongation at the end of the
2nd pair of appendages in the aedeagus, widened
and elongated width, and a narrower angle at the
basal part (Fig. 3B).

Table 1. Procrustes ANOVA results (F: Goodall’s F, CS: Centroid size, Bolded: Significant difference), genital plate
and aedeagus sample number respectively; Cercopis intermedia N: 8 / 15, Cercopis vulnerata N: 15 / 20.

Dataset F p-value Pillai tr. p-value
CS 6.74 0.01
Aedeagus
Shape 56.97 <.0001 0.98 <.0001
. CS 0.07 0.8
Genital Plate
Shape 7.25 <.0001 0.92 <.0001
] A .
"’ \\:’/ ) j’f z : /
" /,-"‘ \_ \ /_."
S 4 \
D \ \

C. vulnerate C. intermedia

C. intermedia C. vulnerata

Fig. 2. Genital plate (A) and aedeagus (B) boxplots of CS (Cercopis intermedia and Cercopis vulnerata).
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Fig. 3. Genital plate (A) and aedeagus (B) PCA and min-
imum-maximum effect of PC1-2 (Cercopis intermedia
and Cercopis vulnerata).

Table 2. CVA results for acdeagus and genital plate (Mah.
Dist.: Mahalanobis distance, Proc. Dist.: Procrustes dis-
tance, Perm. p: Permutation p value, Bolded: Significant
difference.).

Groups Cercopis ")ulnerata' / Cercopis
intermedia
Mabh. Dist./Perm. p | Proc. Dist./Perm. p
Aedeagus 12.5771/<.0001 0.1400/<.0001
Plate 6.8700/<.0001 0.0665/<.0001

Table 3. DFA results for aedeagus and genital plate (T
T-square, Param. p: Parametric p values, Perm. p: Permu-
tation p value.).

Groups | Cercopis vulnerata / Cercopis intermedia
Perm. p (T¥
2
T Param. p Proc.)
Aedeagus | 1355.8641 <.0001 | <.0001/<.0001
Plate 246.2427 <.0001 | <.0001/<.0001

Frequency

Frequency

Fig.4. DFA plot and shape differences of the genital plate
(A) and aedeagus (B) of the species (Ci: Cercopis inter-
media and Cv: Cercopis vulnerata).

The results of the canonical variance analysis
of the aedeagal shaft (aedeagus) and plate reveal
that species are clearly separated. The p values of
the Mahalanobis and Procrustes distances show that
the differences are significant (Table 2).

The results of the discriminant function analy-
ses of the aedeagus and genital plate indicate that
species are clearly discriminated. The parametric p
value of T? and permutation p value of T? and Pro-
crustes distances show that the differences were sig-
nificant (Table 3, Fig. 4).

In C. vulnerata, the genital plate is wider and
shorter. Between the 1st and 3rd LMs is longer, be-
tween the 4th and 5th LMs is shorter and between
1-3 LM and 4-5 LM there is less concavity (Fig. 4).
In C. vulnerata, the aedeagus shaft is wider, the end
of the 1st pair of the aedeagus (5th LM) is longer,
and the bases of the 1st and 2nd pairs of the aedea-
gus (3rd and 4th LMs) are closer to the apex. The
basal tip is longer and more broadly angled (Fig. 4).

Discussion

Morphological variation has long served as a cor-
nerstone in insect taxonomy and systematics. How-
ever, traditional morphometric approaches often fall
short in capturing subtle shape differences, particu-
larly among closely related species or populations
with cryptic morphological traits. In recent decades,
geometric morphometrics (GM) has emerged as a
powerful tool for quantifying and visualising shape
variation in biological structures with high precision
and statistical rigor (Pretorius & Scholtz 2001). GM
has been increasingly adopted in systematic studies
to assess morphological differentiation among taxa
(Adams et al. 2004, Bortstler et al. 2014, Saiwichai et
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al. 2023, Laojun et al. 2024). Unlike linear morpho-
metrics, GM retains geometric relationships among
landmarks, allowing for a more accurate representa-
tion of shape changes. This method is particularly
valuable in visualising morphological variation and
testing hypotheses of taxonomic distinction (Mu-
tanen & Pretorius 2007, Bai et al. 2014, Nugroho
et al. 2020). Various anatomical structures have
been investigated using GM in insects, including the
head, pronotum, thorax, mandibles, and reproduc-
tive organs (Pretorius & Scholtz 2001, Polihrona-
kis 2006, Romiti et al. 2017, Sarikaya et al. 2019,
Tanyeri et al. 2025). In beetle systematics, GM has
played a significant role in clarifying species bound-
aries where external morphology provides limited
resolution (Smith-Pardo et al. 2025). Notably, the
analysis of male and female genitalia, often con-
sidered taxonomically informative structures, has
become increasingly common. Beyond Coleoptera,
GM applications in Hemiptera have demonstrated
its versatility. Studies have utilised this method to
differentiate wing shape and venation patterns, as
well as to assess variation in sexual organs (Gumiel
etal. 2003, Campos et al. 2011, Li et al. 2017). Wing
geometry has proven effective in addressing taxo-
nomic challenges, such as distinguishing 11 mosqui-
to species within the genus Anopheles (Jaramillo-O
et al. 2015). When combined with DNA barcoding,
wing geometry has also been proposed as a novel
approach for differentiating morphologically similar
mosquito species in the genus Armigeres (Diptera:
Culicidae) (Laojun et al. 2024). These findings col-
lectively underscore the method’s utility in both in-
terspecific and intraspecific analyses.

Despite its widespread application in other in-
sect orders, the use of GM analyses in Hemiptera re-
mains relatively limited. Existing studies primarily
focus on wing patterns and male genital structures
within certain families (Gumiel et al. 2003, Campos
etal. 2011, Li et al. 2017).

To overcome the limitations of morphology-
based taxonomy, recent research has emphasized
integrative approaches that combine multiple lines
of evidence. For instance, Bluemel et al. (2014)
employed a combination of vibration signals, mi-
tochondrial DNA, and aedeagus morphology to
delimit species within the taxonomically complex
genus Aphrodes (Hemiptera: Cicadellidae). Their
work highlights the value of incorporating behav-
ioural, genetic and morphological data in taxonomic
decision-making, particularly in groups with subtle
interspecific differences. These developments un-
derscore the need for further application of GM and
integrative methods in Hemiptera to improve the
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resolution of species boundaries and better under-
stand evolutionary relationships within the group.
In this study, shape analyses of the aedeagus
and genital plate revealed clear interspecific differ-
ences. Aedeagus size differed significantly between
species (p = 0.01), whereas genital plate size did not
(p = 0.8). Principal Component Analysis explained
62.2% of the total variation for the genital plate and
61.2% for the aedeagus, with shape changes associ-
ated with landmark elongation, shortening, and wid-
ening. Canonical variance and discriminant func-
tion analyses confirmed clear species separation. In
Cercopis vulnerata, the genital plate was shorter and
wider, with reduced concavity between landmarks
1-3 and 4-5, while the aedeagus shaft was wider,
with a longer apex, extended first pair appendages,
and a broader, longer basal tip. These results indicate
that both aedeagus and genital plate morphometrics
are highly informative for species discrimination.
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