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Figure 2. Comparison of morphometric indices among three Balkan water frog species (genus Pelophylax) and central-European
P, ridibundus. * - p < 0.05, ** — p < 0.005, *** - p < 0.0005, ns — not significant.
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Table 4. Differences between water frog species (genus Pelophylax) in morphometric indices revealed by ANOVA and Tukey HSD post-
hoc tests with statistically significant values in bold. S - Significance, * - p < 0.05, ** - p < 0.005, *** - p < 0.0005, ns - not significant.

Species 1 Species 2 Sex Variable p value S Species 1 Species 2 Sex Variable p value S

P epeiroticus P, shqgipericus Males  L/F 1.00 e*” ns P epeiroticus P, shqipericus Females L/F 1.00 e* ns
P, epeiroticus  P. shgipericus Males  L/T 299 ¢! ns P. epeiroticus P, shqipericus Females L/T 271 e' ns
P. epeiroticus P, shqipericus Males  L/DP 1.61 e' ns P. epeiroticus P, shqgipericus Females L/DP 7.00 ' ns
P. epeiroticus P, shqipericus Males L/CINT 5.37 ¢! ns P. epeiroticus P, shqipericus Females L/CINT 1.48 e* *

P epeiroticus  P. shqipericus Males  F/T 2.03 e’ ns P epeiroticus P, shqipericus Females F/T 1.26 ¢! ns
P. epeiroticus P, shgipericus Males T/CINT 9.34 e’ ns P, epeiroticus P, shgipericus Females T/CINT 1.55e! ns
P. epeiroticus P, shqgipericus Males DP/CINT 1.79 ¢! ns P epeiroticus P, shgipericus Females DP/CINT 1.49 e *

P, epeiroticus  P. kurtmuelleri Males  L/F 1.36 12 *** P epeiroticus P kurtmuelleri Females L/F 5.29 10X+
P, epeiroticus ~ P. kurtmuelleri Males  L/T 6.68 13 *** P epeiroticus P kurtmuelleri Females L/T 8.66 !> ***
P epeiroticus P kurtmuelleri Males ~ L/DP 9.09 e12 ¥+ P, epeiroticus  P. kurtmuelleri Females L/DP 1.05 e* ***
P epeiroticus P kurtmuelleri Males  L/CINT = 9.26 e *** P, epeiroticus P kurtmuelleri Females L/CINT = 1.91 e'2***
P. epeiroticus  P. kurtmuelleri Males  F/T 7.04 e P. epeiroticus P, kurtmuelleri Females F/T 7.50 e12 0
P, epeiroticus P kurtmuelleri Males ~ T/CINT 6.92 e? ns P, epeiroticus P kurtmuelleri Females T/CINT 1.25e3 **
P, epeiroticus P kurtmuelleri Males ~ DP/CINT 7.06 e'> *** P. epeiroticus P, kurtmuelleri Females DP/CINT 2.70 e ***
P. kurtmuelleri P. shqipericus Males  L/F 7.89 13 ¢ P kurtmuelleri P. shqipericus Females L/F 1.64 e® ***
P. kurtmuelleri P. shqipericus Males  L/T 6.68 e!? *** P, kurtmuelleri P. shqipericus Females L/T 4.15 el Xxx
P, kurtmuelleri P. shqipericus Males  L/DP 3.88 e® ¥** P, kurtmuelleri P. shqipericus Females L/DP 1.09 e? *

P, kurtmuelleri P. shqipericus Males L/CINT 4.26 e® *** P, kurtmuelleri P. shqipericus Females L/CINT 6.23 e® ***
P. kurtmuelleri P. shqgipericus Males  F/T 4.59 12+ P. kurtmuelleri P. shqipericus Females F/T 3.57 e® ¢
P. kurtmuelleri P. shqipericus Males T/CINT 2.33 e’ ns P. kurtmuelleri P. shqipericus Females T/CINT 5.24 ¢! ns
P. kurtmuelleri P. shqgipericus Males ~ DP/CINT 1.33 e! *** P. kurtmuelleri P. shqgipericus Females DP/CINT 1.25 e® ***
P kurtmuelleri P. ridibundus Males  L/F 9.15¢3 ** P. kurtmuelleri P. ridibundus Females L/F 5.39 e? ns
P, kurtmuelleri P. ridibundus Males L/T 7.31 e13 ¢ P kurtmuelleri P. ridibundus Females L/T 2.07 e7 **
P, kurtmuelleri P. ridibundus Males  L/DP 9.59 ¢! ns P kurtmuelleri P. ridibundus Females L/DP 1.00 e* ns
P, kurtmuelleri P. ridibundus Males L/CINT 5.71 e® *** P kurtmuelleri P. ridibundus Females L/CINT 1.49e? *

P, kurtmuelleri P. ridibundus Males F/T 5.87 e® *** P, kurtmuelleri P. ridibundus Females F/T 8.32 ¢ ***
P kurtmuelleri P. ridibundus Males T/CINT 2.18e? * P, kurtmuelleri P. ridibundus Females T/CINT 4.51e' ns
P kurtmuelleri P. ridibundus Males  DP/CINT 3.73 e® *** P. kurtmuelleri P. ridibundus Females DP/CINT 3.50 e *

Lateral spots were usually present, dark grey or black,
always with diffused edges. Yellow pigment is present
on the margins of the ventral side. Legs were dorsally
green or yellowish with olive, dark grey, or black irregu-
lar spots. These spots were transversal and merged or are
separated (Fig. 8B). The ventral side was uniformly white
to creamy, sometimes with grey or brown marbling. The
ventral part of the thighs was uniformly white to creamy
or covered by marbling (Fig. 9B). The metatarsal tuber-
cle was predominantly very small and low and either the
shape of a scalene triangle or oblique. Orange or yellow
pigment was characteristically present in the foot web-
bing (Fig. 7B).

In P. kurtmuelleri (Fig. 6), the dorsal part of the body
was green to olive green or brown. Green colouration was
usually situated in the anterior part of the body; the poste-
rior part was usually brown or grey. Brown, grey or black,
mostly irregular spots were distributed over the dorsal
part, uniformly coloured individuals were rare. A yellow
or light green mid-dorsal stripe was present in the major-

ity of individuals. Dorsolateral folds were clearly visible,
often distinguishable from the surrounding skin by a dis-
tinct colour. Tympana were olive, bronze, brown, or rare-
ly green, with a paler centre. Vocal sacs in males were ol-
ive, grey, or dark grey (Fig. 7C). Lateral sides have a lighter
tint compared to the dorsum and usually many irregular
solitaries or merged black spots with sharp (not diffused)
edges. Hind legs were usually olive or brown with dark-
er transversal spots in the anterior part and merged dots
in the posterior part, forming a web-like pattern. Yellow
pigment was absent (Fig. 8C). The ventral side was mainly
white without any pattern, rarely with brown or dark grey
spots situated between the forelegs, in the mandibular area,
or across the whole belly. The ventral side of the legs was
predominantly white and spotless (Fig. 9C). The metatarsal
tubercle was low but higher than in P, epeiroticus, and ei-
ther triangular, or oblique. The foot webbing lacks any yel-
low or orange pigmentation (Fig. 7C). Table 5 characterizes
the Balkans species living in sympatry for their identifica-
tion in the field.
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Discussion

Proper taxon identification is a prerequisite of any biologi-
cal study, with morphological and morphometric charac-
ters being the first to be examined. Univariate (ANOVA)
and multivariate (DAPC) analyses of water frogs from
the southwestern Balkans revealed substantial differenc-
es between the sympatric species pairs, P kurtmuelleri/
P shqipericus, and P. kurtmuelleri/P. epeiroticus. The most
useful characteristics for the species identification are mor-
phometric indices L/CINT, T/CINT, L/T, and DP/CINT.
Key morphological characters for identifying P. epeiroticus
are the presence of yellow pigment in the flanks, venter,
groins and thighs; lateral spots absent or with diffused edg-
es and a small metatarsal tubercle. Similar characters also
fit to P. shqipericus, with exception of the metatarsal tuber-
cle, which is bigger and higher compared to P. kurtmuel-
leri. On the other hand, yellow pigment in P. kurtmuelleri
is usually absent; lateral spots with sharp edges are present
and finally, the metatarsal tubercle is bigger compared to
P, epeiroticus, but smaller than in P. shgipericus. Such data
extends the previous allozyme and immunological mark-
ers (Hotz & UzzeLL 1982, HoTz et al. 1987), or bioacous-
tic parameters (species-specific differences in mating calls;
SCHNEIDER et al. 1984, 1993) for species identification. The
advantage of our morphological and morphometric indi-

A B

DA eigenvalues

Pelophylax epeiroticus
« Pelophylax kurtmuelleri
* Pelophylax ridibundus

Pelophylax shqipericus

ces is their applicability where no molecular analyses are
available, allowing for non-invasive field identification.
The availability of identification markers may significantly
help in potential sympatric populations to revise species
distribution ranges and aid in species conservation.

Validity of morphometric and morphological tools
to differentiate water frog species

Our study on a number of species across a wide distribution
range confirmed a general validity of morphometric indices
obtained by Hotz & UzzELL (1982) and HoTz et al. (1987)
from Montenegro and SCHNEIDER et al. (1984, 1993) from
Greece. The only exceptions were indices, where CINT was
involved. Our more extensive sampling shows that the val-
ues T/CINT and L/CINT in P, shqipericus and P. kurtmuel-
leri, and T/CINT and DP/CINT in P. epeiroticus were high-
er than the values presented in the aforementioned studies.

According to ANOVA, the most significantly different
indices between the species pairs were L/T, L/CINT, and
DP/CINT for P. epeiroticus and P. kurtmuelleri, as also pro-
posed by SCHNEIDER et al. (1984), and L/T, L/E F/T and
DP/CINT for P. shgipericus and P. kurtmuelleri. ANOVA
results are corroborated by multivariate analyses. In gen-
eral, a multivariate approach revealed considerable overlap
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Figure 3. Discriminant analysis of principal components (DAPC) based on morphological (A) and microsatellite markers (B). Both
analyses were carried out for all three (microsatellites) or four (morphological markers) species (upper panels) and subsequently for
sympatrically living species pairs (lower panels). The position of hybrid individuals is displayed. A specimen MIK_3277 was identified

as a hybrid only in a Bayesian analysis (see Results).
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Figure 4. Variability of colour pattern in Pelophylax shqipericus from Nishaj, Albania (A, B, C); Velipojé, Albania (D, E, E); Virpazar,
Montenegro (G) and Divjaké, Albania (H).
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Figure 5. Variability of colour pattern in Pelophylax epeiroticus from Igoumenitsa, Greece (A, B); Ioannina, Greece (C, D, E); Corfu,
Greece (F); Kalogria, Greece (G) and Stjar, Albania (H).
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Figure 6. Variability of colour pattern in Pelophylax kurtmuelleri from Pogem, Albania (A, B); Qazim Pali, Albania (C, D); Shkalla,
Albania (E); Mbrostar, Albania (F), Velipojé, Albania (G) and Perbreg, Albania (H).
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among all species after the analysis of principal components
(PCA). However, after the following DAPC, syntopically
living P. kurtmuelleri/P. shqipericus or P. epeiroticus seem to
be more separated in morphospace than other species pairs.
The morphological differentiation between the Europe-
an water frog species is relatively narrow despite their deep
phylogenetic divergence and high genetic differentiation
as we also show from the studied regions. The valued dis-
crimination characters are differences in the length of the
body, hind legs, the first toe, and the metatarsal tubercle, as
well as the head shape, the shape of the metatarsal tubercle
and colouration (GOUNTHER 1990, PLOTNER 2005). Thus,
the water frog species are rather challenging to correctly
identify in the field, and this holds for the southwestern
Balkans as well (e.g. SzaBOLCS et al. 2017). So, how to dif-
ferentiate between sympatric P. kurtmuelleri/P. epeiroticus,
and P. kurtmuelleri/P. shqipericus individuals correctly?

Species and hybrid identification in the field

According to our observations, P. epeiroticus differs from
P kurtmuelleri (Supplementary Figure S3) in the follow-
ing traits: the presence of the yellow pigment in the groin,
flanks, belly edges and upper as well as lower parts of the

thighs, lateral spots are absent or, if present, with diffused
edges, yellow or orange feet webbing, and a very small
and oblique metatarsal tubercle. Moreover, vocal sacs of
P, epeiroticus males are usually darker when compared to
P, kurtmuelleri.

In morphometry, the best indices separating these two
species are L/T (P. epeiroticus > 2, P. kurtmuelleri < 1.9),
L/CINT (P, epeiroticus > 23.7, P. kurtmuelleri < 15.8), and
DP/CINT (P, epeiroticus > 3.5, P. kurtmuelleri < 2.9). These
findings agree with other authors (HoTz & UzzELL 1982,
SCHNEIDER et al. 1984, SPEYBROECK et al. 2016). Addition-
ally, P. epeiroticus should have a shorter tibia and femur
(Hotz & UzzELL 1982), which is also evident in our data.
On the other hand, we cannot confirm the unique green
tympana colouration suggested by SCHNEIDER et al. (1984)
as our observations also included P, epeiroticus individuals
with bronze tympana, or even a combination of both.

Comparing another syntopically living species pair,
P, shgipericus and P. kurtmuelleri, the best discriminative
characteristics for P. shgipericus are yellow pigmentation
in the groin, flanks, belly edges and on the thighs, lateral
spots with diffused edges or absent, pronounced yellow or
orange colouration of feet webbing, a relatively high and
usually triangular metatarsal tubercle, and light greyish or
greenish colouration of vocal sacs of males. The best indi-

Figure 7. The shape of the metatarsal tubercle, vocal sacs colouration and the colouration of the foot webbing of Pelophylax shqipericus
(A), P, epeiroticus (B) and P. kurtmuelleri (C).
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Figure 8. A pattern of lateral spots and yellow pigment in venter margins and upper thighs of Pelophylax shqipericus (A), P. epeiroticus
(B) and P. kurtmuelleri (C).

Figure 9. A ventral pattern and colouration of Pelophylax shqipericus (A), P. epeiroticus (B) and P. kurtmuelleri (C).
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Table 5. Comparison of morphometric indices and qualitative morphological traits between sympatrically living species of water-frogs
(genus Pelophylax) from the southwestern Balkans. ' — external morphological characteristics according to SPEYBROECK et al. (2016).

Characteristics P. epeiroticus P, kurtmuelleri P. shqgipericus P. kurtmuelleri
L/T >2.0 <19 >2.0 <18

L/CINT > 23.7 < 15.8 > 23.7 <17.7
T/CINT overlapped values overlapped values > 12,5 <88
DP/CINT > 35 <29 > 3.5 <24

Ventral colouration
(Fig. 8)

Yellow pigment
(Fig. 7)

Lateral spots

(Fig. 7)

Shape and size of the
metatarsal tubercle
(Fig. 6)

Foot webbing
colouration (Fig. 6)

Vocal sacs colour
(Fig. 6)

Head shape!
Skin!

Heel joint when leg
pulled forwards!

Thigh colour during

Uniformly white or
creamy or with dark
marbling

Present in flanks, groins,
venter, upper and lower
thighs

Absent or with diffused
edges

The shape of scalene
triangle or oblique;
usually very low and
small

Yellow to orange

Dark grey, dark olive,
black

Darker than in
P, kurtmuelleri

Uniformly white or with
dark spots, which can be
situated over the belly
or in the lower jaw and
thighs

Usually absent, rarely in
upper thighs

Present, with sharp edges

Triangular or oblique;
low and small, but higher
and larger than in

P. epeiroticus

Olive, brown or dark
grey
Olive, grey, dark grey

Medium length and blunt Long with a sharp snout

Smooth
Reaches the eyes

Yellow-spotted

Rough with warts and
ridges

Reaches beyond the eyes,
usually beyond the snout
Grey or white-spotted,

Usually white or
yellowish-white, rarely
with diffused dark spots

Present in flanks, groins,
venter, upper and lower

thighs

Absent or with diffused

edges

Mostly triangular, rarely
oblique; higher

Yellow to orange

Light grey or olive green

Lighter than in
P, kurtmuelleri

Uniformly white or with
dark spots, which can be
situated over the belly
or in the lower jaw and
thighs

Usually absent, rarely in
upper thighs

Present, with sharp edges

Triangular or oblique;
lower

Olive, brown or dark
grey
Olive, grey, dark grey

Medium length and sharp Long with sharp snout

Smooth

Rough with warts and
ridges

Reaches beyond the eyes, Reaches beyond the eyes,
usually beyond the snout usually beyond the snout

Yellow-spotted

Grey or white-spotted,

breeding period* rarely yellow

rarely yellow

ces to distinguish between the species are L/T (P, shgiperi-
cus > 2.0, P kurtmuelleri < 1.8), L/CINT (P. shgipericus
> 23.7, P kurtmuelleri < 17.7), T/CINT (P. shqgipericus > 12.5,
P. kurtmuelleri < 8.8) and DP/CINT (P. epeiroticus > 3.5,
P, kurtmuelleri < 2.4). Diffused lateral spots in P. shgipericus
can continue to the ventral side and form dark marbling in
contrast to P. kurtmuelleri, which has dark solid spots usu-
ally only on the jaw or thigh area, whereas the venter is uni-
formly white. SCHNEIDER et al. (1984), Hotz et al. (1987)
and SPEYBROECK et al. (2016) reported other differences
between the Balkan water frog species like an extension of
the webbing to toe tips with an indentation between, the
smoothness of the skin, shape of the head or the position
of the heel joint when the leg is pulled forward, but none of
these were measured in our study.

The morphological differentiation between P. ridibun-
dus and P. kurtmuelleri were less pronounced. All seven
measured morphometric indices to differentiate P kurt-
muelleri from the Central European P, ridibundus are cryp-
tic. However, we cannot exclude that a comprehensive
morphological analysis including more external, skeletal
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and other phenotypic characteristics would reveal a cor-
relation between phylogenetic and morphological diver-
gence and would shed light upon the taxonomy of the dis-
puted species as was recently applicable, for instance, to
the morphologically uniform bufonid genus Bufotes (Du-
FRESNES et al. 2019).

Morphometric indices had a low-resolution power
for identify hybrids among the Balkan water frog spe-
cies. For instance, a hybrid MIK3160 possessing 69.9% of
P, shgipericus genome and 30.1% P. kurtmuelleri clearly fell
to the centroid of P. kurtmuelleri in a morphological DAPC
analysis (Fig. 3A.). However, the same individual showed
an intermediate position in a DAPC analysis of microsat-
ellite markers, corroborating results of the Bayesian analy-
sis (Fig. 3B). Similarly, a hybrid MIK3277 possessing two
thirds of its genome from P, kurtmuelleri and the rest from
P epeiroticus was assigned to the P. kurtmuelleri centroid
in both DAPC analyses. Two other Pelophylax kurtmuel-
leri x P. epeiroticus hybrids (MIK3233 and MIK3309) also
showed an intermediate position in a multivariate space in
DAPC analyses, however, only microsatellite markers sep-
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arated them clearly from putative pure parental individu-
als. Therefore, a hybrid identification based solely on mor-
phometry may lead to an inaccurate estimation of popu-
lation structure, which is also evident in other amphibian
taxa (e.g. LEHTINEN et al. 2016, ARNTZEN et al. 2018). For
detection of hybrids we advocate using nuclear molecular
markers, including microsatellites and SAI-1. However, the
length variability of the SAI-1 fragments examined on the
agarose gel alone may not be sufficient, as shown by the
example of the P. kurtmuelleri female from Pogem (Alba-
nia). This individual possessed SAI-1 fragments of ~720 bp
and ~840 bp. The first fragment was specific for P kurt-
muelleri and the second one resembled the fragment spe-
cific for P. epeiroticus, indicating that this female is a hybrid
between these two species. The sampling locality Pogem is,
however, far northward from the P. epeiroticus range limit.
Sequencing of the ~840 bp fragment and its comparison
with other sequences using BLAST and a parsimony net-
work showed that this fragment revealed the highest nucle-
otide similarity with SAI-1 sequences from P. ridibundus.
The occurrence of the P. ridibundus-specific SAI-1 allele in
the genome of P. kurtmuelleri might be a consequence of
the ancestral polymorphism or historical hybridization be-
tween P. kurtmuelleri and P. ridibundus. Similarly, P. kurt-
muelleri-specific alleles were found for instance in Poland,
far away from the supposed range of P. kurtmuelleri (Ko-
LENDA et al. 2017).

Conclusion

The accurate identification of water frogs in the southwest-
ern Balkans might be a challenging objective due to sub-
stantial morphological variability, interspecific hybridiza-
tion, and sympatric occurrence. Despite these challenges,
the most useful characteristics for the identification of the
studied Balkan species are morphometric indices L/CINT,
T/CINT, L/T, and DP/CINT, and qualitative traits like col-
ouration and the size and shape of the metatarsal tubercle.
Because some of these field markers may overlap between
species when used for a taxon identification independently,
both morphometric and morphological markers are nec-
essary and recommended. Morphological markers are not
suitable for the identification of hybrids where the applica-
tion of genetic markers is necessary.
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