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MORPHOLOGICAL VARIATION IN BROWN FROGS FROM THE
CAUCASUS AND THE TAXONOMY OF THE RANA
MACROCNEMIS GROUP
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School of Biological Sciences, Brambell Building, University of Wales, Bangor, LL57 2UW, UK

ABSTRACT: Multivariate analysis of body proportions, skin texture, and coloration characteristics
of brown frogs (Rana macrocnemis and R. camerani) from 14 Georgian populations confirms the
existence of two, geographically distinct groups of populations. Frogs in the first group (R. macroc-
nemis) are characterized by a smooth skin, a pale spotted pattern, absence of a mid-dorsal stripe,
and a small inner metatarsal tubercle. F rogs in the second group (known as R. camerani) possess
a rugose skin, a conspicuous pattern of dorsal spots, a mid-dorsal stripe with contrasting borders,
and a large metatarsal tubercle. The first group occurs in the uplands of the Great Caucasus and
other forested areas while the second group occurs in the treeless uplands of the Near East. A
stepped cline exists between them, with parallel variation in eight morphological characters. Other
characters analyzed vary independently of the cline. Fully diagnostic (fixed) morphological characters
separating the groups were not observed. Some characters previously used for taxonomic purposes
are shown to be associated with local ecological conditions. We conclude that R macrocnemis is a
single, though polytypic, species composed of two interbreeding evolutionary lineages.

Key words: Brown frogs; Caucasus; Clinal variation; Coloration; Multivariate statistics; Near
East; Rana macrocnemis; Taxonomy; Transition zone

THE brown frogs inhabiting the Near
East form a group of related taxa (Baran
and Atatiir, 1986; Green and Borkin, 1993;
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Mensi et al., 1992) that is geographically
separated from other Palearctic represen-
tatives of the subgenus Rana (sensu Du-
bois, 1993) and that we refer to as the R.
macrocnemis species group. Its distribu-
tion (Fig. 1) is restricted to the mountain-
ous regions of Anatolia, the Caucasus,
northern Iran and perhaps northern Iraq
(Baran and Atatiir, 1986; Tarkhnishvili,
1996; Tarkhnishvili and Thiesmeier, 1994;
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F1G. 1.—The approximate distribution of brown frogs of the Rana macrocnemis group in the Near East,
following Baran and Atatiir (1986), Ishchenko (1978, 1987), Tarkhnishvili (1996), and the present paper. Pie
diagrams indicate the proportion of frogs in the population with mid-dorsal stripe present (black) and absent
(white). The insert shows the study populations in Georgia, numbered 1-14 (for locality names see Table 1).

The bold line indicates the watershed of the Javakheti Plateau.

Tertishnikov et al., 1979). This group is
separated from R. arvalis Nilsson, 1842 in
the north by the southern Russian steppes
and R. temporaria Linnaeus, 1758 in the
west by the Bosporus. The only other spe-
cies of brown frog in the region is R. dal-
matina Bonaparte, 1840 which occurs in
western Anatolia (Sparreboom and Amtz-
en, 1987), and possibly all along the south-
ern coast of the Black Sea (Yilmaz, 1989).

Initially, all brown frogs from the Cau-
casus were identified as Rana temporaria
and R. dalmatina (Bedriaga, 1879; Eich-
wald, 1841; Kessler, 1878). Boulenger
(1885, 1896) described frogs from Uludag
(western Turkey) and Tiflis (= Thilisi,
Georgia) as Rana macrocnemis Boulenger,
1885 and frogs from lake Tabatskuri
(Georgia) and Tiflis as Rana camerani
Boulenger, 1896 (according to some au-
thors, R. cameranoi). For describing and
distinguishing between R. macrocnemis
and R. camerani, Boulenger (1896) used

several morphometric characters and the
presence (Rana camerani) and absence
(Rana macrocnemis) of a mid-dorsal stripe
with dark edges. A third representative of
the group, R. holtzi, was described from
the Taurus mountains in Turkey (Werner
15898). Because R. macrocnemis, R. camer-
ani, and R. holtzi are morphologically sim-
ilar, discussions on their taxonomic status
continue to the present day (Borkin, 1987
1997; Ishchenko, 1987; Kuzmin, 1996
Tarkhnishvili, 1996). These taxa are gen-
erally considered separate but closely re-
lated species within the subgenus Ranc
(Rana) (Alekperov, 1978; Ananyeva et al.
1988; Baran, 1969; Baran and Atatiir
1986; Dubois, 1993; Eiselt and Schmidtler
1971; Frost, 1985; Green and Borkin
1993; Mensi et al., 1992; Papanyan, 1961)
while others perceive the differences be
tween the forms as minor and consider ca:
merani as a subspecies of Rana macroc

nemis (Delwig, 1928; Gumilevsky, 1939
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TABLE 1.—Sampling localities and characteristics of Georgian brown frog populations. S is the percentage of

frogs possessing a bright mid-dorsal stripe.

Sample size

Locality Habitat Elevation Males Females Juveniles s

1. Gujareti Subalpine 1850 13 6 28 75

2. Tabatskuri Mountain steppe 2000 27 12 23 77

3. Mamisoni Alpine 2550 21 1 0 0

4. Gostibe Subalpine forest 1600 4 3 4 27

5. Imera Mountain steppe 1550 2 1 7 70

6. Duruji Subalpine 1950 21 1 0 0

7. Satovie Beach forest 1350 33 2 (1] 3

8. Tskhneti Hornbeam forest 950 15 2 1 6

9. Knachali Mountain steppe 1950 8 4 11 91

10. Samsari Alpine 2500 16 9 1 73
11. Kurjanchay Mountain steppe 2200 1 18 0 97
12. Batumi Deciduous forest 50 0 4 10 0
13. Goderdzi Subalpine 1950 2 4 6 8
14. Nedzura Mixed forest 1000 52 18 0 4

Ishchenko and Pyastolova, 1973; Lantz
and Cyren, 1913; Logvinenko and Pryalki-
na, 1987; Nikolsky, 1913). According to
some authors (Bannikov et al., 1977; Bod-
enheimer, 1944; Borkin, 1977; Ishchenko,
1978, 1987), neither the names R. camer-
ani nor R. macrocnemis camerani repre-
sent valid taxa.

The following information underlies the
present study. (1) Nominal taxa of brown
frogs inhabiting the Near East are genet-
ically closer to each other than to other
species of the subgenus Rana (Green and
Borkin, 1993; Mensi et al., 1992). (2) Two
groups of populations can be distinguished
that differ in the frequency of specimens
with a mid-dorsal stripe (Fig. 1). The first
group, with a high proportion of striped
specimens (>50%), inhabits treeless up-
lands of the Near East, including southern
Georgia, Armenia, northern Iraq and the
central WEA of Anatolia. The second group
in which striped specimens are rare or ab-
sent (<10%), inhabits western Anatolia,
the Great Caucasus, and the mountains
along the southern coast of the Caspian
sea (Alekperov, 1978; Baran, 1969; Baran
and Atatiir, 1986; Borkin, 1977; Lantz and
Cyren, 1913). (3) The Javakheti plateau in
southern Georgia is the northernmost
range for populations with a high propor-
tion of striped specimens (Tarkhnishvili,
1996; Tarkhnishvili and Gokhelashvili,
1996). These frogs were recognized as R.
camerani and frogs from the other parts of

Georgia were recognized as R. macroc-
nemis (Boulenger, 1885, 1896; Nikolsky,
1913).

We studied frogs from all over Georgia
with the aims of answering the following
questions. (1) Are there pronounced and
consistent morphological differences be-
tween nominal R. camerani and nominal
R. macrocnemis or, alternatively, could the
morphological variation between popula-
tions be explained by local ecological ad-
aptation? (2) If there are morphological
differences between the two taxa, is the
transition gradual or abrupt? (3) Is the
mid-dorsal stripe a taxonomically valuable
character? (4) Is R. “camerani” a separate
species?

MATERIALS AND METHODS

We obtained data on body proportions
and coloration patterns for 401 frogs (225
males, 85 females, and 91 subadults and
juveniles) representing 14 populations (Ta-
ble 1, Fig. 1). Sample size ranged from 10—
72/population. Seven populations were
from the Javakheti plateau and seven pop-
ulations from other parts of Georgia. Mea-
surements were taken from freshly sacri-
ficed adult specimens with calipers of 0.1
mm precision as follows: (1) L. = snout—
urostyle length, (2) Lc = head length, (3)
Ltc = head width, (4) Dro = distance
from eye to tip of snout, (5) Spoc = dis-
tance between the eyes, (6) Loc = diam-
eter of the eye, (7) Ltym = diameter of
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the tympanum, (8) F = femur length, (9)
T = tibia length, (10) Dp = length of the
first toe, (11) Cint = length of the inner
metatarsal tubercle (Table 2). The data
were In-transformed and the standardized
residuals of the regression of each char-
acter on snout—urostyle length was calcu-
lated, thereby reducing the number of
morphometric characters to 10. The trans-
formation was done in order to reduce the
effect of variation in individual size and to
increase the fit to the requirements for
such analysis (Sokal and Rohlf, 1995;
Thorpe and Leamy, 1983). Data for adult
males and females were analyzed separate-
ly to reduce possible effect of sexual di-
morphism. Frogs were preserved in 5%
formaldehyde and deposited as vouchers
in the collection of Tbilisi State University.

We made qualitative descriptions of col-
oration pattern and skin structure for both
adult and juvenile specimens. The follow-
ing characters were scored as present or
absent: (1) S = presence versus absence of
mid-dorsal stripe with contrasting dark
edges, (2) DC = dark brown or almost
black dorsal coloration versus olive to mid-
brown colored specimens, (3) BS = dark
and sharp dorsal spots versus no spots or
spots with vague borders, (4) R = rugose
skin versus smooth skin, (5) DT = spotted
or dark-gray throat versus unspotted white
throat, (6) DB = spotted belly versus un-
spotted belly, (7) P = presence versus ab-
sence of dark speckles on the dorsum (in-
dependently of character BS), (8) V =
presence versus absence of V-shaped spot
on the back of the head, (9) DS = pres-
ence versus absence of dorsolateral dark
stripes, (10) NS = the number of dark dor-
sal spots higher versus lower than 9, (11)
OS = oblong versus round dorsal spots,
(12) SS = dark dorsal spots placed sym-
metrically versus asymmetrically, and (13)
LS = presence versus absence of light dor-
solateral stripes (Table 3). None of these
characters displayed significant sexual or
ontogenetic differences and the data were
pooled for sex and size classes.

In order to estimate morphological dif-
ferentiation between populations, we an-
alyzed the continuous and qualitative char-
acters by principal component analysis

(PCA) using population means for each
character. For coloration characters, the
PCA was done with the mid-dorsal stripe
excluded, to avoid circularity in the inter-
pretation of the results (i.e., the stripe was
used to assign populations to one of the
two nominal taxa). The analysis was done
with the SPSS software package, version
6.1 (1994).

In the analysis of geographic variation,
populations were arranged according to
their distance from the mountain range
bordering the Javakheti plateau. Individual
PCA scores for animals collected at differ-
ent distances from the watershed were
compared using one-way ANOVA. Inter-
population differences in the arcsine-
transformed frequencies (Sokal and Rohlf,
1995) of qualitative characters were tested
by Fisher’s angular test (Fisher, 1954; Zait-
sev, 1984). Prior to the analysis, propor-
tions were arcsine-transformed, in order to
reduce the dependence of dispersion on
the mean (Sokal and Rohlf, 1995).

The association between two data sets
arranged in a matrix (e.g., geographic ver-
sus morphological distances between pop-
ulations) can be tested by a matrix corre-
spondence or Mantel test (Manly, 1986;
Smouse and Long, 1992). In this study, a
morphological difference among geo-
graphic populations was simultaneously
tested for an association with “nominal tax-
onomic group”, local ecological conditions,
and geographic proximity using a partial
regression Mantel test (Thorpe et al,
1996). This method aims to partial out the
interrelation that might exist among pat-
terns generated by the alternative hypoth-
eses. The dependent variables (morpho-
logical Euclidean distances between pop-
ulations, estimated for individual morpho-
logical characters and for multivariate
generalizations) were compared with three
independent variables: (1) the difference
between populations in the frequency of
striped specimens (i.e., the reference char-
acter identifying nominal taxa), (2) ecolog-
ical dissimilarity, expressed as the differ-
ence in elevation between populations (al-
titude in the study area varies from sea-
level to 2700 m and largely determines
local ecological conditions), and (3) geo-
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TaBLE 2—Morphometric characteristics of adult brown frogs from Georgia. Indicated are the mean (&),

standard deviation (SD), and range. Measurements are in millimetres. For population names and sample size

see Table 1. L = snout-urostyle length; Lc = head length; Ltc = head width; Dro = distance from eye to

tip of snout; Spoc = distance between the eyes; Loc = diameter of the eye; Ltym = diameter of the tym-

panum; F = femur length; T = tibia length; Dp = length of the first toe; Cint = length of the inner metatarsal
tubercle; m = males; f = females.

Site  Sex L ic Ltc Dro Spoc Loc Ltym F T Dp Cint

1 m < 7042 2033 23.01 9.26 9.05 625 441 3755 3562 820 4.39
SD 50.70 3.06 5.09 0.74 0.76 069 032 1889 1092 1.70 0.46
min  56.1 16.1 187 78 7.1 4.9 34 28.8 28.0 53 3.1
max 829 23.9 26.6 11.0 10.4 73 5.1 44.9 40.0 10.2 5.3
f 4 7242 2065 2347 9.60 893 587 4.02 3615 3597 733 435
SD 24.35 1.88 4.38 0.55 093 009 024 2234 2.73 0.15 0.06
min  64.7 18.9 20.6 8.7 7.7 5.4 3.5 29.4 34.0 6.6 4.0
max 78 22.3 26.7 10.5 10.2 6.3 4.9 42.1 38.4 76 4.7

2 m £ 62.65 19.04 20.85 8.97 809 553 384 2906 3161 7.03 381
SD 20.25 1.13 2.55 0.37 035 017 021 7.06 4.32 043 0.26
min  54.0 16.6 17.4 8.0 6.9 4.4 2.6 22.9 27.6 5.5 2.8
max 73.8 21.1 24.4 10.7 9.2 6.2 4.7 354 35.1 8.3 4.8
f £ 62.33 1823 20.39 8.78 761 510 361 2872 30.50 685 3.53
SD 17.29 091 2.66 0.35 031 018 0.19 3.97 6.93 046 0.27
min  55.5 16.5 17.1 78 6.5 4.3 31 249 23.8 5.6 2.5
max 68.1 20.0 23.1 938 8.3 5.8 4.3 33.1 33.5 78 43

3 m £ 71.88 20.12 23.64 9.61 921 623 411 3543 35.50 766 4.10
SD 4.38 0.48 0.63 0.43 045 017 029 2.68 1.79 096 0.17
min  67.0 18.9 22.3 8.5 7.0 5.7 34 32.7 32.9 5.9 3.0
max 754 21.5 25.5 10.8 10.2 7.0 5.5 39.2 37.7 10.6 4.8

f 72.4 20.4 24.3 10.1 8.3 6.3 4.1 345 33.0 76 3.7
4 m £ 59.83 18.65 21.00 8.70 805 625 393 3238 3465 740 3.60
SD 81.82 4.33 2.15 0.69 152 074 029 1944 1092 167 041

min 507 16.6 19.1 78 74 5.5 3.3 28.3 31.4 6.3 3.0

max 69.5 21.4 22.3 9.7 9.9 74 4.6 36.9 38.4 9.0 4.2
f x 71.70 20.85 24.95 9.75 9.30 625 4.25 3485 36.60 8.00 390

SD 0.18 2.20 0.40 0.41 0.02 041 0.00 1.81 0.32 0.98 0.00
min 714 19.8 24.5 9.3 9.2 58 4.2 33.9 36.2 7.3 3.9
max 72.0 21.9 25.4 10.2 9.4 6.7 4.3 358 37.0 8.7 3.9

5 m £ 6480 1845 22.40 9.20 850 6.05 3.85 3325 35.50 805 395
SD 33.62 0.00 12.50 0.18 0.18 084 013 9.24 2888 144 085

min  60.7 18.4 199 8.9 8.2 5.4 3.6 311 3L.7 72 33

max 68.9 18.5 24.9 9.5 8.8 6.7 4.1 35.4 39.3 8.9 4.6

£ 63.7 19.7 22.6 9.5 8.9 6.3 45 33.7 35.2 7.9 3.2

6 m £ 6241 1790 1831 8.73 793 597 394 3255 33.06 705 282
SD 14.44 1.14 161 0.34 012 020 012 4.53 4.08 073 0.16
min 580 16.1 16.5 7.6 7.4 5.3 3.5 29.1 30.0 5.6 2.0
max 729 20.5 22.0 9.5 85 6.9 4.7 36.9 38.2 8.5 3.6

f 66.3 17.8 19.0 9.1 8.1 6.0 4.2 315 322 82 3.1
7 m * 66.19 1961 21.19 9.35 863 658 402 3412 3681 758 3.29
SD 18.11 2.34 2.61 0.58 074 038 019 6.94 6.02 0.60 0.24

min 579 16.4 17. 7.4 7.0 5.4 3.1 29.3 30.8 5.9 2.4

max 76.1 248 23.5 11.2 10.4 75 5.1 40.3 40.7 9.2 4.1
f % 7640 2260 24.15 10.00 905 650 3.7 3545 39.70 825 3.45

SD 1458 13.52 1.12 0.50 0.12 0350 050 0.84 2.42 0.61 0.13
min  73.7 20.0 23.4 9.5 880 6.0 3.2 34.8 38.6 7.7 3.2
max  79.1 25.2 249 10.5 930 7.0 4.2 36.1 40.8 8.8 3.7

8 m «x 73.47 2077 2281 9.29 873 685 454 3850 43.05 9.53 3.96
SD 15.82 1.23 1.79 0.48 0.75 0.12 021 8.83 7.13 0.59 0.37
min  67.3 19.0 20.0 79 7.3 6.3 3.8 35.0 3838 8.5 2.7
max 828 23.1 24.7 10.1 10.0 74 5.3 45.2 48.5 10.9 4.9

o
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TABLE 2.—Continued.

Site  Sex L Lc Ltc Dro

Spoc Loc Ltym F T Dp Cint

f E 62.60 17.85 2025 8.10
SD 0.18 1.13 1.13 0.00
min  62.3 17.1 19.5 8.1
max 629 18.6 21.0 81

9 m * 59.16 18.73 20.09 8.53
SD 16.51 2.60 1.88 0.34
min  52.0 16.2 18.0 7.5
max 65.6 21.3 21.8 9.4
f x 60.53 18.35 20.48 8.55
SD 7.01 0.68 2.21 0.22
min 576 17.3 194 8.0
max 634 19.1 22.6 9.1

10 m % 58.43 1826 19.93 8.86
SD 22.42 2.29 2.59 0.38
min  50.6 157 17.0 7.7
max  65.1 20.6 22.5 9.8
f z 64.18 19.48 21.52 9.12
SD 25.88 1.59 6.24 0.65
min  55.6 17.5 18.3 8.1
max 70.5 21.3 25.1 10.1

11 m % 5489 17.77 20.08 8.71
SD 5.38 0.98 0.89 0.41
min  51.0 15.7 18.1 71
max  58.0 189 21.5 9.5
f x 56.53 18.07 2049 8.72
SD 28.85 1.61 4.98 0.30
min  49.1 16.0 17.0 7.6
max 65.9 20.1 24.5 10.1

12 f x 59.80 18.83 20.13 9.10
SD 1.19 0.96 0.74 0.01
min  59.1 17.6 19.0 9.0
max 614 20.0 21.1 9.2

13 m % 54.45 17.10 18.25 8.20
SD 49.00 2.42 3.13 0.98
min  49.5 16.0 17.0 75
max 594 18.2 19.5 8.9
f z 57.80 1723 19.13 8.33
SD 22.80 0.67 2.68 0.97
min  51.2 16.2 17.1 72
max 61.6 18.1 20.6 9.2

14 m # 69.26 19.61 21.11 8.92
SD 13.81 1.19 2.25 0.28
min  60.5 167 1811 77
max  79.2 22.9 25.0 10.2
f x 69.81 19.77 21.37 8.77
SD 36.00 1.46 3.87 0.54
min  55.2 17.9 18.1 7.3
max 77.6 22.1 25.2 10.1

800 595 280 3140 33.15 785 3.25
002 013 0.02 0.32 0.00 025 041
79 5.7 2.7 31.0 33.1 75 28
8.1 6.2 2.9 31.8 33.2 82 3.7

825 590 403 2971 3161 661 3.63
037 022 0.02 4.40 3.38 043 037
7.7 5.0 3.9 26.9 279 6.0 3.0
9.1 6.5 4.3 32.5 33.6 77 5.0
820 578 3.80 29.60 30.78 695 3.45
113 011 0.05 6.27 3.68 022 0.16
74 5.4 360 272 29.1 6.5 3.1
9.7 6.2 4.0 33.0 33.5 7.6 4.0

772 607 408 2978 3272 698 3.63
045 020 013 1296 10.79 077 0.30
70 52 3.5 21.7 26.0 5.7 2.6
9.2 7.0 5.0 34.9 38.5 8.4 4.6
822 618 414 31.57 3272 7.14 3.60
088 010 030 11.00 6.17 0.75 0.18
71 5.7 3.4 25.6 27.8 6.0 3.1
10.3 6.6 5.1 35.0 35.5 8.5 4.1

759 593 360 2731 2883 635 3.48
0.55 0.05 0.18 3.04 2.84 0.27 0.27
6.0 5.6 2.9 25.5 26.5 5.5 2.9
8.6 6.3 4.4 29.7 31.7 7.0 4.5
764 570 369 2728 2840 641 3.46
080 035 0.12 9.25 4.46 046 0.12
6.1 4.9 3.1 21.7 247 5.3 3.0
9.1 6.8 4.2 32.6 32.2 74 4.0

893 6.55 385 3273 3488 7.30 3.23
036 023 025 2.55 1.62 0.03 0.06
8.1 6.1 3.3 31.7 33.1 7.1 3.1
9.5 71 4.5 35.1 36.1 75 3.6

770 530 400 2550 29.10 6.40 3.05
2.00 018 050 2888 32.00 0.50 041
6.7 5.0 3.5 21.7 25.1 5.9 2.6
8.7 5.6 4.5 29.3 33.1 6.9 3.5
795 548 403 2718 28.18 6.50 3.08
042 020 0.08 5.42 8.09 021 024
74 5.1 3.6 23.7 254 5.9 2.6
8.8 6.1 4.2 28.5 31.1 6.9 3.7

899 640 408 3573 4045 834 383
044 027 017 6.09 9.68 0.76 028
7.2 5.1 3.0 30.5 33.9 6.0 29
103 75 4.8 41.1 459 10.0 4.9
879 652 387 3364 3726 772 385
063 081 024 652 11.54 119 044
72 55 3.2 28.0 28.1 5.0 2.5
10.0 9.6 5.0 37.3 41.1 9.2 4.9

graphical distance. The software used was
R. S. Thorpe’s version of the Mantel-test,
originally written by B. Manly (1986). The
sequential Bonferroni correction proce-
dure (Rice, 1989) was applied in correla-
tion tables across rows to adjust for the
testing of multiple hypotheses. The

strength of association between frequen-
cies of qualitative variables was expressed
with Spearman’s nonparametric correla-
tion coefficient (r,). This was done sepa-
rately for localities close to the Javakheti
orogenic border (<25 km) and for popu-
lations further away (>25 km). Sets of r,
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TABLE 3.—Percent frequencies of qualitative characters observed in Georgian brown frogs. For population

names and sample size see Table 1. S = light mid-dorsal stripe; DC = dark dorsal coloration; BS = sharp-

edged dorsal spots; R = rugose skin; DT = spotted throat; DB = spotted belly; P = dark speckles on dorsum;

V = V-shaped spot on the back of the head; DS = dorso-lateral dark stripes; NS = dorsal dark spots count;
OS = dorsal spot shape; SS = dorsal spots orientation, and LS = dorso-lateral light stripes.

Site S DG BS R DT DB P v DS NS 0s sS LS
1 75 28 68 10 6 0 0 2 0 36 26 19 21
2 T 15 89 37 21 35 0 0 0 19 50 0 35
3 0 0 19 19 62 24 0 19 0 19 24 0 0
4 27 10 70 60 10 0 0 20 0 40 30 10 10
5 70 0 50 50 0 20 0 10 0 40 30 10 90
6 0 5 40 0 9 14 0 23 0 14 9 0 5
7 3 9 59 29 37 0 0 0 0 3 11 0 17
8 6 11 78 11 28 17 0 0 0 11 17 72 11
9 91 0 74 91 17 0 13 0 0 22 43 35 61
10 70 27 7 85 42 0 4 8 8 42 62 54 54
11 7 14 76 79 24 0 10 0 0 10 83 90 76
12 0 7 13 60 60 0 0 40 13 0 13 13 0
13 8 8 17 8 83 8 0 17 0 8 25 25 0
14 4 37 14 10 29 0 3 4 9 6 13 7 23

values were compared by the ¢-test for
paired samples.

RESULTS

The raw morphometric and qualitative
measurements are summarized in Tables 2
and 3.

Principal Component Analysis

The second and third principal axes for
body proportions, together with the first
principal component axis for coloration
pattern, separated the populations from
the Javakheti plateau and populations from
the rest of Georgia (Fig. 2). Especially
clear is the separation between males from
these two areas. The second axis for body
proportions was dominated by the length
of the first toe and the length of the inner
metatarsal tubercle, and the third axis by
head length and head width. High loadings
on the first axis were observed for the di-
ameter of the eye and tympanum. This
axis, however, did not help to distinguish
between populations from different geo-
graphic areas. The highest loading on the
first principal axis for coloration pattern
was observed for the character “oblong
spot shape” (Table 4).

Analysis of Clinal Variation

Marked differences were observed in
the percentage of striped frogs around the

geographic borders of the Javakheti pla-
teau. The frequency of seven other char-
acters also varied across this region. The
pattern of spatial variation became clear
when the populations were pooled into
four groups, according to their geographic
distance from the plateau (Fig. 3). Com-
parisons between groups of populations at
either side of the watershed (i.e., groups
B and C as defined in the legend of Fig.
3) demonstrated a significant difference
for most characters, (metatarsal tubercle
and frequency of striped specimens, P <
0.001; spot orientation and skin type, P <
0.01; presence/absence of speckles, sharp-
edged spots and dorsolateral stripes, P <
0.05). The mean values of individual
scores along the first principal axis signifi-
cantly decreased with the distance from
the Javakheti plateau both for body pro-
portions and coloration characters (one-
way ANOVA; P < 0.001 for both sets of
data), although individual scores showed
substantial overlap for different geograph-
ic areas (Fig. 4A,B).

Mantel Tests

The statistical probabilities of associa-
tion between morphological distance and
“taxonomy”, geographic distance and
“ecology” are presented in Table 5, for
each of the morphological characters. Six
characters were significantly associated
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FIG. 2—Multivariate analysis of body proportions by principal component analysis in brown frogs from
Georgia: (a) males, (b) females. The x- and y-axis represent the second and third principal component axis
for the body proportion characters, while the z-axis represents the first principal axis for the coloration pattern
characters. The axes are in arbitrary units. Populations from the Javakheti plateau (solid dots) are positioned
in the deep and upper part of the figures, away from populations from the rest of Georgia (open dots). Note
that the first axis for body proportions (not shown) reflects variability in the size of the eye and tympanum,
which characters do not help to explain the observed variation in a taxonomically relevant manner.

with taxonomy. Nominal R. camerani,
apart from a dorsal stripe, possessed a sig-
nificantly larger inner metatarsal tubercle,
a longer first toe, and more frequently had
a rugose skin, oblong dorsal spots, light lat-
eral stripes and a speckled dorsum, than
nominal R. macrocnemis. Characters sig-
nificantly associated with ecology were the
diameter of the eye and the tympanum.
Frogs living at high altitudes had a smaller
tympanum and smaller eyes than their low

altitude counterparts. No characters were
significantly associated with geographical
distance between populations (Table 5).

Correlation between the Coloration
Characters

The values of Spearman’s correlation co-
efficient (r,) between the frequencies of
seven qualitative characters displaying a
stepped clinal variation ranged from 0.26—
0.88 (£ = 0.54). For populations at large
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TABLE 4.—Percent variance explained and scores of the first three axes of a principal component analysis for
(a) body proportions and (b) coloration pattern in brown frogs from Georgia. Character codes as in Tables 2

and 3. Boldface type indicates characters demonstrating highest loadings on individual axes.

Males

Females
Axis First Second Third First Second ._.___.H_‘
% variance 46 22 18 37 19 16
Le 0.39 0.53 -0.72 -0.41 0.45 0.35
Lte 0.39 0.52 -0.72 -0.01 0.13 0.93
Dro 0.71 -0.25 0.29 0.71 0.22 —=0.45
Spoc 0.71 -0.25 0.29 0.83 0.04 =0.04
Lo 0.92 -0.11 0.01 0.13 0.58 0.22
Ltym 0.92 -0.11 0.01 0.85 0.21 0.23
F 0.88 0.18 0.14 0.583 -0.35 =0.05
T 0.88 0.18 0.14 0.80 =0.24 0.36
Dp -0.11 0.85 0.50 =0.19 0.66 —0.36
Cint =0.11 0.85 0.50 0.44 0.80 =0.07
b
Axis First Second Third
% variance 37 19 12
DC 0.11 0.27 -0.91
BS 0.79 —0.36 -0.12
R 0.70 0.44 0.36
DT -0.50 0.50 0.29
DB —-0.16 —0.69 0.32
P 0.73 =042 0.20
A% —-0.65 0.32 0.39
DS -0.28 0.77 -0.20
NS 0.47 —0.36 -0.11
0s 0.84 0.18 0.17
58 0.64 0.36 -0.00
LS 0.54 —-0.02 0.12

distances from the watershed (3, 6, 9, 10,
11, 12, and 13), values of r, ranged from
0.57-0.94 (£ = 0.78); for populations close
to the watershed (1, 2, 4, 5, 7, 8, and 14),
T, Emmn— from —0.61-0.88 (£ = 0.04). The
difference between these averages was sig-
nificant (t-test, P < 0.001).

DISCUSSION

Brown frogs from the Javakheti plateau
in Georgia (nominal R. camerani) differ
from frogs inhabiting other parts of the
country (nominal R. macrocnemis). Frogs
of the first group have a mid-dorsal stripe,
large metatarsal tubercles, long first toes,
a rugose skin, often with sharp-edged,
elongated and symmetrically placed dark
dorsal spots, dark speckles on the dorsum
and light lateral stripes. These characters
decrease in frequency from the Javakheti
plateau SSE.Mm the Great Caucasus
mountains and the Black Sea, producing

congruent stepped clines between the
forms.

In his original descriptions, Boulenger
(1885, 1896) used relative leg length and
the shape of the snout for describing and
distinguishing between R. macrocnemis
and R. camerani. We have shown that
these characters do not display a clear geo-
graphic pattern. Ishchenko (1978, 1987)
studied five populations of nominal R. ma-
crocnemis from the Great Caucasus and
six mwmimzonm of nominal R. camerani
from the Minor Caucasus and showed that
the differences in body proportions be-
tween populations within “taxa” were com-
parable, or exceeded, those between the
“taxa”. He concluded that R. camerani
does not represent a valid taxon at any lev-
el and considered R. macrocnemis as a sin-
gle, monotypic, though variable, species.
Insofar as the results of the present study
show geographic categories, they do not
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- ™ i 40 km
Distance from waterahed
Fic. 3.—Spatial variation in brown frogs from
Georgia for eight characters that display clinal varia-
tion. The vertical axis expresses the observed fre-
quency of character states. The horizontal axis indi-
cates the distance from the Jakavethi watershed (with
negative values refering to southern locations; see
Fig. 1). Populations at similar distances from the wa-
tershed are combined as follows: (A) =32 to —26 km
(populations 9, 10, 11), (B) —8 to +5 km, (popula-
tions 1, 2, 4, 5), (C) +20 to +65 km (populations 7,
8, 13, 14), and (D) +110 to +150 km (populations 3,
6, 12). Character codes are: § = mid-dorsal stripe;
OS = spot shape; P = dorsal speckles; 55 = spot
location; R = skin type; Cint = metatarsal tubercle;
BS = spot border; LS = dorsolateral stripes.

support Ishenko’s (1978, 1987) conclusion.
For eight characters (size of the metatarsal
tubercle, presence of the mid-dorsal
stripe, dark speckles and light dorsolateral
stripes, rugose skin, and distribution,
shape and type of dark dorsal spots), we
have demonstrated the existence of con-
ent stepped clines between geographic
orms. Consequently, we adhere to the
view that brown frogs from Georgia and
the Near East represent a polytypic group,
characterized by bimodal state distribu-
tions in several characters. unnmwmmmsﬂ.s
only two of these characters (rugose skin
and the mid-dorsal stripe) were used in
the original description of R. camerani.
The question remains whether “camer-
ani” and “macrocnemis” should be classi-
fied as separate species. One or two ques-
tions are to be solved prior to taking the
taxonomic decision. (1) Are “macrocnem-
is” and “camerani” reproductively isolated
[different biological species sensu Mayr
(1969); see Arntzen and Bauer (1996) for
a recent discussion among herpetologists]?
(2) Are there fixed morphological or ge-

Toag

First axis Principal Component Analysis (arbitrary units)
»
=
o
-]

A B C ]

FIG. 4.—Spatial variation in brown frogs from
Georgia for individual scores along the first principal
axis for (top) body proportions and (bottom) colora-
tion. The boxplots indicate the 75% and 100% range.
Data for populations with similar distance to the Jak-
avethi watershed are pooled as in Fig. 3.

netic differences between “macrocnemis”
and “camerani” (suggesting that they are
evolutionary species sensu Frost and Hil-
lis, 1990; Wiley, 1978)?

The existence of a transition zone indi-
cates that “macrocnemis” and “camerani”
are not reproductively isolated. Indeed,
Ishchenko and Pyastolova (1973) demon-
strated that “macrocnemis” and “camer-
ani” interbreed freely under laboratory
conditions. In natural populations from
the transition zone, specimens possessing
different combinations of clinally varying
characters do not obviously &:WH. in re-
productive biology (i.e., phenology of
spawning, breeding sites or mating behav-
ior: ,—.E._mﬁ:.mr&: and Gokhelashvili, 1996;
Tarkhnishvili, unpublished data). The in-
ferred interbreeding within the transition
zone indicates that “macrocnemis” and
“camerani” are not biological species. Also,
no single morphological character consis-
tently separates “camerani” from “macroc-
nemis.” This is in line with the morpho-
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TABLE 5.—Mantel test for association of morpholog-
ical distance between frog populations with taxonom-
ic dissimilarity (TAXDIS), geographical distance
(GEODIS), and ecological dissimilarity (ECODIS).
Upper panel: P-values for individual morphometric
characters (males only) and for pooled characters.
Lower panel: P-values for qualitative characters, sep-
arately and combined.

Body proportions TAXDIS GEODIS ECODIS

Le 0.228 0.584 0.491
Ltc 0.226 0.580 0.501
Dro 0.191 0.896 0.318
Spoc 0.196 0.893 0.312
Lo 0.925 0.302 0.004**
Ltym 0.910 0.303 0.004**
F 0.301 0.688 0.143
T 0.684 0.299 0.144
Dp 0.009** 0.033 0.163
Cint 0.009** 0.033 0.165

All characters, males 0.206 0.842 0.497
All characters, females  0.602 0.640 0.949

Qualitative characters

DC 0.912 0.244 0.906
BS 0.030 0.022 0.862
R 0.013* 0.831 0.835
DT 0.892 0.025 0.104
DB 0.697 0.936 0.695
P 0.006** 0668 0.597
\% 0.688 0.146 0.131
DS 0.755 0.234 0.046
NS 0.138 0.940 0.630
OS 0.002%* (0.684 (.924
SS 0.079 0.715 0.937
LS 0.004** 0.984 0.545
All characters 0.040 0.107 0.737

* P < 0.05 ** P < 0.01 (Bonferroni correction applied)

logical results obtained by Baran (1969),
Baran and Atatiir (1986), and Mensi et al.
(1992). Biochemical genetic studies do not
contradict these interpretations. Across 34
allozyme loci surveyed (Green and Borkin,
1993; Mensi et al., 1992), only at one lo-
cus, Ied (coding for the enzyme isocitrate
dehydrogenase) , a marked genetic differ-
ence was observed between “macrocne-
mis” and “camerani” (Green and Borkin,
1993). For Icd, three alleles were de-
scribed, one of which was shared between
the taxa, at a frequency of 88% in “ma-
crocnemis” and 5% in “camerani.” How-
ever, the material available for study was
limited to four specimens of “macrocne-
mis” and 10 of “camerani,” from a single
population each. In conclusion, no con-
vincing evidence is available for classifying

02

“macrocnemis” and “camerani” as separate
species, according to either the biological
or evolutionary species concepts.

Acknowledgments.—We thank R. Gokhelashvili for
assistance in the field and J. Wiens for constructive
criticisms on the manuscript. The work was complet-
ed whilst D. N. Tarkhnishvili was in receipt of a
NATO/Royal Society Post-Doctoral F, ellowship.

LITERATURE CITED

ALEKPEROV, A. M. 1978. Amphibians and Reptiles of
Azerbaijan. Elm Publications, Baku, Azerbaijan.
[In Russian.]

ANANYEVA, N. B., L. J. BORKIN, 1. S. DAREVSKY, AND
N. L. ORLOV. 1988. Dictionary of Animal Names
in Five Languages. Amphibians and Reptiles. Russ-
ky Yazik Publishers, Moscow, Russia.

ARNTZEN, . W., AND A. M. BAUER. 1996. Species and
species concepts-—too many or too few? Amphibia-
Reptilia 17:321-323.

BANNIKOV, A. G., . S. DAREVSKY, V. G. ISHCHENKO,
A. K. RUSTAMOV, AND N. N. SHCHERBAK. 1977.
Key to the Fauna of the USSR—Amphibians and
Reptiles. Prosveshchenije, Moscow, Russia. [In
Russian. ]

Baran, I 1969. A study on the taxonomy of the
mountain frogs of Anatolia. Scientific Reports of
the Faculty of Science, Ege University, Bornova—
Izmir, Biyoloji 54:1-78. {In Turkish.]

BaRAN, I, AND M. K. ATATUR. 1986. A taxonomic
survey of the mountain frogs of Anatolia. Amphib-
ia-Reptilia 7:115-133,

BEDRIAGA, J. VON. 1879, Verzeichnis der Amphibien
und Reptilien Vorderasiens. Bulletin de la Société
Impériale des Naturalistes de Moscow 54:23.

BODENHEIMER, F. S. 1944. Introduction into the
knowledge of the amphibia and reptilia of Turkey.
Reviews of the Faculty of Science of the University
of Istanbul, Serie B 9:1-78.

BORKIN, L. J. 1977. On the new record and taxonom-
ic position of brown frogs from Kopet-Dag, Turk-
menia. Proceedings of the Zoological Institute,
Leningrad 74:24-31. [In Russian.]

——— 1987. On the systematics and zoogeography

of amphibians of the Caucasus. Proceedings of the
Zoological Institute, Leningrad 158:47-58. [In Rus-
sian.]
. 1997. Rana macrocnemis Boulenger, 1885.

Pp. 150-151. In J. P. Gasc, A. Cabela, J. Crnobrnja-
Isailovie, D. Dolmen, K. Grossenbacher, P. Haff-
ner, J. Lescure, H. Martens, J. P. Martinez Rica,
H. Maurin, M. E. Oliveira, T. S. Sofianidou, M.
Veith, and A. Zuiderwijk (Eds.), Atlas of the Am-
phibians and Reptiles of Europe. Societas Euro-
paea Herpetologica, Paris, France.

BOULENGER, G. A. 1885. Description of a new spe-
cies of frog from Asia Minor. Proceedings of the
Zoological Society of London 1885:22-23.

———. 1896. On some little-known batrachians from

the Caucasus. Proceedings of the Zoological Soci-
ety of London 1896:548-555.
DELWIG, W. 1928. Uber die Selbstindigkeit von Rana

]

September 19991

HERPETOLOGICA 417

cameranoi Boulenger. Zoologische Anzeiger 79:37—
44.

DuBOIS, A. 1993. Notes sur la classification des Ran-
idae (Amphibiens Anoures). Bulletin Mensuel de
la Société Linnéenne de Lyon 61:305-352.

EICHWALD, E. 184]. Fauna Caspio-Caucasica. Nou-
veaux Memoires de la Société Impériale des Na-
turalistes de Moscow 7:1-5.

EISELT, J., AND J. F. SCHMIDTLER. 1971. Vorliufige
Mitteilung iiber zwei neue Subspecies von Am-
phibia, Salientia aus dem Iran. Annalen des Natur-
historischen Museums, Wien 75:383-385.

FISHER, R. A. 1954. Statistical Methods for Research
Workers, 12th ed. Oliver & Boyd, Edinburgh, UK.

FrosT, D. R. (Ed.). 1985. Amphibian Species of the
World: a Taxonomic and Geographical Reference.
Allen Press and Association of Systematics Collec-
tions, Lawrence, Kansas, U.S.A.

FrosT, D. R., aND D. M. HILLIS. 1990. Species in
concept and practice: herpetological applications.
Herpetologica 46:87-103.

GREEN, D. M., AND L. J. BORKIN. 1993. Evolutionary
refationships of eastern Palearctic brown frogs, ge-
nus Rana: paraphyly of the 24-chromosome species
group and the significance of chromosome number
change. Zoological Journal of the Linnean Society
109:1-25.

GUMILEVSKY, B. A. 1939. Batrachological fauna of
Armenia and Nakhichevan ASSR. Academy of Sci-
ences of the USSR—Armenian Branch, Zoological
Papers, Biological Institute Erevan 1:1-24. [In
Russian.]

ISHCHENKO, V. G. 1978. Dynamic polymorphism of
brown frogs of the USSR Fauna. Nauka Publica-
tions, Moscow, Russia. [In Russian.]

—— 1987. The level of morphological similarity
between the populations of the Caucasian brown
frog, Rana macrocnemis Blgr. Proceedings of the
Zoological Institute, Leningrad 158:100-104. [In
Russian.]

ISHCHENKO, V. G., AND O. A. PYasToLOvVA. 1973. A
contribution to the taxonomy of Caucasian brown
frogs. Zoologicheski Zhurnal 52:1733-1735. [In
Russian.]

KESSLER, K. 1878. Travel in the Transcaucasus in
1875 with zoological aim. Proceedings of the Saint
Petersburg Society of Naturalists 8:1-210. [In Rus-
sian.]

KuzmIN, S. L. 1996. Die Amphibien Russlands und
Angrenzender Gebiete. Die Neue Brehm-Bucher-
ei, Westarp Wissenschaften, Magdeburg, Germany.

LANTZ L., AND O. CYREN. 1913. Uber die Identitat
von Rana macrocnemis und Rana camerani. Zool-
ogische Anzeiger 43:214-220.

LOGVINENKO, B. M., AND T. I. PRYALKINA. 1987.
Comparative analysis of the miogens of the Cau-
casian brown frogs. Proceedings of the Zoological
Institute, Leningrad 158:111-115. [In Russian.]

MaNLY, B. F. J. 1986. Randomization and regression
methods for testing associations with geographical,
environmental and biological distances between
populations. Researches on Population Ecology 28:
201-218,.

MAYR, E. 1969. Principles of Systematic Zoology. Mc-
Graw Hill, New York, New York, U.S.A.

MENSI P, A. LATTES, B. MACARIO, S. SALVIDIO, C.
GiaCcOMA, AND E. BALLETTO. 1992. Taxonomy and
evolution of European brown frogs. Zoological
Joumal of the Linnean Society 104:293-311.

NIKOLSKY, A. M. 1913. Herpetologia Caucasica. Pub-
lications of the Caucasus Museum, Tiflis, Georgia.
{In Russian.|

PAPANYAN, S. B. 1961. Ecology of Transcaucasian
frogs in the Armenian SSR. Proceedings of the
Academy of Sciences of Armenian SSR 14:37-50.
[In Russian.]

RICE, W. R. 1989. Analyzing tables of statistical tests.
Evolution 43:223-225.

SMOUSE, P. E., AND J. C. LONG. 1992. Matrix cor-
relation analysis in antropology and genetics. Year-
book of Physical Anthropology 35:187-213.

SOKAL, R. R,, AND F. J. ROHLF. 1995. Biometry, 3rd
ed. W. H. Freeman, New York, New York, U.S.A.

SPARREBOOM, M., AND J. W. ARNTZEN. 1987. Uber
die Amphibien in der Umgebung von Adapazari,
Turkei. Herpetofauna 9:27-34.

SPSS FOR WINDOWS, Release 6.1. 1994. SPSS Inc.,
Chicago, Illinois, U.S.A.

TARKHNISHVILL, D. N. 1896. The distribution and
ecology of the amphibians of Georgia and the Cau-
casus: a biogeographical analysis. Zeitschrift fiir
Feldherpetologie 3:167-196.

TARKHNISHVILI, D. N., AND R. GOKHELASHVILI
1996. A contribution to the ecological genetics of
frogs: age structure and frequency of striped spec-
imens in some Caucasian populations of the Rana
macrocnemis complex. Alytes 14:27-41.

TARKHNISHVILI, D. N., AND B. THIESMEIER. 1994.
Zur Verbreitung und Okologie der Amphibien in
Georgien unter Berucksichtigung des Trialeti-Ge-
birges. Herpetofauna 16:27-34.

TERTISHNIKOV, M. F., L. P. LOGACHOVA, AND A. P.
KUTENKOV. 1979. On the distribution and ecology
of the Caucasian frog (Rana macrocnemis Boul.) in
the central part of the North Caucasus. Vestnik
Zoologii, Kijev, Ukraine 1979:4448. [In Russian.]

THORPE, R. S., H. BLACK, AND A. MALHOTRA. 1996.
Matrix correspondence tests on the DNA phylog-
eny of the Tenerife lacertid elucidate both histori-
cal causes and morphological adaptation. System-
atic Biology 45:335-343. ’

THORPE, R. S, AND L. LEAMY. 1983. Morphometric
studies in inbred and hybrid house mice (Mus sp.):
multivariate analysis of size and shape. Journal of
Zoology (London), 199:421-432.

WERNER, F. 1898. Uber einige neue Reptilien und
einen neuen Frosch aus dem Cilicischen Taurus.
Zoologische Anzeiger 21:217.

WILEY, E. O. 1978, The evolutionary species concept
reconsidered. Systematic Zoology 27:17-26.

YiLMaz, 1. 1989. Kuzey Anadolu amfibilerinin yayilisi
uzerine bir calisma (Amphibia: Urodela, Anura).
Turkish Journal of Zoology 13:130-140.

ZAITSEV, G. N. 1984. Mathematical Statistics in Ex-
perimental Botany. Nauka Publications, Moscow,
Russia. [In Russian.]

Accepted: 12 August 1998
Associate Editor: John Wiens



