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Appendix I

Localities analyzed in this study

Table S1: Localities included in this study, with indications on their labelling on Fig. 3 (N°), field diagnosis (Field), latitude (N) and longitude (E), mitochondrial lineages
(mtDNA) — see below — nuclear ancestry based on RAD analyses (Chernivtsi, Bochnia) or allozymes (Transcarpathian) — noted “mix” if below 0.8 to either species — and
genome size mean and standard deviation (SD) per populations. MtDNA labels as follow. B. bombina: B.N (northern lineage), B.S (southern lineage); B. variegata: V.C.W /
V.C.E (western / eastern Carpathian lineages), V.W (western lineage), V.B (Balkan lineage). ZISP: specimen vouchers from the Zoological Institute of Russian Academy of
Sciences, St. Petersburg.

mtDNA nuclear genome size
Locality N° Field N E n n clade n  ancestry n  mean SD ZISP
Chernivtsi
Bahna 1 variegata 4823 2520 7 - - 7  variegata - - -
Valia Kuzmyna 2 variegata? 48.15 2599 12 12 V.CE,V.CW 12 variegata - - -
Krupianske 3 variegata? 48.17 26.04 10 10 V.CE 10 variegata - - -
Mala Buda 4 bombina 48.18 26.11 1 1 BS 1 bombina - - -
Zavoloka 5 bombina 48.25 2589 12 12 B.S 12 bombina - - -
Tsetsyno 6 variegata 4831 2585 6 6 V.CE,V.CW 6  variegata - - -
Shypyntsi 7  bombina 48.37 2574 15 15 B.S,B.N 15 bombina - - -
Sadhora Forest 8 mix 4833 2600 6 6 B.S,V.CE 6 mix - - -
Chornivka 9  bombina 4842 26.04 9 9 B.S,BN 9  bombina - - -
Malyi Kuchuriv 10  bombina 4846 2592 2 2 BS 2 bombina - - -
Bochnia
Drwinia 1 bombina 50.10 2043 11 11 BN 8  bombina - - -
Lipéwka 2 bombina 50.08 2040 14 14 B.N 13 bombina - - -
Cikowice 3 variegata 4997 2039 9 9 V.CW 8 variegata - - -
Doluszycki Forest1 4  variegata 4995 2040 6 6 V.CW 4  variegata - - -
Doluszycki Forest2 5  variegata 4994 2042 3 3 V.CW 3 variegata - - -
Doluszycki Forest3 6  variegata 4993 2042 9 9 V.CW 9 variegata - - -
Doluszycki Forest4 7  variegata 4992 2042 8 8 V.CW 6  variegata - - -
Chrostowa 8 variegata 4990 2030 5 5 V.CW 5  variegata - - -



Jaroszéwka 9 variegata 49.89 2028 5 5 V.CW 5  variegata - - -

Sobolow 10 variegata 4990 2035 11 6 V.CW 5  variegata - - -

Wichraz 11 variegata 49.88 2037 3 3 V.CW 3 variegata - - -

Lipnica Murowana 12 variegata 49.85 2053 8 5 V.CW 5  variegata - - -

Iwkowa 13 variegata 49.82 2053 8 8 V.CW 7  variegata - - -

Bytomsko 14 variegata 4981 2046 4 4 V.CW 4  variegata - - -

Transcarpathian

Aeroport - bombina 48.64 2226 18 - - 15 bombina 18 214 0.10 5947, 6334, 7202
Andreevka - variegata 48.53 2255 4 - - - - 4 205 0.08 -

Batevo - bombina 48.37 2240 34 - - 22 bombina 34 215 0.06  5378,5392, 5903, 6236, 7203
Belki - variegata 4830 23.15 6 - - 6  variegata 6 205 0.08 5904
Chernogora - variegata 4795 2431 8 - - - - 8§ 203 0.11 -

Chinadievo - variegata 48.49 2281 21 5 V.CW 16 variegata 21 205 0.15  5385,5899, 6529
Chop - bombina 48.43 2223 36 - - 34 bombina 36 21.6 0.06 5909, 7198
Chornyi Potok - bombina 4820 2292 1 - - 1 bombina 1 217 - 5364

D'akovo - bombina 48.01 2301 6 - - 6  bombina 6 215 0.07 5377

Delovoe - variegata 4793 2418 13 - - 12 variegata 13 20.2 0.09 5367
Dobroselie - bombina 48.16 2277 4 - - 4 bombina 4 215 0.06 3375

Drisina - bombina 48.33 22.65 4 3 BS 4 bombina 4 216 0.04 5363
Glubokoe - variegata 48.55 2242 8 - - 8 mix 8 208 0.15  5370,5854
Gudya - bombina 48.13 23.13 12 1 V.CW 11 mix 12 213 0.12  5384,5912
Kamenskoe - bombina 48.28 2293 28 6 B.S,V.CW 27  mix 28 214 0.23 5368, 5369, 5557, 6527
Kamenskoe-Seltse - variegata 48.28 2297 3 - - - - 3 210 0.10 5347

Karpaty - variegata 4853 2289 15 10 V.C.W 15 variegata 15 203 0.06 5897
Khmelnik - bombina 48.27 22.88 7 6 B.S 6  bombina 7 216 0.09  5365,5366,7213
Khust - variegata 48.16 2330 4 1 V.CW 1  variegata 4 203 0.05 5386, 5844
Klyucharka - bombina 4842 2265 1 1 B.S - - 1 214 - 6878

Kolchino - variegata 48.47 2277 6 - - - - 6 205 0.08

Kolochava - variegata 48.42 2374 13 9 V.CW 13 variegata 13 20.2 0.10 5898
Korolevo - variegata 48.17 23.15 8 - - 4  mix 8 208 0.12  5374,5911,5912, 6879
Kriva - variegata 48.17 2323 15 - - 14 variegata 15 204 0.13  6215,6525,7215

Kvasovo - bombina 4820 2277 3 - - 3 bombina 3 215 0.04 5376
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Appendix IT

Ecological niche modelling and species distributions

Extended Methods

To reconstruct the ecological niche of each species, we gathered 3,570 and 769 localities with known
occurrence of B. bombina and B. variegata, respectively, comprising our own records, museum
collections and previously published data. This initial dataset was filtered to avoid spatial
autocorrelation and duplication using NicheToolBox (Osorio-Olvera, Barve, Barve, Soberon, &
Falconi, 2018), and retain localities at least 10 km (0.093°) apart (see details in Brown, 2014). The final
dataset comprised 1461 and 508 records for B. bombina and B. variegata, respectively (Fig. S1),
available in Geofile S1.

Models were built as follow. Altitude and 19 bioclimatic layers representative of the climatic
data over ~1950-2000 were extracted from the WorldClim 1.4 database (http://www.worldclim.org).
Ten additional layers were considered: the aridity index (Global Aridity and Potential Evapo-
Transpiration; http://www.cgiar-csi.org/data/global-aridity-and-pet-database), the global percent of tree
coverage (https://github.com/globalmaps/gm ve v1), and eight land cover variables (spatial
homogeneity of global habitat, broadleaf forests, needleleaf forests, mixed forests, shrubs, barren,
herbaceous and cultivated vegetation; https://www.earthenv.org/). To consider topography in the
model, four landscape layers were calculated with QGIS: aspect, exposition, slope, and terrain
roughness index (each with 30 arc seconds spatial resolution). All analyses were conducted under the
WGS 84 projection with species-specific masks covering to the area of occurrence of these species:
36°N-60°N, 5°E-67°E for B. bombina; 35°N-63°N, 13°W-35°E for B. variegata.

To eliminate predictor collinearity before generating the model, we calculated Pearsons’s
correlation coefficients for all pairs of bioclimatic variables using ENMTools (Warren, Glor, & Turelli,
2010). For correlated pairs ( | T | > (0.75), we excluded the variable that appeared the least biologically
important for our target species. The resulting dataset contained eight bioclimatic variables for B.
bombina: Bio 1 (annual mean temperature; °Cx10), Bio 2 (mean diurnal range; °Cx10), Bio 3
(isothermality; Bio2/Bio7x100), Bio 4 (temperature seasonality; CV x100), Bio 8 (mean temperature
of wettest quarter; °Cx10), Bio 14 (precipitation of driest month; mm), Bio 15 (precipitation seasonality;
CV), and Bio 19 (precipitation of coldest quarter; mm); and ten variables for B. variegata: Bio 2, Bio
3, Bio 4, Bio 5 (maximum temperature of warmest month; °Cx10), Bio 6 (minimum temperature of
coldest month; °Cx10), Bio 8, Bio 12 (annual precipitation; mm), Bio 15, Bio 18 (precipitation of
warmest quarter; mm), and Bio 19. We then applied a jackknife analysis to estimate the relative
contributions of variables to the MaxEnt model.

We ran the MaxEnt program for ten replicates with 25% random test percentage testing. Model
calibration consisted in the evaluation of models created with distinct regularization multipliers (0.5 to
6 at intervals of 0.5), feature classes (resulted from all combinations of linear, quadratic, product,
threshold, and hinge response types), and from two different sets of layers. The first set consisted of all
layers. The second was restricted to the four most valuable layers (Bio 1, Bio 3, Bio 8, and Bio 14 for
B. bombina; and Bio 4, Bio 12, Bio 18, and altitude for B. variegata). The best parameter settings were
selected considering statistical significance (partial ROC), predictive power (omission rates E = 5%),
and complexity level (AICc) obtained using the R package kuenm (Cobos, Peterson, Barve, & Osorio-



Olvera, 2019). The ClogLog output format (ranging 0—1) was chosen for processing resulting maps
(Phillips, Anderson, & Schapire, 2017).

To project the current ecological niches of these species on climate conditions during the Last
Glacial Maximum (LGM), we applied two widely-used general atmospheric circulation models with
species-specific mask and 2.5 arc minutes spatial resolutions: the Community Climate System Model
(CCSM; http://www2.cesm.ucar.edu/) and the Model for Interdisciplinary Research on Climate
(MIROC; Watanabe et al., 2011). Finally, to interpret the distributions in the light of landscapes during
the LGM, territories covered by glaciers and seas were cropped from the resulting LGM layers (Becker,
Verheul, Zickel, & Willmes, 2015; Zickel, 2016).
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Fig. S1: Occurrence records used to build the ecological niche of B. bombina (blue circles) and B.
variegata (green triangles), available in Geofile S1. Dashed lines show species distributions.

Extended Results

To calibrate the models, we assessed 696 replicates for each species. For B. bombina, all models were
statistically significant when compared with a null model of random prediction, 144 (21%) met the
omission criterion of 5%, and only a single met the AICc criteria and was statistically significant among
models meeting both omission rate and AICc criteria. For B. variegata, 687 (99%) models were
statistically significant when compared with a null model of random prediction, 68 (10%) significant
models met the omission criterion of 5%, and only a single met the AICc criteria and was statistically
significant among models meeting both omission rate and AICc criteria. Performance metrics for
parameter settings used for creating these two final models for both species are given in Table S2. Both
models were created with the first set of environmental layers. Regularization multipliers were 5.5 for
B. bombina and 1.0 for B. variegata. Response types of feature classes were quadratic and hinge for B.
bombina and linear, quadratic and product for B. variegata.



Table S2: Performance metrics used for selecting the final models and relative contribution (%) of
variables in the niche of the two Bombina species.

Variable bombina  variegata
Partial ROC 0 0
Omission rate 5% 0.048 0.042
AlCc 61703 20711
Delta AICc 0 0
Annual mean temperature (Biol ) 6.5 -
Mean diurnal range (Bio 2) 0 0.9
Isothermality (Bio 3) 4.7 0.9
Temperature seasonality (Bio 4) 7.9 6.6
Maximum temperature of warmest month (Bio 5) - 1.9
Minimum temperature of coldest month (Bio 6) - 6.3
Mean temperature of wettest quarter (Bio 8) 12 0.5
Annual precipitation (Bio 12) — 0.3
Precipitation of driest month (Bio 14) 50.8 -
Precipitation seasonality (Bio 15) 0.6 7.9
Precipitation of warmest quarter (Bio 18) - 10.3
Precipitation of coldest quarter (Bio 19) 0.4 1.1
Broadleaf forest 0.1 12.3
Needleleaf forest 0.1 5.2
Mixed forest 0.1 5.2
Shrubs 0.1 4.7
Barren 1.6 3.9
Herbaceous vegetation 0 2.7
Cultivated vegetation 5.2 8
Altitude 4.4 2.2
Aridity index 0.4 1.1
Aspect 0.1 0.2
Exposition 0 0.1
Habitat homogeneity 0.8 0.1
Slope 0 2.8
Terrain roughness index 0 7.7

Tree coverage percent 4.2 7.1




Appendix IIT

Additional genetic analyses of the hybrid zones
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Fig. S2: Neighbor-Joining tree of pairwise genetic distance (F) on the initial Bochnia RAD-seq dataset
(6,010 SNPs). Numbers indicate localities (see Fig. 3)
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Fig. S4: Neighbor-Joining tree of pairwise genetic distance (F) on the initial Chernivtsi RAD-seq dataset
(4,294 SNPs). Numbers indicate localities (see Fig. 3)
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Fig. S8: Average
population ancestry
in northeastern
Austria based on
the allozyme data
from Gollmann
(1984)
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