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Anotace: 

 

A new bombina hybrid transect was revealed by electrophoretical methods. The transect 

was classified as a mosaic type of a hybrid zone by virtue of its genetic and ecological 

characters. Ecological differences between this and neighbouring transect (Havelková, 2002) 

were found. These differences are supposed to be responsible of mosaic or tension character 

of the two transects. 
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1. Introduction 
 

1.1 Hybridisation 

 

Hybridisation is a rather common phenomenon, which is well documented in hundreds 

of animal species (Barton & Hewitt, 1985). Hybrid zones in many plant and animal taxa seem 

to have arisen soon after the last ice age (Arntzen, 1978), when separated species spread from 

different glacial refuges. In general, we can say that hybridisation occurs whenever two or 

more insufficiently pre- or postzygotic isolated populations meet, which results in a gene flow 

between such populations. 

A transect, running across the hybrid zone at a certain place, displays a typical pattern 

of different characters called cline (e.g. Barton & Hewitt, 1985; MacCallum, 1994). Such 

characters might be either morphological, e.g. the stridulatory pegs of the Chortippus 

grasshoppers (Bridle, 2001) and warning coloration of Heliconius butterflies (Mallet, 1986), 

or can be represented by gene frequencies of alleles typical for parental species (e.g. Szymura 

& Barton, 1986). 

The existence of hybrid zones causes substantial troubles to the biological species 

concept (Mayr, 1942 ex Harrison, 1993) and has evoked much debate on this problem, which 

has resulted into many alternative species definitions (e.g. Paterson, 1985 ex Harrison, 1993; 

Cracraft, 1992; Davis & Nixon, 1992). Although the question of species definition remains 

open, the thing that hybridisation comes up with is the possibility to take a look inside the 

processes of species genesis itself. Harrison (1990) describes hybridisation as “windows on 

evolutionary processes”. A much discussed theme is the reinforcement of premating isolation. 

Since hybrids are often inviable, sterile or exhibit reduced fitness relative to their parental 

species, selection should push them to evolve and amplify some isolating mechanism (Liou 

and Price, 1994). On the other hand some authors (Barton, 2001) suppose the hybrid genotype 

may be in some cases as fit or even fitter than the parental genotype and others even cast 

doubt upon the idea of reinforcement (e.g. Sanderson, 1989). 

 

 

1.2 Classification of hybrid zones 

 

Two basic models of hybrid zones are distinguished: dispersal independent and 

dispersal dependent ones (Barton and Gale, 1993; Barton and Hewitt, 1989; Harrison, 1993). 

The first type (sometimes called the ecotone model) arises, when hybrids occupy some 
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intermediate habitat between the two parental habitats (Moore, 1977), which increases their 

fitness. Selection leads to a stable equilibrium within each population there. However, the 

equilibrium differs from site to site across the zone. Two basic elements act in the models of 

dispersal dependent zones: dispersal of parental genes inside the zone, which generates 

linkage disequilibria within each locality, and selection against such dispersal. Tension and 

mosaic hybrid zones are distinguished in accordance with two different ways how selection 

operates there. 

 

1.2.1 Tension zones 

 

A typical tension zone (a term introduced by Key, 1968) is maintained by a balance 

between dispersal and endogenous selection against hybrids (Barton, 1979). The 

mathematical expression of this relation gives the estimate of the cline width: w ~ δ/√s (where 

δ² is dispersal rate and s is selection). These clines are narrow with sharp transitions in allele 

frequency in the centre. The term endogenous selection means that hybrids are less fit, due to 

incompatibility of parental genotypes, and so the barrier against gene flow between parental 

populations has a genetic basis there. An example of such hybrid dysfunction provides 

increased mortality of Bombina hybrids during embryonic and larval stage of development 

(Kruuk et al., 1999) or decreased fertility of males of Chorthippus grasshopper hybrids 

(Virdee and Hewitt, 1992). Because endogenous selection is not in direct relation to local 

environment, tension zones are free to move from place to place, tending to minimize their 

length (Barton, 1979). On the other hand, tension zones are often trapped in areas of low 

population density, where they reach some local equilibrium, and then they can move by 

some radical events such as extinction and recolonization (Barton, l.c.). The fact that the 

clines have similar shape and width across different transects (e.g. Szymura and Barton, 1991; 

Nichols and Hewitt, 1989) documents their independence upon the environment. If any kind 

of environmental selection were taking place there, the cline shape would have to correspond 

to local environmental gradients. Finally, there is evidence that principles of tension and 

ecotone (dispersal independent) zones may act within one hybrid zone as in the case of the 

Mercenaria hybrid zone (Bert and Arnold, 1995). Two species of Mercenaria hard-clam 

hybridize in a polyhaline lagoon in east-central Florida, where selection against hybrids and 

advance of hybrids in certain ecotones interact, each of them with different power in different 

parts of the lagoon. 
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1.2.2 Mosaic zones 

 

Barton and Hewitt (1985) believed that most hybrid zones are in fact tension zones, but 

it was soon revealed that there are zones, whose character does not correspond to that. 

Howard (1986) described one such case within a hybrid zone between two Allonemobius 

crickets, and this was followed by other cases (e.g. Rand and Harrison, 1989; MacCallum, 

1994; Sites et al., 1995). Great environmental heterogeneity allowed the distribution of 

different Allonemobius genotypes in relation to a certain habitat within the zone (Howard, 

1986), which means that a barrier to gene flow is, here, environmentally based. Such zones 

were named mosaic, because the centre of the zone is created by a mosaic of geneticaly 

distant populations instead of a smooth transition from one species to another as is typical for 

tension zones. The cline shape might reflect the local environments and its width is quite 

broad. The zone is maintained by exogenous selection against hybrids, because both parental 

species are well adapted to their favoured habitat. Deviations from Hardy-Weinberg 

equilibrium refer to assortative mating between adults of each species (Kruuk, 1997), which 

might increase the probability of reinforcement (Cain et al., 1999).   

 

1.3 Hybridisation in Bombina 
 

1.3.1 Ecology 

Since a lot of work was done concerning the biology of both European fire bellied toads 

of the genus Bombina, we know that they differ in many ecological requirements. While B. 
bombina, which occurs mostly in lowland areas, is much more an aquatic species, breeding in 

rather large permanent waters (Maděj, 1973), with a relatively long breeding season and 

tadpoles with a longer larval period (Rafinska, 1991) and the exhibition of several adaptations 

against predation (Kruuk, 1997), B. variegata usually inhabits more hilly or mountainous 

regions, where the supply of breeding sites is pretty small. Its more terrestrial way of life is 

accompanied by numerous adaptations: adults have thicker skin (Nürnberger et al., 1995) and 

longer legs (Michalowski, 1961) than those of B. Bombina and that allows them to migrate 

further between the breeding sites. Their breeding has an explosive character and they use 

rather small temporary pools. Females of B. variegata lay smaller clutches, but their eggs are 

bigger and tadpoles reach metamorphosis more rapidly (Nürnberger et al., 1995, Rafinska, 

1991), because they are endangered by the drying up of the pool. 

 

 



 

 - 4 - 4  

1.3.2 Species history and hybridisation 

The area occupied by Bombina bombina (Linné, 1761) runs through the lowlands of 

eastern and northern Europe, while Bombina variegata (Linné, 1758) inhabits rather higher 

altitudes in western and southeastearn Europe and in the Carpathian mountains. While B. 
bombina is quite uniform, B. variegata forms a few subspecies (B. v. variegata, B. v. scabra and B. 

v. pachypus) differing in their phenotypes (Vasara et al., 1991), allozymic traits, and 

mitochondrial DNA (Szymura et al., 2000).  

Arntzen (1978) thought both Bombina species have arisen in allopatry during glaciation, 

when the Apennine and Balkan mountains served as refuge to B.variegata, whereas 

B.bombina found refuge in lowlands surrounding the Black and Caspian Seas. When the 

climate warmed up the toads expanded to central Europe and formed a hybrid zone. Later 

studies pushed the time of speciation backwards. Hodrová (1981) describes Pliocene Bombina 

fossils, which probably belong to both recent species, found at one Slovak locality. Later 

estimates (Szymura, 1983) based on protein electrophoresis analyses set the age of 

diversification at 6.8 ± 1.8 mil. years ago.  

Today, a narrow hybrid zone runs for 3-4000 km across central Europe and the 

Carpathian foothills, wherever the areas of both species meet. The first detailed description of 

Bombina hybrids from natural populations comes from the beginning of the 20th century 

(Méhely, 1905 ex Gollmann, 1996) and the first report of a hybrid zone falls to Croatia 

(Karaman, 1922 ex Piálek, 1992). All studies up to the second half of the 1970’s were based 

on the comparisons of morphological characters (e.g. Stugren, 1959; Lác, 1961;  

Michalowski, 1961;  Maděj, 1964). When compared using recent data the Bombina hybrid 

zone seem to be stable without any gross movements (Szymura and Barton, 1991). 

The electrophoretical separation of proteins used by Szymura (1976) to distinguish 

between European Bombina taxa allowed one to study their hybridisation using the methods 

of population genetics. Two Polish transects were the first ones to be examined in this way 

(Szymura, 1983; Szymura and Barton, 1986) and the results corresponded well to the model 

of a tension zone, since the clines at both transects displayed a sharp step in allele frequency 

at the centre and the estimated width of the zone was c. 6 km. Populations located there were 

in a Hardy-Weinberg equilibrium, which indicated random mating within the zone. Hybrid 

zones found later in Croatia (Szymura, 1993; MacCallum, 1994) showed a much higher 

environmental heterogeneity when compared to those from Poland. Bimodal distribution of 

the genotypes within central populations and deviations from Hardy-Weinberg equilibrium 

were noticed. Finally, linkage between habitat type and genotype was observed (Mac Callum, 

1994). Also, transects found in Slovakia and Hungary (Gollman, 1987; Gollmann et al., 1988) 
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do not fully support the idea of tension zone. In addition, Gollmann (1996) refers to the 

existence of a relict mosaic zone in an environment heavily affected by human activities, 

where isolated populations of either bombina-like or variegata-like genotypes occur close to 

each other. 

 

1.3.3 Bombina hybrid zones in Czech Republic 

A few studies on Bombina hybridisation were carried out in the Czech Republic, Maděj 

(1964) dealt with the populations from Silesia and Moravian Gate regions. The first hybrid 

zone was described by Piálek (1992) in the Oderské Vrchy mountains. Gollman et al. (1993) 

found morphologically hybrid specimens in southwestern Bohemia, but these toads were 

discovered to be pure Bombina bombina within their genotypes. Horák (1997) detected a 

hybrid zone in southern Bohemia in the Vltava river basin. Havelková (1999 and 2002) made 

a detailed genetical survey of this zone, which resembles the Polish transects with its narrow 

width (6,71 km). But since two of the central populations exhibit deviations from Hardy-

Weinberg equilibrium and a few F1 hybrids were found, its possible that some mosaic zone 

mechanism could be involved in part. A neighbouring transect running from the Malše river 

to the Novohradské mountains was described using morphological methods (Štefka, 2000).  

 

1.4 Study objectives 

 

This thesis is supposed to continue the studying of Bombina hybrid zone found in the 

Southbohemian region. Different trends were found in environmental and population structure 

of Vltava and Malše transects (Štefka, 2000), but further genetic research of Malše transect 

localities is required to uderstand the mechanisms that parcitipate within the zone. The aims 

of my study are following: 

•  to accomplish electrophoretic analysis of the new transect, explored in Bc. Thesis 

(Štefka, 2000) and to describe it using the methods of population genetics. 

• to try to define differences in ecological preferences between both Bombina species. 

• to compare new transect with the other regions of hybridisation (another 

Southbohemian transect, Polish and Croatian transects) and to estimate the mechanism, that 

operates within the zone. 
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2 Methods 
 

2.1 Data sampling 

 

Toads were sampled during breeding season in the years 1999 to 2002. Caught 

specimens were narcotized (2% MS-222, Sigma-Aldrich) immediately at the locality or on the 

second day in the laboratory. Two toe tips of the right hindleg were clipped off and a 

photograph of the pattern of ventral coloration of each specimen was taken. All toads were 

then released back to the locality. Photographs served to recognize new specimens at the 

second visit to the locality, owing to the unique structure of ventral spots on each animal. 

Tissue samples were kept on ice during transport and in the laboratory they were stored in 

deep-freeze compartment (-80°C). 

Each reservoir, where the occurrence of toads was noticed, was photographed and its 

ecological characteristics were described using the parameters described below. 

 

2.2 Study sites 

 

A total of 548 specimens from 33 localities were sampled. 391 specimens belong to two 

transects in southern Bohemia and 157 specimens belong to 8 comparative sites in Moravia. 

Moravian localities were chosen on purpose to collect data from pure populations of both 

species, distant from the areas of hybridisation. Southbohemian localities were adopted from a 

previous study (Štefka, 2000) based on the morphological traits and supplementeded with 

some additional sites. The first transect (see map in Appendix 1) runs southeastwards from 

České Budějovice across the Malše river to the foothills of the Novohradské mountains and 

consists of  20 sites (one site [BOR] was analysed by Havelková, 2002). This transect, for 

which I will use an acronym TR_M (transect Malše) throughout the text, has its lowest 

altitude at the northern edge (390 m a.s.l., waterlevel of the Malše river in České Budějovice). 

The landscape character changes in the southeastern direction, as the river rises from the 

lowland into a hilly terrain. The formerly broad river basin branches, one of the influxes runs 

through a wide valley and a pond cascade intrudes the surrounding hills. Further to the south 

only isolated ponds can be found. Forested areas, which are fragmented and surrounded by 

arable or pasture ground at the north, form compact woods at the south. The uppermost 

locality (BES, 600m a.s.l.) lies there. 
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Only 5 sites occupied by toads were found within the second transect (map in Appendix 

2)  lying near the Austrian border (TR_A). This transect was therefore excluded from the 

cline analysis. 

Allozymic data on another 385 specimens were taken up from the study of the 

neighbouring transect (Havelková, 2002), which runs along the Vltava river basin (TR_V, 
map in Appendix 3), and used in the analysis of ecological preferences. One locality (BOR) 

belongs to both TR_V and TR_M transects. Allozyme frequencies of TR_V populations are 

given in Appendix 4. Location of both Southbohemian transects and Moravian populations is 

given in Appendix 5. 

 

2.3 Environmental parameters 

 

Ecological parameters were chosen in order to describe the environmental variability of 

habitats occupied by Bombina toads. These parameters can be divided into two groups. 

Firstly, there are parameters describing the water pools and shores at each site. The second 

group comprises the parameters of environment surrounding the sites. These factors have 

been scored in a range of 500 m round the site. All of the pool parameters were scored in situ, 

some of the “500m parameters” were scored using maps (scale 1:50000, KČT, Prague, 1995 -

1998). 

 

1.type: type of the water pool - permanent (e.g. ponds, watered sandpits) 

 - temporary (e.g. puddles, usually wheel ruts). 

2.area (m²): the estimate of the tract of the water sheet was calculated as product of length 

and width of the pool, larger pools (ponds) were scored by guessing. 

3.depth (m): measured using type line, by larger pools estimated as an average of depths at 

the opposite edges of the locality. 

4.Vbott: per cent abundance of the vegetation at the bottom of the pool. 

5.Vemerg: per cent abundance of the emerging vegetation at the water surface. 

6.Vshore: per cent abundance of the shoreline vegetation. 

7.fish: occurrence (1) or absence (0) of fish in the pool. 

8.pred.: occurrence (1) or absence (0) of invertebrate predators in the pool. 

9.shade: two levels of shading by surrounding trees were distinguished:  

  0- sunny 

                     1- medium to strong shade. 
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10.shore5m: shore 5 metres around the pool was described using a combination of following 

parameters: -meadow 

                    -field road                                

                    -field 
                    -forest. 

11.surr.500m: in the range of 500 m around the locality were scored following parameters 

                                  - agricultural land 

                                  - urban areas 

                                  - forested areas 

Parameters were scored only if their area exceeded at least 10% of the 500 m radius. 

12.per.for: percentage whack of the forested areas 500 m around the locality. 

13.for.dist (m): distance of the locality from the nearest forest. 

14.run.w (m): distance of the locality from the nearest brook or river (running water). 

15.perm.w (m): distance of the locality from the nearest site with permanent stagnant water. 

16.alt. (m): altitude of the locality (scored from map). 

 

(bold printed words make abbreviations used throughout the text) 

 

2.4 Electrophoresis 

 

Electrophoretical analysis, first applied on Bombina genus by Szymura (1976) is a 

common method used to determine the taxonomic affiliation of specimens. Five allozymes 

were scored: glucose phosphate isomerase (GPI, EC 5.3.1.9), lactate dehydrogenase (LDH, 

EC 1.1.1.27), isocitrate dehydrogenase (IDH, EC 1.1.1.42), malate dehydrogenase (MDH, EC 

1.1.1.37) and nucleosid phosphoisomerase (NP, EC 2.4.2.1). Resumption of their loci and 

mobility is given in table 1. These allozymes are commonly used in Bombina hybrid zone 

studies and they allow a comparison with the neighbour transect described using the same 

allozymic configuration (Havelková, 2002). Toe tissue was ground with approximately 10-15 

µl of destilled water depending on the amount of the tissue. Extracted tissue was centrifuged 

(15 min., 4500 rpm) to separate the solution from solid particles and subjected to 13% 

horizontal starch gel. Centrifuged samples were kept frozen at -20°C and used again if 

necessary. The electrophoresis lasted 4 hours (180V/80mA) using tris-citrate electrode buffer 

(pH=7). Processed gels were overlaid with allozyme specific agents (see Appendix 6 for 

composition) (taken from Piálek, 1992) and incubated at 37°C for 20 (GPI) up to 120 min. 

(IDH). 
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Table 1. Analysed loci. 

Allozyme locus allele 
GPI Glucosephosphate isomerase GPI F (b), S (v) 
LDH Lactate dehydrogenase IDH-1 

IDH-2 
F (v), S (b) 
S 

IDH Isocitrate dehydrogenase LDH-1 
LDH-2 

F (v), S (b) 
F 

MDH Malate dehydrogenase MDH-1 
MDH-2 

F (v), S (b) 
F 

NP Nucleosid phosphoisomerase NP F (v), S (b) 
           allele mobility-F…faster allele 

                       -S...slower allele 

b….B.bombina allele 

v….B.variegata allele 

 

 

2.5 Genetic analysis 

 

 Linkage disequilibria (non-random associations between loci) and deviations from 

Hardy-Weinberg equilibrium were estimated using GENEPOP 3.3 program (a newer version 

of GENEPOP 1.2 by Raymond and Rousset, 1995). The program uses Markov chain method 

to test the probability of the hypothesis. 

 

2.6 Cline fitting 

 

While one dimensional clines provide information on the cline shape, especially its 

slope, the two dimensional space shows how the centre of the hybrid zone curves. Both the 

2D and the 1D clines were fitted using ANALYSE 1.3 (Barton and Baird, 1996) for 

Macintosh computers. Metropolis algorithm incorporated in this program allows one to find 

the cline most probable for particular hybrid zone data using maximum likelihood approach 

(e.g. MacCallum, 1994; Bridle et al., 2001). The cline can be described by numerous variables 

(width, length, position and curve of the centre). The value of the log likelihood computed by 

Metropolis enables the comparison of clines defined by different sets of parameters. Each site 

was defined by coordinates and mean variegata and bombina allele frequency. Only the 

populations of five or more specimens were included and the number of analysed specimens 

from each locality served as locality weights. The starting point of the 2D model was a simple 

straight line, which highlighted the zone centre. Then a more complicated model was fitted, 

where the line curved when divided into segments. Increasing the number of segments 
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improves the fit, but decreases the degrees of freedom, and that has to be taken in account. No 

more segments were added when no further improvement of log likelihood appeared. The 2D 

cline was then collapsed to 1D and the cline shape and width were estimated. 

 

2.7 Analysis of habitat preferences 
 

Partial tests of differences in distribution of specimen between different habitats were 

carried out using STATISTICA 5.5. 

Multivariate analysis (CANOCO for Windows 4.5) was used to find out the relationship 

between environment and toad genotypes. The matrix used in the analysis contained species 

variables (mean allele frequencies of each locus for each locality) and environmental 

variables (values of ecological parameters scored at each locality. The matrix was processed 

by RDA (Redundancy analysis). RDA is a linear method, where the ordination axis, 

corresponding to the direction of the largest sum of variability that can be explained by 

environmental variables, is searched. Environmental parameters were chosen in a forward 

selection. The first environmental variable was added to the null model, which contained no 

environmental variable yet. Significance of the model was tested at each step by Monte Carlo 

permutation  test (999 replications). Resultant models were visualised in CANODRAW for 

Windows 4. 

General Linear Model (GLM, STATISTICA 5.5) was used to point out the differences 

in ecology between the two transects. First, a matrix containing information on alleles of each 

locus per each specimen was made. Principal Component Analysis (PCA, CANOCO for 

Windows 4.5) was used to extract an axis, which would provide the best information on 

genetic affiliation of specimen. This axis explained 68% of the variability within the data. 

Scores provided to each specimen by the axis were used as a species (dependent) variable in 

the fitted GLM model. Values of environmental parameters were used as the independent 

variables.
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3 Results 
 

3.1 Genetic description of populations 

 

3.1.1 Gene frequencies of South Bohemian populations 

Five of the analysed loci (GPI, LDH-1, IDH-1, MDH-1 and NP) were found to be 

polymorphic within populations of both TR_M and TR_A transects. Their mean frequencies 

estimated for each site are given in Appendix 7. The LDH-2, IDH-2 and MDH-2 loci were 

monomorphic within all studied populations. 

According to Ayala et al. (1972) the loci, in which one of the alleles exceeded 

frequency 0.95 and higher, were evaluated as monomorphic loci. Only one population (BP) 

was monomorphic in its v allele across all loci. Some other populations had monomorphic v 

allele within some of the loci: GPI (PH, CHH_P, BES), LDH-1 (CHL, BES, LIS), IDH-1 

(CH_S), MDH-1 (CHL, BES, LIS) and NP (PK, PH, CHL, BES, LIS). No population was 

found to be monomorphic in a b alelle across all loci, but SD was monomorphic within all 

loci except GPI. NH was monomorphic within MDH-1 and IDH-1 and MOD within IDH-1. 

Mean variegata gene frequency (fv) was used to classify populations into parental 

species and hybrids. I have followed the ranges of Nürnberger et al. (1995), who classified 

toads having fv ≥ 0.8 as Bombina variegata, toads with fv ≤ 0.2 as B. bombina and 

intermediate toads as hybrids. According to this gauge, 10 populations (PK, SED, KP, PH, 

CHH_P, CHL, CH_S, BP, BES, LIS) belong to B. variegata, 4 populations (SD, PAS, NH, 

MOD) belong to B. bombina, and the remaining 11 populations were hybrid. 

Four F1 hybrids were observed within central populations of TR_M (STR2_20, BR_b, 

KP, BOR01) and one F1 hybrid was observed within TR_A (MOD).  

 

3.1.2 Deviations from Hardy-Weinberg equilibrium 

The results of the test over all loci for each population (table 2) show that six 

populations exhibit heterozygote deficiency. Population NH belongs to the TR_A transect. 

The other five populations belong to TR_M and, except one (CHH_P), they all lie in the 

centre of the transect. Results of the test taken for each loci separately are given in table 3. 

 

3.1.3 Linkage disequilibrium 

As mentioned in the chapter 1.2, non random association between a pair of loci (linkage 

disequilibrium) is a typical feature of a dispersal dependent hybrid zone. Null hypothesis 

(independence of allele distribution of certain locus on another locus) was tested using 
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GENEPOP 3.3. Linkage disequilibria were found within one TR_A population (NH) and 

seven TR_M populations (table 4). 
 

 

 

3.1.4 Moravian populations 

Mean allele frequencies of 8 Moravian populations are given in Appendix 7. Three 

populations (FRY, BUD, HV) fulfilled original expectation and are pure B. variegata. 

Populations KOR and KUR appear to be variegata-like hybrids. Since fast and slow alleles 

of IDH-1 locus could not have been distinguished unambiguously within these two 

populations, they are described within only four loci. The three southernmost B. bombina 

populations (ZNO, HEV, UVA) are monomorphic within all loci except GPI. 
 
 

 
 

 

Table 2. Heterozygote deficit at each locality. 

Population P-val.         S. E. 

SD 
BUK 
BOR_01 
PAS 
BR_v 
BR_b 
KLA 
STR1 
STR-N 
STR2_99 
STR2_20 
STR3 
PK 
POL 
SED 
KP 
PH 
CHH_P 
CHL 
CH_S 
BP 
BES 
NH 
MOD 
VP 
VYS 
LIS 

0.3322     0.0016 
0.0102     0.0002 
0.3497     0.0096 
0.1531     0.0009   
0.0981     0.0009 
0.0128     0.0004 
0.5345     0.0013 
0.0821     0.0007 
0.5227     0.0018 
0.2794     0.0024 
0.1520     0.0021 
0.0026     0.0002 
0.1414     0.0011 
0.0000     0.0000 
0.8308     0.0009 
0.1044     0.0010 
0.0717     0.0009 
0.0446     0.0006 
0.4652     0.0017 
1              0.0000 
-               - 
0.3337     0.0011 
0.0301     0.0005 
1              0.0000 
0.3332     0.0011 
0.2686     0.0016 
1              0.0000 

    ……shaded rows sign significant results 

                                      Table 4. Linkage disequilibria between pairs of loci. 

Population Locus 1 Locus 2 P-val. 

STR1 LDH IDH 0.0190  
STR2_99 LDH IDH 0.0384  
STR2_20 LDH MDH 0.0425 
POL LDH 

IDH 
MDH 
MDH 

0.0045  
0.0069  

BR_b LDH 
LDH 

IDH 
MDH 

0.0399  
0.0033  

SED MDH NP 0.0113  
PH GPI MDH 0.0169  
NH GPI LDH 0.0105  
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3.2 Fitted clines 

The best fit of a 2D-cline (fig. 1) shows that the centre of the TR_M zone is not running 

straight. It is broken in the direction of the variegata populations. The length of the central 

line was set to 13 km, where both segments measured equally.  

 

 

 

 
 
Figure1.  2D cline of TR_M transect. Black colour of pie diagrams represents the proportion of    
variegata alleles (fv) within population. 

                         
 
 
During the 1D-cline fitting a tension cline was used firstly as the default setting, but as 

seen from the value of the log likelihood (fig. 2a), its steep slope is not much consistent with 

the TR_M data. The shape of the cline, which gave the best result (highest value of log 

likelihood) is shown in fig. 2b. The cline width was estimated to 10.7 km. Clines fitted for 

each locus separately are given in Appendix 8. 
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Figure 2. 1D clines of TR_M transect. a. TR_M fitted as tension cline. b. Best fit. The 1st axis measures 
transect length in meters. Gene frequency rises from 0 (B.variegata) to 1 (B. bombina) within the 2nd axis. 
Log L = log likelihood value of the model.   
 
 

3.3 Habitat preferences 

 

3.3.1 Distribution of genotypes 

The former assumption was as follows: If, within a hybrid zone, there was no habitat 

preference, distribution of various genotypes among central populations would have to be 

independent on the habitat character of the site, which means that there would occur a smooth 

transition from one genotype to another rather than bimodal pattern. As shown in table 5, a 

few pairs of closely neighbouring populations in the centre of both TR_V and TR_M zones 

display bimodal divergence in their mean variegata allele frequency (fv). Differences in 

distribution of individual toads (defined by fv) among populations were tested by Mann-

Whitney U test (STATISTICA 5.5). Differences were significant (p < 0.05) within all pairs of 

populations except for STV00/STV97. Bombina-like and variegata-like populations differed 

also in their ecology as illustrated in table 6. The values of all scored ecological parameters 

for all populations are given in Appendix 9. The most striking is the difference between BR_v 

and BR_b populations, which were situated only 10 m apart (see pictures in Appendix 10). 

The STR2_99/STR2_20 specimens have been sampled at one site, but its character radically 

changed between the two seasons. Whilst in 1999 it was a vegetated shallow pond with lots of 
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invertebrate predators, the next year, after reconstruction and refilling, it had naked sandy 

banks, no vegetation grew there and no predators occurred. 
 

Table 5. Mean variegata allele frequencies (fv) of neighbouring populations. 

fv of bombina-like 
Population 

fv of variegata-like 
population 

Distance 
(m) 

0.14 (BOR96) 
0.33 (STV00) 
0.33 (STV00) 
0.36 (STR2_99) 
0.34 (STR3) 
0.35 (BR_b) 

0.43 (BOR97) 
0.67 (STE00) 
0.52 (STV97) 
0.54 (STR2_20) 
0.54 (STR2_20) 
0.78 (BR_v) 

100 
500 
30 
- 
100 
10 

 

Table 6. Mean values of some environmental parameters.  

Population Vbott (%) Vemerg (%)   Vshore (%)  pred*   type* 
Bombina-like            14               40              60 1 0.25 
Variegata-like              4                 0              35 0.75 0.75 

*……pred – value is a mean of 0 (predator occurred) and 1 (predator not found) 
* .…..type – value is a mean of 0 (permanent) and 1 (temporary) 
 
 

Fig. 3 displays distribution of all populations (described by mean fv) among different 

types (temporary or permanent) of pools. Differences tested by Mann-Whitney U test were 

significant (p=0.003) within TR_V transect, but not within TR_M transect. Test on data 

combined from all transects gave significant result (p=0.003) again. 

 

    
                                      a                                                                                b 
 
     

Figure 3. Distribution of genotypes between different (temporary/permanent) habitats. a. TR_M and 
TR_V transect. b. All transects together. Fv = mean variegata allele frequency of each specimen. 
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3.3.2 RDA results 

Since some linkage between the toad’s genotype and habitat is obvious a more complex 

description of such a relation was made using multivariate statistic (the procedure was 

described in chapter 2.7). Results of an analysis, containing data of all studied populations 

(TR_M, TR_V, TR_A and Moravia) are shown in fig. 4. The 1st axis of the plotted fit 

explained 61.3 % of the variability among the data (next three axes explained together only 

1.5 %). Whole model was significant on p < 0.001 level. The support of the parameters is 

given by included parameter – 1st axis angle or numerically in table 7, where can be seen that 

Bombina bombina genotype is positively correlated with parameters Vshore and agr500m, 

while B.variegata is correlated with parameters shade and per.for. 

 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Figure 5. Redundancy (RDA) analysis of preferences of both species. Transition from B. bombina to B. 
variegata (blue arrows, allozymic loci) runs from left to the right along the 1st axis. Parameters supported 
by the model are marked in red. 

 
 
Table 7. Correlations between parameters and the 1st  axis. 

 1st ax Vshore per.for agr500m shade 
1st ax 
Vshore  
per.for 
agr500m 
shade 

 1.0000 
-0.7072 
 0.6057 
-0.1744 
 0.1374 

 
  1.0000 
-0.2875 
 0.1397 
-0.2156 

 
 
  1.0000 
-0.5004 
 0.3544 

 
 
 
  1.0000 
-0.1741 

 
 
 
 
  1.0000 

 
 

3.3.3 Comparison of transects 

Another question is whether the ecological preferences of the toads differ between the 

two transects (TR_M and TR_V). If the environment and the mechanism (tension or mosaic) 

acting there would be equal within both transects, the habitat preferences should be similar.  

-1.0 1.0

-1
.0

0.
4

GPIb

GPIv

LDHvLDHb
IDHv

IDHb
MDHv

MDHb

NPv
NPb

shade

agr500m

Vshore

per.for
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Significance values of the parameters, computed by the GLM made separately on 

TR_M and TR_V data, are shown in table 8. Resultant parameters were chosen according to 

their ability to explain the differences between the genotypes. The relative weight of each 

parameter is given by its F value. The whole TR_V model explains 82% of the variability 

among species data (adjusted R˛=0.819) and whole TR_M model explained 73% of the 

variability (adjusted R˛=0.729). The data on TR_A and Moravia were too thin to be analysed 

separately.  

 
Table 8. Comparison between transects. 

TR_V SS MS F p   TR_M SS MS F p 
FOR_DIST 13.294 13.294 83.463 0.000   VEMERG 11.674 11.674 53.690 0.000 
FOR500M 9.193 9.193 57.716 0.000   DEPTH 7.007 7.007 32.227 0.000 
VBOTT 9.028 9.028 56.681 0.000   VBOTT 4.363 4.363 20.066 0.000 
SHADE 5.411 5.411 33.974 0.000   FISH 2.383 2.383 10.958 0.001 
FIELD5M 5.394 5.394 33.865 0.000   ROAD5M 2.210 2.210 10.164 0.002 
AGR500M 4.387 4.387 27.543 0.000   FOR5M 2.163 2.163 9.948 0.002 
RUN_W 3.816 3.816 23.958 0.000   AREA 1.967 1.967 9.045 0.003 
VEMERG 3.651 3.651 22.920 0.000   TYPE 1.952 1.952 8.978 0.003 
PER_FOR 3.221 3.221 20.225 0.000   SHADE 1.125 1.125 5.173 0.024 
DEPTH 2.338 2.338 14.678 0.000   AGR500M 0.727 0.727 3.344 0.068 
PRED 2.107 2.107 13.226 0.000   VSHORE 0.702 0.702 3.231 0.073 
ROAD5M 1.969 1.969 12.359 0.000   URB500M 0.468 0.468 2.152 0.143 
TYPE 1.803 1.803 11.320 0.001   PERM_W 0.455 0.455 2.092 0.149 
VSHORE 1.479 1.479 9.283 0.002   PRED 0.258 0.258 1.187 0.277 
PERM_W 1.409 1.409 8.846 0.003   FOR500M 0.195 0.195 0.896 0.345 
AREA 0.142 0.142 0.892 0.345   FOR_DIST 0.081 0.081 0.373 0.542 
FOR5M 0.134 0.134 0.839 0.360   PER_FOR 0.060 0.060 0.277 0.599 
FISH 0.066 0.066 0.412 0.521   FIELD5M 0.047 0.047 0.217 0.641 
URB500M 0.061 0.061 0.382 0.537   RUN_W 0.040 0.040 0.185 0.667 
MEAD5M 0.006 0.006 0.037 0.848   MEAD5M 0.001 0.001 0.005 0.942 

…….. shaded rows sign non significant results.
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4. Discussion 
 

4.1 Genetic character of populations 

 

4.1.1 Diagnostic value of allozymes, Moravian populations 

Allozyme electrophoresis is a standard and almost exclusive way used to study 

Bombina hybridisation. But, since there was found no bombina population monomorphic 

within a GPI bombina allele either in the south Bohemia, or in the south Moravia, the 

question of its diagnostic value arises. The GPI polymorphism of bombina populations could 

be explained by introgression of variegata alleles into these populations within the south 

Bohemia (Havelková, 2002), but not within the south Moravia, where the species occur too 

far from the areas of hybridisation. Piálek (1992) found there a few pure bombina populations 

polymorphic within GPI too. Gollmann (1986) found polymorphism of GPI within 

populations of B. bombina from eastern Slovakia, what links them to bombina populations 

analysed in this thesis. In conclusion, while the GPI locus is diagnostic within Poland 

populations (Szymura and Farana, 1978), its usage for Bohemian and Moravian toads is 

disputable.  

Moravian variegata populations were chosen from the Atlas of Czech amphibians (Moravec, 

1994). At one locality (FRY), presented there as B. bombina site, pure B. variegata specimens 

were found. At two mutually outlying localities (KUR, KOR) variegata hybrids were found, 

which documents the fact that hybridisation between these two taxa is a common 

phenomenon. All three pure Moravian variegata populations (FRY, HV, BUD) were 

monomorphic within the slow allele of IDH-1 locus, which is normally a typical bombina 

allele. This is not surprising, since the slow IDH-1 allele is found within Carpathian 

populations of B. variegata (e.g. Piálek, 1992) to which the FRY, HV and BUD (Havelková, 

1999) localities belong. 

 

4.1.2 Type of the zone – inferred from genetic data 

The type of the zone to which the new hybridizing transect (TR_M) corresponds can be 

deduced by comparing its genetic characters with typical tension and mosaic transects (table 

9). The TR_M transect fits better the mosaic model than the tension transect for all selected 

features, although the number of populations explored here is smaller. The contrast between 

the TR_M cline and a typical tension zone cline can be seen in fig.2, too. The log likelihood



 

 - 19 - 19  

of a narrow tension cline fitted for TR_M genetic data is far lower than that of a broad cline. 
 

Table 9. Comparison of transects. 

 Polish transects* 
(tension zone) 

Pešćenica transect 
(mosaic zone) 

TR_M 

cline width 
step in cline shape in the 

centre 

distribution of 
genotypes in the centre 
heterozygote deficit 
  

6.05, 6.10 km 
sharp 
 
smooth transition 
 
only 1 population 
among 79 

9.5 km  # 
shallow  † 
 
bimodal  † 
 
    9 populations 
among  85  † 

10.6 km 
shallow 
 
bimodal 
 
  5 populations 
among 20 

sources - *…..Szymura and Barton, 1991 
                #….Szymura, 1993 

                           †…..MacCallum, 1994 
 

 

 

4.1.3 TR_M and TR_V differences 

The cline shape and width (6.71 km) of the TR_V transect (Havelková, 2001) support 

well the idea of a tension zone, but a few deviations from Hardy-Weinberg expectations and a 

few F1 hybrids were found (Havelková, l.c.). Another exception, the bimodal distribution of 

genotypes among two pairs of central populations, was elicited here. Although these facts 

seem to play a minor role within the TR_V transect, the situation in the neighbouring TR_M 

is different. The cline width is much broader and all other deviations, mentioned above, are 

stronger too. The role of environmental heterogeneity and habitat preferences will be 

discussed below. 

 

4.2 Habitat preferences 

 

4.2.1 Ecological preferences of both species 

As shown in fig. 4, predictors Vshore and per.for are very well correlated with the 

transition from bombina to variegata genotype. This corresponds to species biology, because 

Bombina bombina occurs in water bodies strongly overgrown with vegetation, while B. 
variegata occupies forested areas. Parameters agr500m and shade are less correlated, but also 

follow the expectations that B. bombina should occur in a farmland more than B. variegata,  

inhabiting more shaded pools.  
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4.2.2 Bimodal structure of central populations 

Although differences in genotype distribution between the central populations can be 

explained alternatively to habitat preference by inter-seasonal migration and shifts of the zone 

centre, this could be applied only on the pairs of populations sampled in different seasons - 

BOR96/97, STV97/STV00 and STR2_99/20 (table 6), but not on populations sampled within 

one season (STV00/STE00, STR3/STR2_20 and BR_b/BR_v).  The important fact is the 

small distance between these pairs of sites, which was never more than 500 m. If we take in 

account the estimate of annual migration distance of Bombina toads, which is on average 1 

km (Barton and Szymura, 1991; MacCallum, 1994), the active preferences of certain habitat 

are obvious, otherwise the different genotypic structure of populations would have to be 

smoothened by migration.  

 

4.2.3 Ecological comparison of transects 

Studies of Rand and Harrison (1989), MacCallum (1994) and MacCallum et al (1998) 

showed that the environment of a mosaic zone provides both parental habitats close to each 

other, so that selection against hybrid genotype may perform on the habitats. The genetic 

character of TR_M classifies it as the mosaic type. When we take a look into the table 

describing the localities (Appendix 7), higher heterogeneity of the TR_M environment can be 

seen. All three 500m categories (urb, agr, for) were found within lots of populations, and 

mean distance from forest was lower (160 m) there than within the TR_V (241m), which 

means that forested areas typical for B. variegata were scattered all over the transect, often 

nearby the ponds with bombina-like populations (STR3, STR2_99).  

Because these habitats lie close to each other, the selection may not act on them, but 

may act on the characters of the breeding pools itself. The pattern shown by the results of 

GLM comparison between the transects supports that idea. Most of the predictors within the 

TR_V have been the characteristics of the locality surroundings (for.dist, for500m, field5m, 

agr500m, run.w). None of these predictors has acted within TR_M model, where have been 

included only the parameters of the pools (e.g. Vemerg, Vbott, depth, fish). Although the 

preference of permanent versus temporary type of the locality appeared to be relatively weak, 

this is not necessarily in conflict with the Pešćenica transect survey (MacCallum, 1994), 

where such preference has been demonstrated. Bombina-like habitats (ponds) and variegata-

like habitats (puddles) have been well differentiated in the amount of the vegetation and in 

depth there. 

In conclusion, what makes the ecology and tension or mosaic character of the two 

Southbohemian transects different is the geographical distance of populations with distinct 
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genotypes. This distance is much smaller in the TR_M transect, where even pure specimens 

of either Bombina variegata and B. bombina have been found situated close to each other 

(BR_b/BR_v) accompanied by occurrence of F1 hybrids (STR2_20, BR_b, KP, BOR01). 

Such pattern is enabled by close vicinity of different habitats.
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5. Conclusion 
 

• an electrophoretical analysis of 548 Bombina specimens from 33 Southbohemian and 

Moravian localities was made. The existence of a new hybridizing transect, formerly 

described using morphologic characters (Štefka, 2000), was confirmed. 

• according to its genetic and environmental characteristics the transect was ranked as the 

mosaic type of a hybrid zone. 

• linkage between the genotype and habitat was found, correspondingly to the earlier 

studied transect in Croatia (MacCallum, 1994).  

• ecological comparison with the neighbouring transect of the tension type (Havelková, 

2002) supports the idea of different character of these two transects. 
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Appendix 1: Map of the Malše transect (TR_M) 
 
 
 

 
The frequency of variegata alleles within each population is marked in yellow colour.
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Appendix 2: Map of the TR_A transect 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The frequency of variegata alleles within each population is marked in yellow colour.
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Appendix 3: Map of the Vltava transect (TR_V), adopted from Havelková, 2002 
 
 
 
 
 
 

 
The frequency of variegata alleles within each population is marked in yellow colour.
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Appendix 4: Allele frequencies of TR_V populations (adopted from Havelková, 2002) 
 

lokus/ alela 
GPI MDH - 1 LDH - 1 IDH - 1 NP fV n populace 

F(B) S(V) F(V) S(B) F(V) S(B) F(V) S(B) F(V) S(B)   

DIV ,62 ,38 ,04 ,96 - 1,00 - 1,00 ,12 ,88 ,11 13 
NOM ,68 ,32 ,09 ,91 ,11 ,89 ,01 ,99 ,08 ,92 ,12 107 
BRA ,87 ,13 ,25 ,75 - 1,00 ,12 ,88 ,19 ,81 ,14 8 

TRE01 ,63 ,37 ,07 ,93 ,07 ,93 ,03 ,97 ,13 ,87 ,13 15 
HAB ,85 ,15 ,05 ,95 ,20 ,80 ,05 ,95 ,20 ,80 ,13 10 

STE00 ,31 ,69 ,66 ,34 ,70 ,30 ,74 ,26 ,53 ,47 ,67 52 
STV00 ,61 ,39 ,22 ,78 ,44 ,56 ,28 ,72 ,33 ,67 ,33 9 
BOR01 ,69 ,31 ,20 ,80 ,24 ,76 ,19 ,81 ,18 ,82 ,22 68 

MOJ ,46 ,54 ,25 ,75 ,46 ,54 ,38 ,62 ,38 ,62 ,40 12 
SPO - 1,00 1,00 - ,92 ,08 1,00 - 1,00 - ,98 6 

KAP01 - 1,00 1,00 - 1,00 - 1,00 - 1,00 - 1,00 9 
CHU - 1,00 1,00 - 1,00 - 1,00 - 1,00 - 1,00 8 
OML - 1,00 1,00 - 1,00 - 1,00 - 1,00 - 1,00 23 
BOC - 1,00 1,00 - 1,00 - 1,00 - 1,00 - 1,00 10 

BOR96 ,95 ,05 ,18 ,82 - 1,00 ,27 ,73 * * ,14 11 
BOR97 ,67 ,33 ,50 ,50 ,44 ,56 ,44 ,56 * * ,43 9 
KAP97 ,12 ,88 ,96 ,04 1,00 - ,92 ,08 * * ,94 12 
STE97 ,45 ,55 ,70 ,30 ,80 ,20 ,55 ,45 * * ,65 10 
STV97 ,38 ,62 ,31 ,69 ,50 ,50 ,62 ,38 * * ,52 8 
TRE97 ,45 ,55 ,10 ,90 ,80 ,20 - 1,00 * * ,21 10 

STA ,43 ,57 ,18 ,82 ,07 ,93 - 1,00 * * ,21 14 

ZAH ,42 ,58 ,54 ,46 ,38 ,62 ,15 ,85 * * ,41 13 

JP ,13 ,87 ,69 ,31 ,81 ,19 ,50 ,50 * * ,72 16 

UVA 1,00 - - 1,00 - 1,00 - 1,00 - 1,00 - 12 

 
*…..locus not analysed 
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Appendix 5: Southbohemian transects and Moravian populations. 
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Appendix 6: Composition of allozyme substrates 
 
Glocosephosphate isomerase (GPI) 
 
TRIS/HCl bufr (pH=8)……………………………………...15 ml 
Fructose-6-phophate………………………………………..10 mg 
NAD (1% solution)…………………………………………..1 ml 
NADP (1% solution)………………………………………..0,5ml 
MgCl2 (0,5M solution)……………………………………….1 ml 
MTT (1% solution)…………………………………………0,5 ml 
PMS (1% solution) …………………………………………0,5 ml 
Agarose gel (2%, t=40 °C)………………………………….15 ml 
 
 
Lactate dehydrogenase (LDH) 
 
TRIS/HCl bufr (pH=8)……………………………………..15  ml 
L-lactate (0,5M sodium salt, pH=7)……………………….…6 ml 
NAD (1% solution)…………………………………………..1 ml 
MTT (1% solution)…………………………………………0,5 ml 
PMS (1% solution) ………………………………………...0,5 ml 
Agarose gel (2%, t=40 °C)………………………………….15 ml 
 
 
Isocitrate dehydrogenase (IDH) 
 
TRIS/HCl bufr (pH=8)………………………………………15 ml 
DL-isocitric acid (trisodium salt)……………………………40 mg 
NADP (1% solution)……………………………………….0,5 ml 
MgCl2 (0,5M solution)……………………………………..…1 ml 
MTT (1% solution)…………………………………………0,5 ml 
PMS (1% solution) …………………………………………0,5 ml 
Agarose gel (2%, t=40 °C)………………………………….15 ml 
 
 
Malate dehydrogenase (MDH) 
 
TRIS/HCl bufr (pH=8)……………………………………..15 ml 
DL-malic acid (2M, disodium salt, pH=7)………………… .1 ml 
NAD (1% solution)……………………………………….…2 ml 
MgCl2 (0,5M solution)…………………………………….0,3 ml 
MTT (1% solution)………………………………………...0,5 ml 
PMS (1% solution) ………………………………………….1 ml 
Agarose gel (2%, t=40 °C)………………………………….15 ml 
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Appendix 6 – continued. 
 
Nukleosid phosphorylase (NP) 
 
Phosphate bufr (0,2M phosphate Na/HCl, pH=7)…………..15 ml 
Inosin………………………………………………………..10 mg 
Xanthin oxidase (0,3 unit)…………………………………...10 µl 
MTT (1% solution)…………………………………………...1 ml 
PMS (1% solution) ………………………………………...0,3 ml 
Agarose gel (2%, t=40 °C)………………………………….15 ml 
 



 

 

Appendix 7: Allele frequencies of five polymorphic loci. 
 

 
Transect 

                                                  allozyme locus 
                                                         allele 

         GPI        LDH-1           MDH-1         IDH-1           NP  
TR_M F (b) S (v) F (v) S (b) F (v) S (b) F (v) S (b) F (v) S (b) 

fv n 

SD 0.55 0.45          - 1.00          - 1.00          - 1.00          - 1.00 0.09 11 
BUK 0.77 0.23 0.59 0.41 0.41 0.59 0.45 0.55 0.45 0.55 0.43 11 
BOR_01 0.69 0.31 0.20 0.80 0.24 0.76 0.19 0.81 0.18 0.82 0.22 68 
PAS 0.63 0.37 0.09 0.91 0.15 0.85 0.10 0.90 0.31 0.69 0.20 34 
BR_v 0.06 0.94 0.88 0.13 0.63 0.38 0.69 0.31 0.75 0.25 0.78 8 
BR_b 0.41 0.59 0.34 0.66 0.18 0.82 0.32 0.68 0.30 0.70 0.35 22 
KLA 0.17 0.83 0.33 0.67 0.11 0.89 0.11 0.89 0.28 0.72 0.33 9 
STR1 0.58 0.42 0.25 0.75 0.13 0.88 0.17 0.83 0.21 0.79 0.23 12 
STR-N 0.55 0.45 0.20 0.80 0.50 0.50 0.45 0.55 0.15 0.85 0.35 10 
STR2_99 0.44 0.56 0.31 0.69 0.09 0.91 0.41 0.59 0.41 0.59 0.36 16 
STR2_20 0.30 0.70 0.52 0.48 0.52 0.48 0.48 0.52 0.50 0.50 0.54 24 
STR3 0.58 0.42 0.25 0.75 0.29 0.71 0.46 0.54 0.29 0.71 0.34 12 
PK 0.13 0.88 0.88 0.13 0.88 0.13 0.75 0.25 1.00         - 0.88 4 
POL 0.31 0.69 0.50 0.50 0.59 0.41 0.56 0.44 0.44 0.56 0.56 16 
SED 0.18 0.82 0.82 0.18 0.89 0.11 0.89 0.11 0.79 0.21 0.84 14 
KP 0.41 0.59 0.41 0.59 0.14 0.86 0.73 0.27 0.50 0.50 0.47 11 
PH         - 1.00 0.70 0.30 0.75 0.25 0.90 0.10 0.95 0.05 0.86 10 
CHH_P         - 1.00 0.83 0.17 0.63 0.37 0.73 0.27 0.87 0.13 0.81 15 
CHL 0.13 0.88 0.96 0.04 0.96 0.04 0.90 0.10 0.98 0.02 0.93 24 
CH_S 0.13 0.88 0.79 0.21 0.92 0.08 0.96 0.04 0.92 0.08 0.89 12 
BP         - 1.00 1.00          - 1.00         - 1.00         - 1.00         - 1.00 7 
BES        - 1.00 1.00          - 1.00         - 0.70 0.30 1.00         - 0.94 5 

TR_A        

NH 0.78 0.22 0.17 0.83       - 1.00      - 1.00 0.22 0.78 0.12 9 

MOD 0.80 0.20 0.15 0.85 0.10 0.90 0.05 0.95 0.15 0.85 0.13 10 

VP 0.25 0.75 0.75 0.25 0.75 0.25 0.50 0.50 0.25 0.75 0.60 2 

VYS 0.58 0.42 0.83 0.17 0.67 0.33 0.75 0.25 0.83 0.17 0.70 6 

LIS 0.11 0.89     1.00      - 1.00      - 0.89 0.11 1.00      - 0.96 9 

Moravia             

ZNO 0.12 0.88       - 1.00         -   1.00      - 1.00        - 1.00 0.18 21 

HEV 0.39 0.61         - 1.00         -   1.00      - 1.00        - 1.00 0.12 40 

UV 0.20 0.80         - 1.00         -   1.00      - 1.00        - 1.00 0.16 9 

HV        - 1.00 1.00         -         -     1.00 1.00        - 1.00        - 1.00 12 

FRY        - 1.00 1.00      -         -     1.00 1.00        - 1.00        - 1.00 10 

BUD†        - 1.00 1.00      -         -     1.00 1.00        - 1.00        - 1.00 10 

KOR 0.06 0.94 0.88 0.12         *         * 0.68 0.32 0.88 0.12 0.85 38 

KUR 0.01 0.99 0.76 0.24         *         * 0.86 0.14 0.84 0.16 0.86 17 

†…………taken from (Havelková, 1999) 
*…………non diagnostic loci  
fv………...mean variegata allele frequency 



 

 

Appendix 8: 1D clines for separate allozymes 
 
 


