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ABSTRACT

The spatial and ecological characteristics of two hybrid zones of amphibians
are described. In two species of fire-bellied toads (genus Bombina) in central
Europe, the location of the hybrid zone between them is determined by the
parameters altitude and relief. In western France, the distribution of two
hybridizing species of newts (genus Trifurus) is described by the parameters
relief and forestation. The toads fit the gradient model of hybrid zone struc-
ture, whereas the newts fit the mosaic model of hybrid zone structure. How-
ever, when the spatial scale of observation is varied, the distinction between
the models fades and a continuum might exist between them.

INTRODUCTION

Hybrid zones are spatially bounded interactions between genetically distinct groups of
individuals resulting in at least some offspring of mixed ancestry. Allopatric populations
of the two genetically distinct groups are found outside the zone of interaction (Harrison,
1990). Within this broad definition of what constitutes a hybrid zone, two types can be
distinguished: the gradient hybrid zone and the mosaic hybrid zone. The genetic struc-
ture of the gradient hybrid zone has been described by diffusion models, where zone
width is determined by the opposing forces of migration and disruptive selection, which
tend to broaden and narrow the zone, respectively (Barton and Hewitt, 1985). A transect
across a zone under this model is expected to reveal smooth concordant transitions for
the genetic characters examined. A proper definition of a mosaic hybrid zone does not
exist, but they are characterized by a patchy spatial structure. They occur when taxa that
differ in habitat utilization patterns interact in a patchy environment, hybridizing at the
boundaries between patch types (Harrison, 1986, 1990). Mosaic hybrid zones have
complex internal structure, reflecting the patchwork of habitats distributed across the
landscape. The fate of any interaction will depend on local selection pressures, random
drift, and the extent of genetic exchange between patches. Patchiness might also be due

| to random drift (as perhaps in chromosomal races of mice, Hauffe and Searle, 1993), or
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to habitat preference within the dispersal range (as perhaps in fire-bellied toads in
Croatia, Szymura, 1993). T will draw attention to two hybrid zones in amphibians, one of .
the gradient type and one of the mosaic type., and show that the distinction between the
models of hybrid zone structure erodes when the scale of observation is varied.

MATERIALS AND METHODS

The distribution in southern Poland of two species of toads (the red-bellied toad,
Bombina bombina, and the yellow-bellied toad, Bombina variegara) and the location of
the hybrid zone between them is documented by Michatowski (1958, 1961). The genetic
structure of the zone is described by Szymura and Barton (1986, 1991). Topographical
maps (Army Map Service, 1956-1965) are available for a 20-km stretch within this area
from BrzezZnica in the west to Kobierzynso in the east (map reference 4/02 to 4/22, see
also Szymura and Barton, 1986). The relief (“hilliness™) of the terrain, an ecological
parameter thought to be associated with the position of the hybrid zone, was estimated
per km?* by overlaying the topographical maps with a grid and counting the number of
intersections of the grid with mapped (20 m interval) isohypses. A contour map was
produced with SURFACE II (Kansas Geological Survey, 1980) using the weighted
average of eight nearest neighbors and a scaled inverse distance squared as the weight-
ing function. Distribution of the two toad species over central Europe at large is
described by Arntzen (1978), Gollman (1987a), and Szymura (1993).
The distribution of two species of newts (the crested newt, Triturus cristatus, and the
marbled newt, 7. marmoratus) was recorded in département Mayenne, France, over an
area of approximately 160 km? (located within the “area B” of Arntzen and Wallis,
1991: fig. 2). The relative abundance of the newt species was determined in 85 ponds by
the dip-netting of adults, by the identification of eggs (through enzyme electrophoresis,
Arntzen, 1989), or by both methods. Hybrids were identified on the basis of their
intermediate phenotype (Fig. 1, see Arntzen and Wallis (1991) for genetic descriptions).
All but a few turned out to be F hybrids and they were taken as representing both species
at half count. A correction factor of 0.5 was applied to egg counts of T. marmoratus, to
1ccount for the species’ twofold higher female fecundity relative to T. eristatus (Arntzen
ind Hedlund, 1990). Eggs laid by hybrids were excluded. Samples were taken in spring
nd summer of 198 1. Mean sample size was 122 and no sample size was smaller than 20.
Three ecological parameters, known to be important to the local distribution of newts
Arntzen and Wallis, 1991), were taken from topographical maps (Institut Géo-
-aphique National, 1978). Forest cover was taken straight from the maps. Hedgerow
:nsity was measured through the use of a chartwheel on photographically enlarged map
ctions, each representing one km?. Relief was determined as for the toads, but because
map differences (isohypses at 5-m intervals) and a change in grid design, measure-
:nts in France and Poland are not directly comparable. Contour maps were produced
for the toads for the parameters relief (grid intersections per km?, arbitrary units),
Igerow density (km per km?®), and newt species compositions (100* N 7. cristasus/ Fig. 1. Belly patterns of Triturus cristatus (top), T. marmoratus (middle), and F -hybrid (bottom),
T. cristasus + N T. marmoratus)). Newt distribution over Mayenne at large is .  offspring from female 7. cristatus and male T. marmoratus (cf. Arntzen and Wallis, 1991).
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Table 1
Levels of coexistence between Triturus cristatus and T. marmoratus in Mayenne, France

Ponds in Mayenne

Level of coexistence Ponds in département Mayenne® central area"

Schoorl and
Percentage Vallée  Zuiderwijk Present
T. eristatus (f) (1959) (1981) Total study
allotopic T. marmoratus 0 22 ! 23 8
syntopic—weak 0<f=10 ) 1 6 3
syntopic—medium 10<fs25 2 0 2 3
syntopic—strong 25<f<15 5 0 5 26
syntopic—medium 15=f<90 0 0 0] 15
syntopic—weak 90 <f< 100 4 2 6 22
allotopic T. cristatus 100 18 3 21 8
total number of ponds 56 7 63 R85

*Sample size = 10.
"Sample size = 20.

described by Vallée (1959), Schoor] and Zuiderwijk (1981), and Arntzen and de Wijer (1989).

Ponds and populations in which only one of the target species was observed (despite
a reasonable sampling effort) are termed “allotopic”. “Syntopic” ponds harbor both
species. Syntopy can be “strong”, ‘“medium”, or “weak” (see Table | for criteria
employed). :

RESULTS

The distribution of the two European species of fire-bellied toads and the position of the
hybrid zone between them appears to be associated with a feature of the landscape, i.e.,
reliet (Fig. 2). With hybrid zone width being restricted, the species effectively show a
parapatric distribution. This pattern extends over the whole of central Europe, from the
Adriatic Sea to the Black Sea in a mosaic, in which mountainous areas are inhabited by
B. variegata and lowland areas by B. bombina (Fig. 3).

The distribution of newts in Mayenne also appears to be associated with features of
the habitat. Triturus marmoratus outnumbers T. cristatus in hilly areas, in wooded areas,
and in areas where hedgerow density is high, while 7. cristatus is the more abundant
species in flat areas devoid of dense forestation (Fig. 4). In the central area of Mayenne
16 ponds out of 85 (19%) are allotopic, 26 ponds (31%) are strongly syntopic, 18 ponds
(21%) medium syntopic, and 25 ponds (29%) weakly syntopic (Table 1). Among
syntopic ponds the proportions are unbalanced, with T. marmorarus being the rarer
species more often than T. crisrarus. Medium and strongly syntopic populations are
significantly more tfrequent than weakly syntopic populations, compared to the levels of
syntopy scored in Mayenne as a whole (G-test of independence, p < 0.05).
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Fig. 2. Relief (in arbitrary units, for details see text) in an area to the southwest of Cracow, Poland;
the graph summarizes environmental data across 20 one-km-wide strips parallel to the hybrid
zone. The center of the Bombina hybrid zone is determined by Michatowski (1958), hybrid zone
width is according to Szymura and Barton (1991). Bombina bombina and B. variegata are
allotopic to the northern and southern sides of the hybrid zone, respectively, although in the
Cracow—Chrzanéw Ridge some individuals of intermediate phenotype are found (Michatowski, 1961).

1 1 ] )

Fig. 3. Distribution of fire-bellied toads in central Europe (after Arntzen, 1978; Gollmann, 1987a;
Szymura, 1993). Bombina variegata is found in mountainous areas (Alps, Carpathians, a = FruSka

* Gora Mts., b= Mecsek Mts., c = Bakony Mits., d = Mdtra Mts., and e = Biikk Mts.) and B. bombina

“

b

in lowland areas. No toads are recorded for the area indicated by a single question mark. The d&{i{l
on toad distribution in Romania are equivocal. The arrow points to the study area of Michatowski
(1958, 1961). The Adriatic Sea and the Black Sea are indicated in black.
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Fig. 4. Left: Distribution of Triturus cristatus and T. marmoratus in central Mayenne, France
(dashed line outlines “area B” of Arntzen and Wallis, 1991). Black shading represents areas with
populations in which T. marmoratus is the more abundant species (frequency >75%) and hatched
areas are inhabited predominantly by 7' cristatis (= 75 %); in areas not shaded both species are
present with a relative frequency of >25%. Right: Mapping of environmental parameters associ-
ated with newt distribution. Large forests are shown in black, areas with high hedgerow density
(>10 km per km?) are shaded and hilly areas (>25 in arbitrary units) are stipled. See text for details
of map construction.

DISCUSSION

The distribution of fire-bellied toads over central Europe can be described in a straight-
forward way using the parameters altitude and relief. These two parameters are, of
course, strongly correlated, rendering it difficult to determine their relative importance.
Some observations, however, point to relief rather than altitude as instrumental to toad
distribution. In Slovakia, the lowland dwelling B. bombina was found to occur on a
plateau at higher altitudes than B. variegata, the species found in the neighboring valley
(Ldc, 1961). Similarly, Szab6 (1959) and Gollmann et al. (1987) recorded the presence
of B. bombina in the Matra Mts. at altitudes higher than local B. variegata. The position
of the hybrid zone has been recorded over large arcas in Slovakia (Ldc, 1961), in
Southern Poland (Michalowski, 1958, 1961; Madej, 1964ab, 1966), and in southeastern
Poland and the Ukraine (Horbulewicz, 1927, 1933). Unfortunately, most surveys lack
numerical data, and topographical maps with sufficient detail to estimate relief are generally
unavailable.

Geographic variation in gradient hybrid zones has been described in Bombina
(Gollmann, 1984, 1987b; Gollmann et al.. 1988; Szymura, 1993). Environmental
change, habitat type, and a patchy habitat structure are factors mentioned. Indeed, most

s
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authors would agree that ecological parameters may not be ignored if one wishes to
understand the structure and position of hybrid zones. However, while admitting that the
zone is located at the transition between habitats suitable for B. bombina and
B. variegata, Szymura and Barton (1986, p. 1145) are of the opinion that “... the center
of the hybrid zone does not seem to follow closely any obvious environmental contour,
and it is certainly not located at any narrow ecotone.” The specifying terms (italics
mine) reduce the information content of the statement, and make verification ambigu-
ous. In Michatowski’s study area (encompassing the Cracow transect), the association
between the location of the hybrid zone and relief is remarkable and probably stronger
than the link to altitude. T propose that relief and other ecological parameters (those
frequently mentioned are microclimate, edaphic factors, and anthropogenic distur-
bances) be examined before endorsing Szymura and Barton’s view. The gradient model
of hybrid zone structure alone may be insufficient to fully explain the observations.

Dispersal rate has been estimated at approximately 1 km per generation in Bombina
(Szymura and Barton, 1991; Barton and Gale, 1993). The distribution of favorable
habitat (mostly with a patch diameter that is several orders of magnitude larger than
dispersal range) is such that the vast majority of populations are allotopic. Dispersal rate
of T. cristatus has been estimated at approximately 1 km per year (Arntzen and Wallis,
1991). In Mayenne, favorable patches of habitat are relatively small and 30% of
populations classify as syntopic. Syntopy is especially pronounced in the central area
(81%), where the habitat preferences of 7. marmoratus (forestation, hedgerows) and T.
cristatus (flat terrain) are intermingled; this is also the area where hybrids are found
most frequently.

Mosaic distribution patterns as observed in hybridizing Bombina toads and hybridiz-
ing Triturus newts are governed by local ecological conditions, affecting the degree to
which species interact. Gradients in species compositions and genetic characters are
observed where habitat favorable for one species changes into habitat favorable for the
other species. The toads fit the gradient model of hybrid zone structure best, but also
show a mosaic structure. The newts fit the mosaic model and show aspects of the
gradient model. I suggest that a continuum between the two models might exist. To
observe the link, ecological and genetic parameters must be studied simultaneously and
the spatial scale of observation must be varied. A static perspective is sure to frustrate
the understanding of hybrid zone structure.
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