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GENETIC ANALYSIS OF A HYBRID ZONE BETWEEN THE
FIRE-BELLIED TOADS, BOMBINA BOMBINA AND
B. VARIEGATA, NEAR CRACOW IN
SOUTHERN POLAND

JACEK M. SZYMURA
Department of Comparative Anatomy, Jagiellonian University, ul. Karasia 6,
Krakow 30-060, Poland

AND

NicHoLAs H. BARTON
Department of Genetics and Biometry, University College, 4 Stephenson Way,
London NWI1 2HE, UK.

Abstract. —The fire-bellied toads Bombina bombina and B. variegata differ extensively in bio-
chemistry, morphology, and behavior. We use a survey of five diagnostic enzyme loci across the
hybrid zone near Cracow in Southern Poland to estimate the dispersal rate, selection pressures,
and numbers of loci which maintain this zone. The enzyme clines coincide closely with each other
and with morphological and mitochondrial DNA clines. Although the zone lies on a broad transition
between environments suitable for bombina and variegata, the close concordance of diverse char-
acters, together with increased aberrations and mortality in hybrids, suggest that the zone is main-
tained largely by selection against hybrids. There are strong “linkage disequilibria” between each
pair of (unlinked) enzyme loci (R = 0.129 [2-unit support limits: 0.119-0.139]). These are probably
caused by gene flow into the zone, and they give an estimate of dispersal (¢ = 890 [790-940] m
gen~"). The clines are sharply stepped, with most of the change occurring within 6.15 (5.45-6.45)
km, but with long tails of introgression on either side. This implies that the effective selection
pressure on each enzyme marker (due largely to disequilibrium with other loci) is s* = 0.17 (0.159-
0.181) at the center but that the selection acting directly on the enzyme loci is weak or zero (s, <
0.0038). The stepped pattern implies a barrier to gene flow of 220 (48-415) km. This would
substantially delay neutral introgression but would have little effect on advantageous alleles; the
two taxa need not evolve independently. Strong selection is needed to maintain such a barrier:
hybrid populations must have their mean fitness reduced by a factor of 0.65 (0.60-0.77). This
selection must be spread over a large number of loci to account for the concordant patterns and
the observed cline widths (N = 300 [80-2,000]).
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Hybrid zones are found in a wide variety 1966; Endler, 1977), the clumping of zones

of organisms and may involve a wide range
of characters (Barton and Hewitt, 1985).
Several mechanisms have been proposed to
account for them: simple mixing of neutral
alleles following secondary contact (Hafner
et al.,, 1983), selection favoring hybrids
within narrow ecotones (Moore, 1977), se-
lection against hybrids (Zaslavskii, 1967;
Bazykin, 1969, 1973; Key, 1968), or selec-
tion favoring different alleles in different en-
vironments (Fisher, 1930; Haldane, 1948).
Diverse views are also held on their im-
portance in evolution. It has been suggested
that hybrid zones may eventually be
strengthened into barriers which separate
fully isolated biological species, through the
reinforcement of premating isolation (Fish-
er, 1930; Dobzhansky, 1940), the accu-
mulation of modifiers (Fisher, 1930; Clarke,

at different genetic loci in the same spatial
position (Key, 1981), or through their effect
as barriers to gene flow at loci not them-
selves involved in maintaining the zone
(White, 1968, 1978).

In this paper, we will show that the pat-
tern of genotype frequencies across a hybrid
zone in Bombina can give robust and quan-
titative information about the strength and
nature of the selective forces maintaining
the zone and about its effect as a barrier to
gene flow. In particular, we show that al-
though strong selection acts to maintain ge-
netic differentiation at several hundred loci,
gene flow at other loci is not likely to be
impeded sufficiently to prevent advanta-
geous alleles crossing between the two taxa.

The hybrid zone between the European
fire-bellied toads Bombina bombina and
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TasLE 1. Differences between Bombina bombina and B. variegata.
B. bombina B. variegata References
Distribution Lowlands of Eastern Mountainous and hilly Andren et al. (1984),
and Central Europe regions of Western Arntzen (1978)
and Southern Europe,
and Carpathians
Habitat Largely aquatic Largely terrestrial Madej (1973)
Breeding sites Large, permanent waters Temporary pools, small
ponds
Skin thickness (epider- 134.5 u 296.6 u Czopkowa and Czopek
mis/dermis) (22.8 p/111.7 p) (65.2 u/231.4 ) (1955)
Mean fecundity (larg- 363 eggs 116 eggs A. Rafifiska (pers. comm.)
est clutches ob- (509, 547, 689) (204, 233, 294, 297)
served)
Mean number of eggs 32 (9-76) 17 (4-58) A. Rafinska (pers. comm.)
per clump (Range)
Egg size 1.4 mm 1.9 mm A. Rafifiska (pers. comm.)
Development time at 73-75 days 61-63 days A. Rafifiska (pers. comm.)
20°C (egg to toadlet)
Breeding behavior Prolonged breeder, terri-  Explosive breeder, non-  Szymura (unpubl.) (see also
torial territorial Lorcher [1969])
Vocal sacs Present Absent Boulenger (1886)
Rate of mating calls 22 min-! 95 min-! Lércher (1969)
Duration of mating 210 msec 160 msec Lorcher (1969)
calls
Fundamental frequen- 530 Hz 580 Hz Lorcher (1969)
cy of mating calls
DNA content per nu- 18.8 pg 21.1 pg Olmo et al. (1982)
cleus
Chromosome number 24 24 Morescalchi (1965), Wick-

(similar karyotypes)

bom (1949)

Nei’s genetic distance

Immunological albu-
min distance

Mitochondrial DNA
divergence

0.49 =+ 0.13; 39 loci

2-4 IDU

F=0.21; P=0.094 = 0.011 substitutions per nu-
cleotide (16 restriction enzymes) .

Szymura (1983)
Maxson and Syzmura (1984)

Szymura et al. (1985)

Bombina variegata is almost ideal for our
analysis. These two taxa are quite distinct
in morphology and behavior (Table 1).
Many of their differences can be regarded
as adaptations to the different environments
in which bombina and variegata live (low-
land and mountain, respectively). There are
also extensive biochemical differences, in-
cluding immunological (Maxson and Szy-
mura, 1984), electrophoretic (Gollmann,
1984; Szymura, 1976, 1983) (Nei’s D =
0.49 =+ 0.13), DNA content (Olmo et al.,
1982), and mitochondrial DNA (Szymura
et al., 1985) divergence. Five electropho-
retic loci were chosen for this study for the

following reasons: they are fixed for alter-
native alleles on either side of the zone; they

‘can be scored from amputated toes, so that

large samples can be taken without dam-
aging the population; and Mendelian in-
heritance and independent assortment have
been demonstrated in laboratory crosses
(Szymura and Farana, 1978).

The ranges of B. bombina and B. varie-
gata meet in Central Europe along a wide
front, extending from Austria along the
southern edge of the Danube Valley to the
Black Sea and completely surrounding the
Carpathian Mountains along their foothills
(Fig. 1). The contact in Germany is not well
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Fig. 1. The distribution of Bombina bombina and
B. variegata across Central and Eastern Europe. Thick
lines indicate regions of known hybridization; how-
ever, hybridization is likely wherever the two taxa meet.

variegata

understood. In Poland, B. bombina and B.
variegata meet along the foothills of the
Carpathians (Horbulewicz, 1927, 1933; Mi-
chatowski, 1958; Madej, 1964a, 1964b,
1973); here, we describe a detailed survey
across a transect just west of Cracow, in-
volving a total of 1,988 individuals from 34
samples, taken from 29 sites (Fig. 2, Table
2). We aim not only to make inferences about
population structure and selective mecha-
nisms in Bombina from the pattern of ge-
notypes found across the hybrid zone, but
also to illustrate some general methods
which may be useful in analyzing similar
data from other hybrid zones.

MATERIALS AND METHODS
Electrophoresis

Toads were sampled during the breeding
season (May-July) from 1974 to 1981 across
the hybrid zone west of Cracow in southern
Poland. Each collection site was usually a
single pond, or in the case of B. variegata-
like hybrid populations, a series of pools,
puddles or ditches which lay within a radius
not exceeding 100 meters. Direct and in-
direct measures of movement in Bombina,
described below, give us confidence that we
sampled panmictic areas.
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FiG. 2. The average frequency of variegata alleles
across the transect near Cracow. The morphological
hybrid zone (Michatowski, 1958) is indicated by the
dotted line, and the Vistula by the thicker line.

Animals were brought into the labora-
tory, where electrophoresis was performed
according to well established procedures
(Szymura, 1976; Szymura and Farana,
1978). Five enzyme loci (lactate dehydro-
genase [Ldh-1], malate dehydrogenase
[Mdh- 1], creatine kinase [Ck], adenylate ki-
nase [4k], and phosphoglucose isomerase
[Gpi]) were scored for each individual. These
loci are diagnostic for B. bombina and B.
variegata in Poland (Szymura, 1976, 1983),
and the formal genetics of their electropho-
retic variation have been determined (Szy-
mura and Farana, 1978). There is no evi-
dence of linkage among any of the five loci.
Since 1976, after finding that genotypes can
be determined from amputated toes, all
toads have been released at their place of
capture. This reduces the disturbance caused
by sampling large numbers of animals.

Statistics

The electrophoretic survey gives us the
number of each genotype found in each site.
We will condense these observations by es-
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timating the parameters of various genetic
models. These estimates will be made using
the method of likelihood (Hacking, 1965;
Edwards, 1972); that is, by judging the plau-
sibility of a model by the likelihood with
which it would give the observed data. When
two discrete hypotheses are compared, the
significance of a difference in log, likelihood
(AL) depends on the difference in the num-
bers of degrees of freedom associated with
the two hypotheses (v): a hypothesis in which
many parameters have been estimated from
the data necessarily gives a greater likeli-
hood than one which has not been fitted to
the data. Since, in large samples, the differ-
ence in log, likelihood (AL)) is distributed
approximately as (*2)x?%,;, we will use the
conventional 95% limits of the x? distri-
bution as our criterion of significance. (In
large samples, these two-unit support limits
correspond to 95% confidence limits [Ed-
wards, 1972].) Estimates will be presented
in two ways: either by plotting a graph of
likelihood against the parameter values, or,
more usually, by giving the most likely val-
ue, together with the range of values which
is within two units of log, likelihood of this
maximum.

The two main statistical problems will be
to estimate linkage disequilibria and cline
shape; selection pressures, dispersal rates,
etc. will be inferred from these estimates.
The programs used to estimate linkage dis-
equilibrium and cline shape are available
from N. H. Barton.

In estimating linkage disequilibrium, we
will assume that diploid genotypes are in
Hardy-Weinberg proportions, thus reduc-
ing the problem to the estimation of haploid
gamete frequencies (see below). We further
simplify the problem by assuming that third-
and higher-order disequilibria are zero; this
allows us to make separate estimates of pair-
wise disequilibrium for each pair of loci.
The adequacy of this assumption can be
checked by examining the distribution of
the “hybrid index,” defined as the number
of variegata alleles in each toad. In the sam-
ples from Kopanka and Skawina, at least,
this distribution is not significantly different
from that expected if higher disequilibria
are neglected. (We intend to return to the
complex problem of estimating higher-or-
der disequilibria in a later paper.) Having
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made these approximations, we fix our es-
timates of the allele frequencies in the pop-
ulation to equal the frequencies observed in
the sample. We then calculate the expected
genotype frequencies and their correspond-
ing likelihoods for a range of pairwise dis-
equilibria; this is the method used by Hill
(1974).

The second major problem is to estimate
cline shape from the average allele frequen-
cy at each site. In principle, this is straight-
forward: we calculate the likelihood of a
range of parameters describing cline shape
(Fig. 5), and choose the most likely com-
bination as our estimate. However, two dif-
ficulties arise. First, we show below that al-
lele frequencies fluctuate randomly from site
to site, most likely as a result of drift. So,
in calculating the likelihood of a given cline,
we should allow for two sources of devia-
tion: simple sampling error and random
variations in the true frequency at each site.
We can estimate the standardized variance
of the underlying allele frequencies (Fgr =
[var(p)l/pg) by comparing the shapes of
clines at different loci (see below). The vari-
ance in average frequency of variegata
alleles around the expected cline is V=
(1/N) + (Fs1/5), where N is the number of
alleles sampled, summed over the five loci.
This allows us to define an “effective sample
size,” N, = 1/V. Without this procedure, we
would give undue weight to a few very large
samples and would lose much information
from the smaller samples. The log, likeli-
hood of a model which predicts an allele
frequency of P is the sum over samples of
N.{pllog(P)] + gllog(Q)]}, where p and g are
the average frequencies of variegata and
bombina alleles.

The second difficulty in estimating cline
shape is that we wish to estimate six param-
eters describing the cline (its width, posi-
tion, and the size and rate of decay of the
tails of introgression on either side; Figs. 5
and 6). Finding the maximum of a function
of six parameters is not trivial, and finding
the range of values within two units of the
maximum is still harder. In our problem,
the likelihood surface cannot be approxi-
mated by a bell-shaped surface (Fig. 6a, b).
Hence, Fisher’s (1925) method of infor-
mation, which is based on a Taylor expan-
sion around the maximum, cannot be used.
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We have therefore chosen a new method,
based on the Metropolis algorithm (Me-
tropolis et al., 1953; Binder, 1979). This
generates a random walk through parameter
space, with probability density equal to the
likelihood. One begins with an arbitrary
combination of parameters. Then, one of
the parameters is changed by a random
amount. The distribution of these changes
is irrelevant, provided that their expecta-
tion is zero and provided that the distri-
bution does not depend on the parameter
values. For efficiency, it should be chosen
so that roughly equal numbers of changes
are accepted and rejected. If this change in-
creases the likelihood, it is accepted; if it
decreases the likelihood (from £ to ¢, say),
then it is only accepted with probability
2’/ £. This process is repeated, running
through each parameter in turn. It generates
a random walk, which tends to increase the
likelihood if the parameters are far from the
maximum, but which eventually settles into
an equilibrium distribution proportional to
the likelihood. The results can be presented
either by plotting a scatter diagram of two
parameters (a two-dimensional cross-sec-
tion through the six-dimensional parameter
space; Fig. 6), or by plotting a histogram of
each parameter and reading off the most
likely estimate and its support limits. The
accuracy of the estimates was checked by
replication; the estimates given here are
based on a series of runs, each beginning
with a warm-up of 3,000 iterations, fol-
lowed by 12,000 iterations during which the
likelihood is accumulated. Independent runs
gave parameter estimates which varied
much less than the range spanned by the
support limits.

RESULTS

Position and Stability of the
Enzyme Clines

As well as coinciding with each other (see
below), the enzyme clines in Bombina co-
incide with the morphological hybrid zone
mapped out by Michatowski (1958; Fig. 2).
The same is true of the contacts near Zagreb
in Yugoslavia (Karaman, 1922; Szymura,
unpubl.), and in Austria (Gollmann, 1984).
The enzyme clines at Cracow also coincide
with the cline in mitochondrial DNA (Szy-
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mura et al., 1985). This coincidence, to-
gether with direct observations of mor-
phology over the past 30-80 years suggests
that the zone is not changing rapidly (op.
cit.; Mehely, 1905 [Mecsek Mts., Hungary];
Horbulewicz, 1927, 1933 [Western
Ukraine]). However, it is harder to judge
the stability of the zone over longer periods.
Biochemical (Szymura, 1983) and paleon-
tological (Sanchiz and Mtynarski, 1979)
evidence suggests that B. bombina and B.
variegata diverged in the Pliocene, 3—-4 Myr
B.P. Their ranges have subsequently fluc-
tuated, withdrawing to southern refuges
during the Pleistocene glaciations and ex-
panding to the north in warmer periods.

At present, the distribution of bombina
and variegata follows the distribution of
lowland and mountain habitats (Fig. 1), and
the hybrid zone near Cracow lies in a tran-
sition region where the Carpathian foothills
rise gently from the flat Vistula valley. In
general, precipitation increases to the south,
though there is considerable microclimatic
variation due to varied relief. On the up-
lands north of the Vistula river, the pre-
dominant soil is loess on limestone. The
flood plain of the Vistula is covered with
sand, alluvial soil, or loess, while the Car-
pathian foothills have clayey mountain soils.
North of the Vistula flood plain, there is
little precipitation, and the limestone is well
drained; as a result, ephermeral ponds do
not last long enough for B. variegata to de-
velop through metamorphosis. Temporary
pools are more common on the Carpathian
foothills and in the valleys draining them.
Permanent artificial ponds are present
throughout the transect but seem to be more
important breeding sites towards the north
of the transect. Often, permanent ponds
south of the hybrid zone contain no Bom-
bina at all.

Despite the broad correlation between the
distribution of the two taxa and the envi-
ronments to which they are best adapted,
the center of the hybrid zone does not seem
to follow closely any obvious environmen-
tal contour, and it is certainly not located
at any narrow ecotone. The faunistic, flo-
ristic, and edaphic transition between the
lowlands and the Carpathians occurs over
aregion much broader than the hybrid zone
and involves a complex pattern of interdig-
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itation and blending. In contrast, most of
the transition between bombina and varie-
gata occurs over a region 6 km wide, located
within the flood plain of the Vistula (Fig.
2).

The widespread hybridization of B. bom-
bina and B. variegata along their contact,
situated between lowland and mountain, has
probably been a regular feature of their his-
tory, rather than the result of recent human
intervention. There have been permanent
human settlements near Cracow (including
settlements at Tyniec and Skawina) as early
as 6,000 B.P., and human activity has in-
creased steadily since then (Zaki, 1974). The
time of greatest change would have been
more than 10 centuries ago, with the spread
of agriculture and deforestation. B. bombi-
na were found in Sweden in the recent past
and are found on the Danish Isles at present
(Andren et al., 1984); these areas were ac-
cessible to the toads via a land connection
7,000 years ago. This suggests that bombina
colonized the lowlands of Poland, and var-
iegatathe Carpathians, somewhat before this
time, soon after the last glaciation, 8,000-
9,000 B.P. Taking the generation time as 3
years, this implies that the zone near Cra-
cow is 2,300-3,000 generations old.

Deviations from Hardy-Weinberg
Proportions

For each sample and each locus, we can
compare the likelihood that the correspond-
ing population is in Hardy-Weinberg pro-
portions, with the likelihood that there is
some deficit (Fis) of heterozygotes (see Ta-
ble 4 for a summary of our notation and
estimates). Only two populations out of 34
showed significant deviations. One of these
(Jeziorzany) indicated a deficit of hetero-
zygotes at Mdh-1 (AL, = 4.20). One would
expect such deviations to occur by chance
when many tests are made. However, the
other population (Swinna Porgba) is clearly
not in Hardy-Weinberg proportions. Com-
bining all five loci, ALs; = 30.05. There are
no significant differences in Fis between loci;
overall, Fig = 0.65 (0.49-0.81). This large
deviation is caused by three bombina ge-
notypes that are embedded in a predomi-
nantly variegata sample (Table 2).

For the remaining 33 samples, the total
difference in log, likelihood associated with
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deviations from Hardy-Weinberg propor-
tions is AL;5, s = 74.79; this is not statis-
tically significant. However, we can make a
more sensitive test for deviations by par-
titioning this statistic into a component due
to a consistent heterozygote deficit, equal
across all loci and all samples, and a com-
ponent due to variation around this aver-
age. There is an indication of a slight av-
erage deficit (Fis = 0.017 (0-0.034); AL, =
1.94), but no evidence of any variation be-
tween loci or between samples (AL;, =
72.82).

For simplicity, we have so far neglected
the linkage disequilibria between loci. These
will increase the chance that several loci in
the same sample will show apparent devia-
tions and so will lead to overestimates of
the extent of such deviations. However, we
show below that disequilibria are not ex-
tremely large and so are not likely to cause
much error. Moreover, we have tested each
pair of loci for deviations from the two-
locus genotype frequencies expected under
random mating: none of these tests were
significant.

Coincidence of Clines at Different
Loci

Since there is little, if any, deviation from
either single-locus or pairwise Hardy-Wein-
berg proportions, we need only consider the
frequencies of the 25 = 32 haploid geno-
types. We will consider first the five allele
frequencies. (Throughout, p denotes the fre-
quency of the variegata allele, g the fre-
quency of the bombina allele).

There is a clear transition at all loci from
bombina alleles in the north to variegata
alleles in the south (Table 2, Fig. 2), a result
expected from previous morphological
studies in this area (Michalowski, 1958).
Perhaps the most striking feature of this
transition is the concordance of patterns at
different loci: to a first approximation at
least, all loci seem to change at the same
point, and over the same distance. Despite
this broad concordance, the large sample
sizes allows us to detect slight variations
between loci. In most samples, allele fre-
quencies differ significantly: overall, AL, ., =
272.72, which is highly significant. This het-
erogeneity can be illustrated by a graph plot-
ting the allele frequencies at each of the five
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Fic. 3. Comparison of clines at different loci. The
frequency at each locus (p,) has been plotted against
the average frequency (p) in each sample. Space only
permits one example to be plotted (Kopanka 1); the
solid lines show the curves fitted by polynomial regres-
sion (see text and Table 3).

loci (p,) against the average frequency (p =
2p,/5) in the sample (Fig. 3). If the clines
coincided exactly, all the points would lie
on the diagonal. In fact, they are scattered
around the diagonal. This scatter has two
causes. First, the clines vary in position and
width. Such variations in cline shape can be
described by fitting a polynomial which re-
lates the allele frequency at a particular lo-
cus (p,) to the average (p):
p.= D+ 208 + (¢ — DB).

The first component, «, describes an in-
crease in frequency of variegata alleles above
the average, or in other words, a shift of the
cline towards bombina’s territory. The sec-
ond component, 3, describes an increase of

variegata alleles on the variegata side and a
decrease on the bombina side: in other

J. M. SZYMURA AND N. H. BARTON

words, a narrowing of the cline. In units of
average cline width (defined as 1/maximum
slope [Endler, 1977]), « is twice the shift in
position, and @ is the decrease in cline width
below the average. The estimated positions
and widths are shown in Figure 3 and Table 3.

Even after removing heterogeneity in po-
sition and width, significant random vari-
ation in allele frequency remains (AL,,; =
131.46). The amount of variation at differ-
ent loci seems similar and gives an estimate
of the standardized variance Fs; (= Var[pl/
Pg) of 0.0067 (0.0034-0.0100). (This esti-
mate has been multiplied by a factor %, to
allow for the fact that 5 was estimated from
the observed allele frequencies.) There are
significant differences between sites in the
average variability (Fsy) (AL;s; = 37.81).

In all subsequent analyses, we ignore these
minor variations in frequency between loci
and consider only the average frequency of
variegata alleles, p.

Cline Shape

The two-dimensional pattern of allele fre-
quencies (7; Fig. 2) has been reduced to a
more tractable one-dimensional transect
(Fig. 4a) by measuring the distance of each
sample, X, from the center of the morpho-
logical hybrid zone, which is indicated on
Figure 2. Some samples are too far from the
main transect for their distances from the
center to be found reliably; these have been
omitted from this part of the analysis. We
have also pooled successive samples from
the same site, since these do not differ sig-
nificantly in average allele frequency. This
reduces the number of distinct points to 23
(Table 1).

The average of the five clines (Fig. 4a) is

TaBLE 3. Comparisons between clines at different loci. « and 8 are coefficients giving the position and width
of each cline, respectively, +1 standard error. R is the average standardized linkage disequilibrium between
each pair of loci, and Fgr is the standardized variance of fluctuations about the fitted cline.

R
Locus a B8 Ldh-1 Mdh-1 Ck Ak Fst
Ldh-1 0.24 + 0.04 —0.02 = 0.09 - 0.0072 (0.0005-0.0045)
Mdh-1 —0.05 = 0.04 0.07 £ 0.09 0.140 - 0.0030 (0.0000-0.0088)
Ck —0.19 = 0.04 —0.20 +£ 0.08 0.100 0.075 - 0.0092 (0.0016-0.0187)
Ak —0.01 = 0.04 0.01 £0.09 0.092 0.167 0.144 - 0.0055 (0.0000-0.0128)
Gpi —0.02 = 0.07 0.09 £ 0.10 0.167 0.171 0.050 0.181 0.0087 {0.0013-0.0179)

0.0067 (0.0036-0.0101)
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Fig. 4. a) The average allele frequency, plotted

against distance from the morphological zone (X in
Table 2). b) The standardized linkage disequilibrium
(R), averaged over all pairs of loci. ¢) Mortality from
cleavage to gastrulation (lower curve), and from gas-
trulation to feeding (upper curve), measured from
clutches produced by 10 pairs of Bombina, from each
of seven populations spanning the hybrid zone (Koteja,
1984).

reasonably smooth. Most of the change in
allele frequency is concentrated in a narrow
region, approximately 6 km wide. If selec-
tion were acting independently at each locus
we would expect a smooth, sigmoidal cline
in which the allele frequencies fall away ex-
ponentially over a distance of the same or-
der as the width of the central step (Endler,
1977). For example, with selection against
heterozygotes, the allele frequency in the tails
should fall away as exp(—4x/w), where w is
the cline width (defined as 1/maximum
slope) (Bazykin, 1969). Other forms of se-
lection will give very similar patterns (Kar-
lin and Richter-Dyn, 1976). However, in-
trogressing alleles are found in the most
distant samples, up to 20 km from the cen-
ter of the zone (Figs. 2 and 4a), at very much
higher frequency than would be expected
from simple models of clines.

Possible causes of this “stepped” pattern
are discussed below. The problem here is to
describe and estimate the shape of the cline.
Ideally, we would derive the cline shape from
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Fi1Gg. 5. The model of cline shape (see text for expla-
nation).

some genetical model (e.g., that in Barton,
1983). However, the calculations involved
in finding the shape of a multilocus cline
are too hard for this to be practicable. In-
stead, we use a model which gives the same
shape as the theoretical prediction at the
center and in the tails, but which differs in
between, just at the edge of the hybrid zone.
Since few samples are found in this region,
our approximation should cause little error.
The model is described in Figure 5; the
notation is summarized in Table 4. Six
parameters are involved: y, w, 6, 0,, B,,
and B,. In the middle of the cline, p = (1 +
tanh[2(x — y)/w])/2; the center of the cline
is at a position y, and has width w. This
sigmoid curve is spliced onto two exponen-
tial tails. The shape of each tail is charac-
terized by two parameters. 6 describes the
rate of decay (p < exp(—4x\/0/w); 0 is a
dimensionless parameter equal to the square
of the ratio between the scale over which
the tail decays and the cline width. Since
the characteristic distance over which allele
frequencies change is inversely proportional
to the square root of the selection pressure
causing the change (Slatkin, 1973), this pa-
rameter can be interpreted as the ratio be-
tween the selection acting directly against
introgression of each enzyme allele (s,), and
the effective selection on each allele within
the hybrid zone (s*). The two parameters 6,
and 6, measure the rates of decay of the tails
on the bombina and the variegata sides of
the hybrid zone. The size of the tails (that
is, the total proportion of introgressing al-
leles) is described by B, the ratio between
the difference in allele frequency across the
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TABLE 4. Notation and parameter estimates.

AL, The difference in log, likelihood between hypotheses which differ by »
degrees of freedom.
N Number of alleles sampled from each site, summed over the five enzyme

loci.
Fig = 0.017 (0-0.034)
Fst =0.0067 (0.0034-0.0100)
R=0.129 (0.119-0.139)

Deficit of heterozygotes, averaged over all sites and all loci.
Standardized variance of allele frequency.
Standardized pairwise linkage disequilibrium (defined by R = D/\/pquv,

where p, g, 4, and v are the allele frequencies at the two loci.

= 890 (790-940) m gen—"
and offspring).
w=6.15 (5.45-6.45) km
6p = 0.011 (0-0.025)
6y =0 (0-0.011)
5).
Bp = 160 (48-430) km
B, = 280 (48-400) km

Dispersal rate (defined as the standard deviation in distance between parent

Gradient in frequency of the variegata allele, dp/dx.

Cline width (defined as 1/maximum gradient = 1/p' may)

Measures of the rate of decay of the tails of introgression into bombina
and variegata, respectively; these tails have the form exp(—x\/0/w) (Fig.

Measures of the barrier to the flow of genes into bombina and variegata,
respectively. B =

Ap/p', where Ap is the size of the step in allele frequency

caused by the hybrid zone.

n = 300 (80-2,000)
r=0.123

The number of loci at which selection acts against heterozygotes.
The harmonic mean recombination rate between an enzyme marker and

the n selected loci.

(W/W,) = 0.65 (0.60-0.77)

The mean fitness of a population at the center of the hybrid zone, relative

to the mean fitness of a pure population outside the zone (bombina and
variegata are treated as equivalent here).

S§=0.86(0.52-1.02)

s*=0.170 (0.159-0.181)
Vo?/s*).

se = 0.0016 (0-0.0038)

The total selection pressure against hybrids (defined as —2 loge[ Wh/ Wpl).
The effective selection pressure on an enzyme marker (defined by w =

The selection acting directly on each enzyme allele, outside the hybrid zone

(estimated from 6 = se/5%).
5 =0.0027 (0.0005-0.0065) The selection acting against heterozygotes at loci responsible for repro-
ductive isolation (in this model, S = ns).

central step (Ap), and the gradient of allele
frequency near the step (p'):B = Ap/p’. This
has the dimensions of a distance. If the cen-
tral step is caused by some barrier to gene
exchange, B is a measure of the strength of
that barrier (Nagylaki, 1976). The two pa-
rameters By, and B, measure the sizes of the
tails on the bombina and variegata sides of
the zone.

The likelihood of various values of these
parameters has been calculated numerically
using the Metropolis algorithm described
above; the estimates are summarized in Ta-
ble 4. The density of points in Figure 6 is
proportional to the likelihood of the pair of
parameters plotted on the two axes. The
position and width of the enzyme clines are
estimated quite accurately (Fig. 6c). How-
ever, the shapes of the tails of introgression
are harder to determine (Fig. 6a,b). In par-
ticular, it is hard to separate the two param-
eters, B and 0; the low frequency of intro-
gressing alleles could be due to a very strong
barrier to gene flow, combined with a rather

slow rate of decay beyond the barrier (B
large, 0 small), or conversely, by a relatively
weak barrier, but a rapid rate of decay (B
small, f large). Nevertheless, there is clearly
a significant step at the center, equivalent
to a distance B of at least 48 km, and most
likely =220 km (taking the average of the
estimates for either side of the zone). The
rate of decay of the tails is also significantly
slower than would be expected from the
sharp central step (i.e., § < 1). Indeed, these
data do not rule out the possibility that there
is no decay at all (¢ = 0). However, the
absence of foreign alleles in more distant
samples (Szymura, 1976, unpubl.) make this
unlikely.

The shapes of the tails on either side differ
significantly: the likelihood surfaces for the
bombina and variegata tails (Fig. 6a,b)
hardly overlap. However, this asymmetry
should be treated cautiously: there are rath-
er few samples on the variegata side of the
zone, and the asymmetry is due to one of
these (Gtogoczéw), which shows an unusu-
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ally high frequency of bombina alleles, and
unusually high disequilibrium. (This pat-
tern is weakened but still persists, even when
the single pure bombina genotype in the
Glogoczdow sample is excluded.) In the sub-
sequent analysis, we use estimates of B and
0 averaged over both sides of the zone.

Linkage Disequilibrium

The value of the coefficient of linkage dis-
equilibrium (D) is constrained by the allele
frequencies and must necessarily be smaller
when the population is less polymorphic
(—pq < D < pq if all p’s are equal). We
therefore give our estimates in terms of the
correlation coefficient, R;, = D;/\/pq;pq;,
which lies between —1 and +1. (Note that
disequilibria have only been estimated for
sites where both the relevant loci are poly-
morphic.) There are significant positive dis-
equilibria between all pairs of loci, though
the estimates vary from pair to pair (Table
3). There is also variation among sites.
Swinna Porgba shows much stronger dis-
equilibrium between all pairs of loci (R =
0.822) than any other site (see above). There
is significant variation among the remaining
sites for most pairs of loci (AL,s, = 205.72;
Fig. 4b). Averaging over all pairs and all
sites except Swinna Porgba, R = 0.129
(0.119-0.139). The variations between dif-
ferent pairs of loci can be partly explained
by differences in the shapes of the corre-
sponding clines. Wider clines show weaker
disequilibria (Fig. 7a), and there is an in-
dication that disequilibria are also weaker
for clines that are staggered (Fig.7b).

Dispersal

The distribution of distances travelled by
individually marked toads at Kopanka is

shown in Figure 8; the standard deviation -

of distance travelled over one year was 250
m. These Bombina mature in their third
year and can live more than ten years. Tak-
ing the generation time (conservatively) as
three years, we can make a rough estimate
of the standard deviation of distance be-
tween parent and offspring: ¢ = 430 m gen~";
it is this parameter that determines the rate
of gene flow (Nagylaki, 1974). This estimate
is consistent with studies of B. variegata by
Beshkov and Jameson (1980) and Flis
(1984); the latter found that the mean dis-
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Fic. 6. The likelihood of different cline shapes. Each
point represents one step in a random walk, with prob-
ability density equal to the likelihood. a and b) Rate
of decay of the tails (6), and barrier strength (B) on the
bombina and variegata sides of the zone, respectively.
¢) Position (y) and width (w) of the zone.

tance travelled by adults increases with time:
104, 197 and 243 m in consecutive years.
Little is known about migrations of juve-
niles (Plytycz and Bigaj, 1984).

Hybrid Viability and Morphological
Aberrations

Two lines of evidence suggest that there
is selection against hybrids: embryonic
mortality and morphological aberrations.
The mortality of embryos, especially in the
first part of embryonic development, seems
to be higher than that of the parental species,
though this is based on small numbers of
crosses. Mean mortality ranged from 8.8 to
37.2% in hybrid populations, as compared
1o 3.8 to 12.5% outside the hybrid zone. The
combined mortality of 49 hybrid clutches
in the first developmental period was 6.0%
(SD = 12.9%), and 15.6% (SD = 17.5%) in
the second period. Mortality for 19 clutches
from parental populations was 1.1% (SD =
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Fic. 7. a) The five points show, for each locus, the

standardized linkage disequilibrium (R), averaged over
the other four loci and over all sites, as a function of
the width of the cline (8). b) The ten points show, for
each pair of loci, the standardized linkage disequilib-
rium (R), averaged over all sites, as a function of the
distance between the clines (Ac). The solid curves in
each diagram show the relations expected if linkage
disequilibrium is generated by dispersal. (See Table 3
and text for details.)

1.5%) for B. bombina and 8.1% (SD =
11.1%) for B. variegata (Koteja, 1984).
Individuals from the hybrid zone show
various developmental anomalies, which are
less frequent in either pure B. bombina or
B. variegata. Although one would expect
greater morphological variation in geneti-
cally enriched hybrid populations, it seems
more likely that the higher level of abnor-
mal phenotypes is caused by a breakdown
of developmental homeostasis. Hybrid tad-
poles, collected in the field, demonstrate

J. M. SZYMURA AND N. H. BARTON

various deformations of tooth row patterns
(Czaja, 1980), which may impair feeding.
Adult individuals may show a number of
vertebral column anomalies (Madej, 1965).
The frequency of these anomalies is about
twice as high in the hybrid zone as in pa-
rental populations (44.5% vs. 23.2%; Szy-
mura, unpubl.); similar effects of hybridiza-
tion were also observed by Madej (1965).
Finally, the characteristic spotting patterns
on the dorsal and ventral sides of the fire-
bellied toads tend to be less regular and more
asymmetric in the hybrid zone (Kukufa,
1979).

Summary of Results

All populations, apart from the aberrant
sample from Swinna Por¢ba, are very close
to Hardy-Weinberg proportions (F;s = 0.017
(0-0.0034)). Clines at different loci coincide
closely, though there is some variation in
shape and some random fluctuation (Fg; =
0.0067 (0.0034-0.01)). The clines also co-
incide with morphological and mitochon-
drial DNA clines, and they lie on a broad
environmental transition between habitats
suitable for bombina and variegata. How-
ever, there is no exact relation between local
environment and cline position. The clines
are sharply stepped, with most of the change
occurring over 6 km, but with long tails of
introgression on either side. There are strong
positive “linkage disequilibria” between
each of these pairs of unlinked loci (R =
0.129). Individuals move considerable dis-
tances (¢ = 430 m gen—"). Natural hybrids
show a higher frequency of morphological
aberrations, and their offspring show signs
of increased mortality in the laboratory.

Inferences

We will now show that the pattern of ge-
notype frequencies across the hybrid zone
in Bombina can be explained by theoretical
models of multilocus clines (Barton, 1983,
Barton and Bengtsson, 1986). This allows
us to use observations of linkage disequi-
librium (R) and cline shape (w, B, 6) to es-
timate dispersal rate, selection strength, and
numbers of loci under selection. These in-
direct estimates can then be compared with
direct measurements to test the plausibility
of our explanation.

Linkage Disequilibrium.—The substan-
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tial positive linkage disequilibrium found
in the Bombina hybrid zone must be main-
tained by some force which is strong enough
to counter the independent segregation of
these unlinked genes. In any set of coinci-
dent clines, disequilibrium will be produced
by the dispersal of parental combinations
of alleles into the center (Li and Nei, 1974;
Slatkin, 1975). Positive disequilibrium may
also be generated if parental combinations
of alleles confer greater fitness. However,
when many genes are involved (log(n) >
1), which we will show to be likely in Bom-
bina, dispersal will generate more disequi-
librium than will epistasis (Barton, 1983).
If dispersal is the main process involved,
then the strength of disequilibrium, relative
to its maximum possible value, R, will be
greatest in the center, and will decline to-
wards the edges. This is because genomes
which have introgressed across the zone will
have been exposed to more generations of
recombination and segregation than will
those in the center. Putting this quantita-
tively, the strength of disequilibrium is ap-
proximately D, = o?p’,p’,/r, for D < pq; o*
is the dispersal rate (variance in parent-off-
spring distance), and p’,p’; are the gradients
of the clines (see Barton, 1982). Hence, R
is proportional to p',p'/\/pg;pq;, which de-
clines exponentially outside the hybrid zone.
This expectation fits with the pattern seen
in Figure 4b, apart from the sample from
Glogoczow, which we discuss below. We
can also examine the variation in disequi-
librium among different pairs of clines. The
expected relations between average dis-
equilibrium and cline shape are shown by
the solid curves in Figure 7; these were cal-
culated by integrating the product of gra-
dients across the hybrid zone, assuming that
the two clines have the observed position
and width (@ and 3) and have the shape
predicted by equation 23 in Barton (1983).
The average linkage disequilibrium should
be lower for wider clines (Fig. 7a), and for
clines that are staggered (Fig. 7b). However,
although the observed relations are consis-
tent with the generation of disequilibrium
by dispersal, other processes might be ex-
pected to give similar patterns: for example,
epistasis e would give R = epq;pq;/1;\/pg,pq;.
At the center of the zone (that is, at the
point where the cline is steepest), dispersal
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FiG. 8. Distances moved by 93 adult Bombina at
Kopanka, over one year. Mean square distance: ¢ =
0.25 km year~'.

should give R = ¢2p'?/pqr = 40%/w?r (Where
w is the cline width and r = ¥ for unlinked
loci). The average R across the transect is
0.129; the value of R at the center, and for
two clines which coincide precisely, will be
rather higher. Extrapolating from Figures
4b and 7, we reach a figure of R = 0.17.
Hence, the dispersal rate needed to produce
this disequilibrium is ¢ = w\/Rr/4 = 890
(790-940) m gen—". (We do not give sup-
port limits for R, since the uncertainties here
arise from between-site and between-locus
variation, rather than from sampling errors.
The limits for o only include the main con-
tribution to the error, which arises from es-
timating cline width.)

This is rather higher than the direct mea-
surement of =430 m gen—". However, the
latter is likely to be an underestimate. First-
ly, such direct measures inevitably miss
those individuals who move very long dis-
tances; if the distribution of distances moved
is leptokurtic (as in Fig. 8), this may cause
alarge error. Secondly, much gene flow may
occur through the extinction and recoloni-
zation of local populations. The drying up
of ponds inhabited by hundreds of toads has
been observed by one of us (JMS) in Tyniec

" on several occasions; marked Bombina were

recovered in less than a month’s time in
nearby ponds, 200-400 meters away. Dis-
persal rate may therefore vary greatly over
time, and the data on movement at Kopan-
ka could represent a stagnant period in the
population’slife. Finally, thegeneration time
of Bombina may be rather more than the
three years assumed in extrapolating from
movements over a single year. More gen-
erally, indirect genetic measures of gene flow
in a variety of organisms are usually sub-
stantially higher than direct measures (Slat-
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kin, 1985). The estimate of ¢ = 890 m gen—"
therefore seems reasonable.

We can now use this estimate of dispersal
to find the strength of selection needed to
maintain the enzyme clines (s*): the nar-
rower a cline is relative to dispersal, the
stronger the selection required to maintain
it. The width of any cline maintained by a
balance between dispersal and selection is
approximately equal to the characteristic
scale of selection (Slatkin, 1973), which we
define here as ¢ = \/80%/s*, where s* is a
measure of the selection pressure maintain-
ing the cline. For a cline maintained by het-
erozygote disadvantage s*, the width w =
Z; for other models, w = £. Our estimates
of ¢ and w give s* = 0.170 (0.159-0.181).
It is important to point out that this is not
the total selection pressure acting on all the
differences between bombina and variegata;
neither is it the selection pressure acting on
each individual enzyme locus. It is the “ef-
fective selection pressure” at a single locus
that would be required in order to maintain
a cline of the observed width. In the hybrid
zone, we know that there are substantial
linkage disequilibria, even between un-
linked loci. The shape of the cline at a par-
ticular locus depends on the selection pres-
sure on all loci in linkage disequilibrium
with the observed locus, an effect analogous
to “hitch-hiking” in a single population. The
effective selection pressure is the selection
acting on the individual enzyme locus and
on all those loci in disequilibrium with it:
s*;, = 2s;D,,.

Cline Shape. —The most striking feature
of the enzyme clines is that they are sharply
stepped, with most change occurring within
6 km, but with alleles introgressing tens of
kilometers to either side. The most obvious
explanation for this pattern is suggested by
the strong disequilibria at the center of the
zone. At the center, the “effective selection
pressure,” s*, maintaining the cline at each
locus is made up of contributions from many
other correlated loci. The clines will there-
fore be steep. Outside the hybrid zone, we
expect linkage disequilibria to be much
weaker: by the time a chromosome has
passed through the hybrid zone, the disequi-
libria will have decayed, the selection should
act on each individual locus. The clines
should therefore tail away rather slowly. It

J. M. SZYMURA AND N. H. BARTON

is clear that the enzyme alleles are selected
against very weakly, if at all, in a foreign
environment or a foreign genetic back-
ground. The estimates of the rate of decay
of the tails of introgression (6) give the se-
lection on these loci as s, = 0.16% (0-0.38%).

The step induced by the interactions be-
tween genes in the center of a set of coin-
cident clines can be thought of as a barrier
to gene flow. Neutral or weakly selected al-
leles in bombina can only flow into variegata
by recombining into the genetic background
of variegata; this recombination must occur
within the narrow hybrid zone and must
take place before selection eliminates the
foreign alleles with which the neutral allele
we are following is associated. The strength
of such a barrier is given by B, which is the
ratio between the size of the step in allele
frequency and the gradient on either side.
In this case, B = 220 (48-415) km (aver-
aging over gene flow in the two directions).
This can be thought of as the length of un-
impeded habitat that would present an
equivalent obstacle to neutral intergrada-
tion (Barton, 1979).

The strength of the barrier depends pri-
marily on the ratio between the rate of se-
lection and the rate of recombination. The
relationship between the barrier strength and
this ratio is remarkably simple and depends
little on how selection acts. In particular,
selection might act to favor different geno-
types in different environments, or it might
act against hybrids. Provided that fitnesses
are not frequency-dependent, and provided
that disequilibria are not extremely strong,
B = w(W,/W_,)~"" (Barton and Bengtsson,
1986). Here, W,/W, is the mean fitness of
a hybrid population relative to a parental
population, and r is the harmonic mean re-
combination rate between the locus we are
considering and all the loci involved in
maintaining the genetic differences between
the taxa. We have already estimated B and
w, and we can calculate r from the number
of chromosomes and chiasma frequency in
Bombina. There are 12 pairs of metacen-
trics and about one chiasma per arm in both
taxa (Morescalchi, 1965). Since the chro-
mosomes vary in length, we can take the
effective number to be (say) eight pairs. If
we assume that » loci are under selection
and that these are spread evenly over eight
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chromosomes, each of map length 1 Mor-
gan, then each will be =8/n Morgans from
its nearest neighbors. If we assume that the
enzyme loci are about the same distance
from their neighbors, and average over all
possible positions in the genome, we find
that ! = 2(log(n) — 1.627). The harmonic
mean recombination rate decreases some-
what as the number of loci increases; taking
n =300, we find that r = 0.123. Combining
this with estimates of B and w, we find that
W/ W, = 0.65 (0.60-0.77). We can thus
make the strong prediction that hybrid pop-
ulations must have substantially reduced
mean fitness in order to account for the shape
of the enzyme clines. The high frequency of
morphological aberrations in the zone and
the suggestion of increased mortality of hy-
brid embryos in the laboratory make this
plausible and suggest that selection acts pri-
marily against hybrids, rather than favoring
different genotypes in different environ-
ments.

It is possible that the stepped pattern is
partly caused by a few long-distance mi-
grants moving across the zone within a sin-
gle generation. Such movements do occur.
At Swinna Porgba, three adults with appar-
ently pure B. bombina genotypes probably
represent toads invading B. variegata ter-
ritory along the narrow Skawa River Valley
from abundant B. bombina populations oc-
cupying the Vistula Valley near Zator, about
15 km north of Swinna Porgba (see Mi-
chatowski [1958] for details of the Bombina
distribution in that region). However, there
seems to be very little long-distance migra-
tion across the main transect. If we consider
those populations more than 3 km from the
center of the zone, or (where their position
relative to the center is uncertain) with the
rarest allele at less than 15%, then there are
no putative F, individuals, and only one
putative parental genotype (at Glogoczow)
out of 948 individuals (Table 2). An influx
of migrants at this rate of =103 per gen-
eration would introduce foreign alleles at
about the same rate as they diffuse across
the zone; the influx by recombination
through the zone is proportional to the gra-
dient at the edge of the cline: ¢%p’/2 =
¢%/2B =2 x 1073, However, long-distance
migrants will be subject to strong selection,
since they carry an entirely foreign genome,
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whereas those alleles diffusing across the
zone will be subject to very much weaker
selection: roughly s. (<0.0038) as compared
with S (=0.8). Leptokurtic dispersal there-
fore seems likely to have a negligible effect
on cline shape, in this case.

Number of Loci under Selection.—We
now have three distance scales: the barrier
strength, B (which is a measure of the size
of the tails of introgression), the width of
the enzyme clines, w, and the dispersal dis-
tance, o (estimated from the linkage dis-
equilibria). What can these measures tell us
about the number of genes which are re-
sponsible for the reproductive isolation be-
tween bombina and variegata? We have used
the ratio between the barrier strength and
the width of the enzyme clines (B/w) to give
an estimate of the total selection pressure
maintaining the hybrid zone, and the ratio
between the width of the enzyme clines and
the dispersal rate gives the effective selec-
tion pressure on each enzyme marker. The
ratio between these two selection pressures
is smaller than the actual number of loci
under selection, since the “‘effective selec-
tion pressure” is the net effect of all loci in
linkage disequilibrium with the marker lo-
cus. However, if we assume some specific
model of selection, this ratio can be calcu-
lated as a function of the actual number of
loci and the ratio between selection and re-
combination (Barton, 1979, 1983; Barton
and Hewitt, 1982). The precise relation de-
pends to some extent on the way selection
acts; we will suppose that selection against
heterozygotes, s, acts multiplicatively at n
loci, giving a total selection pressure of S =
ns and a mean fitness at the center of
exp(—.S/2). This is the simplest model and
leads to results typical of more realistic
schemes (Barton, 1983; Barton and Bengts-
son, 1986). It gives s = 0.27% (0.05%—
0.65%), and » = 300 (80-2,000) loci.

This method is similar to that used by
Barton and Hewitt (19815), who compared
the width of the cline in hybrid inviability
in the grasshopper Podisma pedestris with
the dispersal rate. Both these distances were
measured directly; here, we have inferred
them from electrophoretic data. It is im-
portant to note that we do not assume that
the enzyme markers are typical of the se-
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lected genes or, indeed, that they are under
any selection at all.

Quite apart from these calculations, it is
clear that the electrophoretic pattern in
Bombina cannot be accounted for by selec-
tion at a few (<10, say) genes. First, the
strength of the barrier to gene flow caused
by a hybrid zone increases as the number
of loci involved increases; unless the total
selection pressure is extremely strong, a
strong barrier can only be generated when
many loci are involved. This is primarily
because as selection is spread over more
loci, the selection on each locus becomes
weaker, and the clines become correspond-
ingly broader (Barton and Hewitt, 1982).
Second, the similarity in patterns at these
five unlinked loci argues that selection can-
not be concentrated on a few chromosomes.
Finally, the extensive biochemical diver-
gence and, more to the point, the many
adaptive morphological differences (Table
1) suggest that our estimate that several
hundred loci are under selection is reason-
able.

DiscuUssIioN

The coincident and sharply stepped clines
at each of five enzyme loci, together with
the strong linkage disequilibria between
these loci, imply that there is a substantial
barrier to gene flow between bombina and
variegata, which is caused by the cumula-
tive effects of weak selection at several
hundred loci. The loose correlation between
the position of the hybrid zone and local
habitat, and the evidence of inviability and
morphological aberrations in hybrids, sug-
gest that selection acts primarily against hy-
brids, though different alleles may well be
favored in different places. However, our

inferences about gene flow, selection

strength, and numbers ofloci do not depend
on whether the clines are maintained by se-
lection against hybrids or by environmental
heterogeneity.

The sharp step in each enzyme cline im-
plies a barrier to gene flow, averaged over
both directions, of =220 km. This would
delay the introgression of neutral alleles for
(B/g)? = 60,000 generations, about the same
delay as would be caused by an unimpeded
stretch of habitat 220 km across (Barton and
Hewitt, 1985). However, even a slightly ad-
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vantageous allele will penetrate the hybrid
zone much more rapidly. This is because,
whereas a large proportion of neutral genes
must cross in order to reduce differentiation
across the zone appreciably, only a small
proportion of advantageous alleles need
cross before increasing exponentially in fre-
quency. For example, the advance of an al-
lele with an advantage of only .S’ = 1% would
be delayed (assuming no dominance) for
only (1/8)log((B/a)\/S) = 320 generations
(Barton, 1979). This is much less than the
time it would take for the wave of advance
of such an allele to move over 220 km of
free habitat (=1,750 generations; Fisher,
1937). Thus, although selection maintains
considerable divergence for many charac-
ters (Table 1) and greatly impedes neutral
introgression, bombina and variegata need
not evolve in complete independence and
cannot be considered, in the strict sense, as
separate biological species (sensu Mayr,
1942). Nevertheless, the extensive diver-
gence between these two taxa would lead
the majority of systematists (including one
of us: JMS) to regard them as good species;
this example suggests that the pattern of gene
flow may not be an appropriate basis for
taxonomy.

The long, shallow tails of introgression of
the electrophoretic alleles imply that these
alleles are only weakly selected and may be
neutral (s, < 0.38%). If they are neutral,
then the calculation above shows that se-
lection at other loci could maintain differ-
entiation for long periods (=60,000 gener-
ations, =180,000 years) and certainly for
much longer than the age of the present hy-
brid zone. However, molecular clock ar-
guments suggest that bombina and variegata
have been diverging for several million years
(Szymura, 1983; Maxson and Szymura,
1984; Szymura et al., 1985); this will be an
underestimate if gene flow has impeded mo-
lecular divergence. Over such long periods,
the hybrid zone should not present a barrier
strong enough to prevent introgression or
to allow the accumulation of neutral differ-
entiation in the first place. If we consider
the two taxa to constitute populations that
are effectively panmictic over these long time
scales, then the exchange of as few as one
individual per generation should impede di-
vergence by drift (Kimura and Maruyama,
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1971). Of course, the taxa are in fact dis-
tributed over wide geographic areas, and
their ranges have presumably often been
disrupted by climatic changes. These the-
oretical arguments may not, therefore, be
directly applicable. However, they do sug-
gest that the electrophoretic alleles may have
diverged as a result of weak selection, rather
than by drift alone. In that case, the basis
of the molecular clock in Bombina, and in
general, becomes unclear, and the estimates
of divergence time must be treated cau-
tiously.

Despite the strong selection pressures,
which should favor the reinforcement of
mating isolation in hybrid zones, and the
extensive theoretical discussion of this pos-
sibility, there is remarkably little evidence
that such reinforcement has actually evolved
(Barton and Hewitt, 1985). The apparently
random mating in the Bombina hybrid zone
is especially surprising, since the pure forms
show strong ecological preferences, have dif-
ferent mating calls, and, most directly, show
strong mating preferences in the laboratory:
mating a bombina male to a variegata fe-
male requires stimulation of the male with
a gonadotrophin injection to induce am-
plexus. (The reverse combination is easily
accomplished; Michatowski and Madej,
1969.) In some areas, mating preferences do
allow the two types to retain their integrity
in sympatry: in Yugoslavia, for example,
there is a bimodal distribution of the elec-
trophoretic hybrid index (Szymura, un-
publ.). Such isolation may explain the oc-
casional presence of pure bombina at
Glogoczow and Swinna Porgba, on the var-
iegata side of the zone. However, it is clear
that across the zone at Cracow, and also in
Austria (Gollmann, 1984), mating prefer-
ences have broken down, rather than being
reinforced. This breakdown may be because
the two parental types are replaced with a
wide variety of recombinant genotypes.
Once hybrid populations are formed, any
allele which causes assortment for some
character will only gain an advantage from
reducing the proportion of alleles in the
wrong physical or genetic background at loci
with which the character is in linkage dis-
equilibrium. This advantage will therefore
be, at most, approximately s* = 17% and
may be swamped by gene flow from outside
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the zone, where the modified mating system
is presumably at a disadvantage (Barton and
Hewitt, 1981a). However, further work on
mating behavior in the zone is needed be-
fore this can be more than speculation.

Finally, what does our knowledge of the
present nature and effects of the differences
between bombina and variegata tell us about
the origin of these differences? The genetic
basis of reproductive isolation may provide
one of the few clues to the mechanism of
speciation (Templeton, 1981). The large
number of loci considered here and the va-
riety of characters which have diverged
strongly suggest that reproductive isolation
has evolved in many small steps, rather than
in one or a few drastic ‘“genetic revolu-
tions.” Natural selection has clearly been
important in producing many of the adap-
tive morphological differences (Table 1).
However, it is hard to judge the relative
importance of (for example) random drift
and natural selection from present infor-
mation (Barton and Charlesworth, 1984).
The continual process of evolution may have
erased the evidence of its own mechanism,
leaving us with a record as imperfect as that
from fossils. If so, we must be content with
an understanding of contemporary and ob-
servable evolutionary processes.
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