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Founder effects and geographic variation
in the land snail Theba pisana

Michael S. Johnson Department of Zoology, University of Western
Australia, Nedlands, Western Australia 6009.

The land snail Theba pisana has a history of founder events on Rottnest Island, Western Australia. Compared with
populations from the mainland source area, the island populations show a reduction of 30 to 50 per cent in allozymic
variation, depending on the measure used. Similar reductions are associated with secondary founder events on the
island itself. The implication is that random sampling has overwhelmed selection in the early history of these
populations. From the decay of heterozygosity and the divergence among isolated colonies, the average effective
population size over the first 20 to 30 generations of the founder populations was estimated to be about 35. On a
larger scale, the genetic composition of T. pisana from Western Australia, Victoria, and Tasmania is consistent with a
common source for the Australian introductions. Analysis of samples from southern France, Israel, and Wales supports
the hypothesis that T. pisana consists of three genetically distinct geographical groupings: Britain, northern France
(including some Welsh populations) and the Mediterranean area. Of the populations examined from the native range,
only those from southern France have the genetic composition required of the source for the Australian introductions.

INTRODUCTION

The relative importance of random drift in evol-
ution continues to be one of the major controvers-
ies in evolutionary genetics. The most generally
accepted case in which stochastic genetic change
might be important is in the founding of popula-
tions by small numbers of colonists. The severe
bottlenecks associated with such founder events
should decrease heterozygosity, because of the
chance of loss of alleles, and also cause rapid
change of allelic frequencies. Such changes at
individual loci should be important in changing
the genetic environment in which selection oper-
ates on interacting genes. The role of such founder
effects in speciation has been emphasized by Mayr
(1963) and Carson (1968, 1984), and was sig-
nificant in the development of the theory of
punctuated equilibria (Eldredge and Gould, 1972).
Founder events may also have effects on the
genetics of invading species (e.g., Barrett and
Richardson, 1986) and on conservation genetics,
as the remnants of endangered species are
analogous to founder populations (Carson, 1983;
Berry, 1986).

Although the potential effects of founder events
are considerable, it is not clear how important they

are in real populations (Barton and Charlesworth,
1984). Genetic changes attributed to founder
effects can often be explained by localized selec-
tion (e.g., Williamson, 1981). species supposedly
resulting from founder events often do not have
the expected reduction of variation (White, 1978).
Even in theory, the impact of founder events on
populations is not straightforward. The direct
effect on variability may be relatively small, and
the important factor is the rate of recovery of
population numbers; only if the bottleneck persists
will there be substantial reduction of genetic vari-
ation (Nei et a!., 1975). Determining the genetic
impact of founder events is difficult, because it
requires a knowledge of the history of founder
populations. Introductions of species to new areas
by man sometimes provide the opportunity to do
this (Barrett and Richardson, 1986).

The land snail Theba pisana is native to coastal
regions of the Mediterranean and western Europe,
as far north as Ireland and Wales. Founding popu-
lations were introduced to Western Australia in
the 1890s, first being noticed near the port of
Fremantle. Between 1925 and 1927, a colony was
established on Rottnest Island, 15 km off the main-
land coast near Fremantle. Surveys of the distribu-
tion of T. pisana on Rottnest were made in 1936,
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1947, 1958, and 1978, providing a documented
history of the introduced population (Johnson and
Black, 1979). The species has spread in two ways.
First, there has been a continuous spread of the
colony from the site of introduction at the Settle-
ment area, across much of the eastern portion of
the island (fig. 1). In addition, during the Second
World War, there were secondary foundations of
isolated colonies associated with military encamp-
ments in the western portion of the island. The
colony at Cape Vlamingh has subsequently spread
as far east as Marjorie Bay. A fire in 1974 reduced
the extent of the colony, leaving isolated popula-
tions at Marjorie Bay and Cape Vlamingh.
Although the isolated colonies at Stark Bay and
The Bluff were not discovered until 1958 and 1979
respectively, it is likely that they were actually
founded during the 1940s, as they also are at sites
of military activity. With the exception of the estab-
lishment of these secondary colonies, human
activities appear to have had little influence on the
spread of T. pisana on Rottnest Island (Johnson
and Black, 1979). The history of secondary coloniz-
ation and isolation of the western populations
provides a contrast with the spatial and temporal
continuity of the eastern populations.

To examine the genetic correlates of this history
of founder populations of T pisana, allozymic
variation has been studied in mainland and
Rottnest Island populations in Western Australia.
To consider the genetics of the introduced popula-
tions in a broader context, samples from eastern
Australia, France, Israel, and Wales have been
included in the study. Comparisons among these
have been used to answer five questions: (1) how

much variation is there in populations of T pisana
from its native range? (2) has there been a reduc-
tion of variation in the introduced populations in
Australia? (3) do the Australian populations have
a common source? (4) is it possible, with adequate
sampling, to determine the source area or areas?
(5) do the allozymes support the hypothesis that
T pisana consists of three genetic and geographical
groupings (Cowie, 1984a)?

MATERIALS AND METHODS

Samples

Samples were taken from eight sites on Rottnest
Island (fig. 1). Four of these are in the eastern
portion of the island, where T. pisana has spread
from its original colony in the Settlement area. The
other four sites are in the western portion of the
island, which T. pisana has occupied through a
series of secondary colonizations. This species was
introduced to Rottnest from near Fremantle on the
mainland, but the exact locality is unknown.
Samples representing the mainland populations
were taken from Cottesloe, approximately 4 km
north of Fremantle, and from City Beach, 6 km
further north. Additional Australian samples were
obtained from Queenscliff, Victoria, and from
Lauderdale, Tasmania.

Populations of T. pisana from its native range
were represented by two samples from each of
three areas. In southern France, samples were
obtained from the grounds of the C.N.R.S. in
Montpellier and from 16 km to the east at Valer-
gues. Israel was represented by a sample from

Figure 1 Map of Rottnest Island, showing the distribution (hatched area; from Johnson and Black, 1979) and sample sites of
Theba pisana.
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Hofit, 50km south of Haifa, and one from Ashdod,
70 km south of Hofit. Samples from Wales, near
the northern limit of the species' range, were
obtained from Stackpole Warren in Dyfed, and
from Newton, just east of Porthcawl, Glamorgan.

Sample sizes ranged from 20 to 33, with the
exception of the sample of 12 snails from Tas-
mania. All samples were collected between August,
1984, and November, 1986, and were frozen at
—70°C for up to 30 months before electrophoresis.

Electrophoresis

Samples were examined by conventional horizon-
tal starch-gel electrophoresis. The gels consisted
of 8 per cent Sigma hydrolyzed starch and 4 per
cent B.D.H. soluble starch. Sixteen enzymes were
examined, providing data on 25 gene loci. Abbrevi-
ations and electrophoretic conditions are shown
in table 1. Although the only other published elec-
trophoretic study of T pisana (Nevo and Bar,
1976) included esterases, I. was unable to score
the complicated esterase phenotypes consistently,
so these enzymes have been excluded from this
study. Several of the peptidases are detectable with

more than one substrate, one of which has been
used for the purpose of labelling the loci (table 1).
It is not clear which of these peptidases were
included in Nevo and Bar's (1976) study. Phos-
phoglucomutase was examined using two buffers:
PGM-3 was very active with the Tris-maleate
buffer, interfering with the scoring of PGM-2;
PGM-2 was scored with the Tris-citrate buffer, with
which PGM-3 showed poor activity. For all enzy-
mes represented by more than one locus, the loci
were labelled numerically, in order of decreasing
electrophoretic mobility of the enzymes. Alleles at
each locus were labelled according to the mobility
of their corresponding allozymes relative to that
of the most common allele, which was given a
value of 100. For those loci which are polymorphic
in Western Australian populations, Mendelian
segregation has been confirmed in comparisons of
mothers and offspring (unpublished).

Analyses

Variability of populations can be characterized in
several ways, which may be affected differently by
founder events. Consequently, variation within

* F = foot; H = hepatopancreas.
t Inferred from isozyme patterns of heterozygotes.

TEB = Tris-EDTA-borate (buffer 6), TM = Tris-maleate
discontinuous lithium hydroxide (buffer 2) of Selander et a!. (1971).

Table 1 Enzymes assayed and buffer systems used in the study of allozymic variation in Theba pisana

Enzyme Locus Tissue*
Quaternary
structuret

Electrophoretic
buffert

Glucose-6-phosphate dehydrogenase G6pd F multimer LiOH
Glutamate-oxaloacetate transaminase Got-i H dimer TEB

o-Glycerophosphate dehydrogenase aGpd F no data TEB

Isocitrate dehydrogenase Idh-1 F dimer TM
Idh-2 F no data TM

Lactate dehydrogenase Ldh F monomer TEB

Leucine aminopeptidase Lap-I H monomer TC

Leucylglycylglycine peptidase Lggp-2 H monomer TEB

Leucyiproline peptidase Lpp F no data LiOH

Leucyltyrosine peptidase Lfp-1
Ltp-2
Ltp-3
Ltp-4

F
F
F
F

monomer
monomer
dimer
monomer

LiOH
LiOH
LiOH
LiOH

Malate dehydrogenase Mdh-1 H no data TC
Mdh-2
Mdh-3

H
H

dimer
dimer

TC
TC

Malic enzyme Me F no data TM

Mannosephosphate isomerase Mpi H no data TEB

6-Phosphogluconate dehydrogenase 6Pgd F no data TEB

Phosphoglucomutase Pgm-1
Pam-2
Pgm-3

F
I-I

F

monomer
nomomer
monomer

TM
TC
TM

Phosphoglucose isomerase Pgi F dimer TEB

Superoxide dismutase Sod-i H dimer TEB
Sod-2 H no data TEB

(buffer 9), TC =Tris-citrate, (buffer 4), and LiOH =
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populations was expressed in three ways: average
expected heterozygosity; average number of alleles
per locus; and the per cent polymorphic loci, where
a locus was considered polymorphic if the most
common allele had a frequency of 099 or less.

The genetic similarities between populations
were quantified using Nei's (1978) unbiased
genetic identity and were summarized by UPGMA
clustering (Sneath and Sokal, 1973). For the poly-
morphic loci, geographic variation among selected
groups of populations was quantified using FST,
the standardized variance in allelic frequencies,
which was corrected for sampling variance
(Wright, 1965). FST was determined for each allele,
and FST for a locus was taken as the weighted
average of the allelic values.

Two methods were used to estimate the mean
effective size of the Rottnest populations during
the period since the colonization. The methods are
based on sampling in finite populations, and do
not include effects of selection or mutation. The
first approach is based on the rate of decay of
heterozygosity, which is expressed by

H=H0[1—(1/2N)]t

where H0 is the initial heterozygosity, H is the
heterozygosity after t generations, and N is the
harmonic mean of the effective population size
over the t generations (Spiess, 1977: 321). Using
this relationship, N was estimated separately for
the eastern and the western populations on
Rottnest Island. H, was taken as the average
heterozygosity within the populations of each
group. The duration of the life cycle of T pisana
is variable (Cowie, 1984b; Baker, 1986), but
changes in size-frequency distributions indicate
that the species is mainly biennial in these Western
Australian populations (unpublished observa-
tions). Thus, t is approximately 30 for the eastern
populations and 20 for the western populations.
For the eastern populations on Rottnest Island,
H0 was estimated as the average heterozygosity in
the two mainland populations. Since the western
populations were secondarily derived, H0 for them
was estimated as the average heterozygosity in the
four eastern populations. This estimate is based
on the reasonable assumption that heterozygosity
in the large, continuous, eastern populations has
changed relatively little in the past forty years. If
heterozygosities in the source areas have decreased
during that period, N will be overestimated.
Because it was necessary to use values of H0 from
the source areas, rather than from the actual foun-
ders, the estimates of N include the sampling

effects of both the founding event and the post-
founding history.

The history of isolation of the western popula-
tions on Rottnest Island allows a second approach
to the estimation of N. The effect of N on the
variance in allelic frequencies among isolated
populations derived from a common source is
given by the formula

ST 1 —[1 —(1/2N)J

(Spiess, 1977, p. 347). In order to estimate N, it
was assumed that the western populations were
derived from a common source 20 generations ago.
Since the populations at Cape Vlamingh and Mar-
jorie Bay were separated only in 1974, they were
combined as a single population in the calculation
of FST for the purpose of estimating N.

RESULTS

Western Australian populations

All of the measures of genetic variation show that
the derived populations of Rottnest Island are
genetically impoverished compared with the popu-
lations in the mainland source area (table 2). Of
the 25 loci studied, six are polymorphic in the
Western Australian populations. Of these, only
four are polymorphic on Rottnest Island. This
reduction of polymorphism is due to the absence
of the Ltp-196 allele, which is relatively uncommon
on the mainland, and the Ltp-39' allele, which is
one of the two equally common alleles on the
mainland. The Ltp-2105 allele, one of three equally
common alleles at the Ltp-2 locus on the mainland,
is also missing from the Rottnest populations. The
average number of alleles per locus is 113 in the
Rottnest populations, compared with 124 in the
mainland populations. Since there must be at least
one allele per locus, this represents nearly a 50 per
cent reduction of "extra" alleles in the Rottnest
populations. Similarly, the average heterozygosity
over the 25 loci is 30 per cent less in the Rottnest
populations than in those on the mainland, 0.048
compared with 0.083 (table 2).

Within Rottnest Island, the secondarily derived
western populations are less variable than the
eastern populations. Individual populations in the
western portion of the island are missing additional
common alleles: Idh-19° is missing from Cape
Vlamingh and Marjorie Bay; Ltp-295, from Mar-
jorie Bay and Stark Bay; Pgm-3'°°, from Stark Bay;
and Pgm-2'30, from The Bluff. The average
heterozygosity in the western populations is only
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Table 2 Allelic frequencies and measures of variation in Western Australian populations of Theba pisana. Allelic frequencies are
not shown for the 19 loci which were monomorphic in all populations

Mainland

Locus Allele City Cott

Rottnest Island

Sett Bick Airs Clun Bluf Star VIam Marj

Idh-l 100 062 092 077 038 069 098 048 059 100 100
90 038 008 023 062 031 002 052 041 — —

Ltp-1 100 100 088 100 100 100 100 100 100 100 100
96 — 012 — — — — — — — —

Ltp-2 105 060 006 — — — — —
100 040 029 080 098 083 082 083 100 094 100
95 — 065 020 002 017 018 017 — 006 —

Ltp-3 100 050 060 100 100 100 100 100 100 100 100
91 050 040 — — — — — — — —

Pgm-2 130 082 010 034 038 050 060 — 036 024 060
100 018 090 066 062 050 040 100 064 076 040

Pgm-3 175 072 060 071 082 073 028 088 100 056 030
100 028 040 029 018 027 072 012 — 044 070

Measures of Variation (25 loci):
Polymorphism 020
Heterozygosity 0086
Alleles/locus 120

024
0080
128

016
0061
116

016
0051
116

016
0064
116

016
0049
116

012
0040
112

008
0038
108

012
0039
112

008
0036
108

0038, compared with 0056 in the east. Another
difference between these sets of populations is that
variation among the four isolated western popula-
tions, measured by average sT, is twice as great
as that among the connected eastern populations:
0301 compared with 0140 (table 3).

The estimates of average effective population
size during the history of the Rottnest populations
are reasonably consistent. The reduction in average
heterozygosity in the eastern populations com-
pared with the mainland populations is 32 per cent,
which for a period of 30 generations indicates an
average effective population size of about 38. The
similar reduction of heterozygosity in the western
populations compared with those in the east gives
an estimated effective population size of 26. The
divergence among the three western areas (com-
bining Cape Vlamingh and Marjorie Bay, average
FST=O21O) gives an estimated effective popula-
tion size of 41.

Table 3 Values of FST in eastern and western groups of popula-
tions of Theba pisana on Rottnest Island

Locus Eastern populations Western populations

!dh-1 0277 0388
Ltp-2 0034 0097
Pgm-2 0019 0276
Pgm-3 0231 0444

Average 0140 0301
LE.

Large-scale variation

Variation was detected at all but eight (ceGpd, Idh-
2, Mdh-1, Me, Mpi, Lpp, 6Pgd, and Sod-2) of the
25 loci examined, with populations in the native
range being polymorphic for 20 to 44 per cent of
the loci (table 4). The two French populations are
highly polymorphic, with an average heterozygos-
ity of 0176. The average value for the Welsh popu-
lations is less than half this, at 0066. The Israeli
populations are not consistent: the average
hetero ygosity of the Ashdod sample is 0121, com-
pared with only 0034 at Hofit. The heterozygosity
of the mainland Australian populations is as high
as that for Wales and Israel, averaging 0084. The
per cent polymorphism and average number of
alleles give a similar picture, except that the Aus-
tralian populations have the lowest average values
for these measures (table 4).

The genetic identities between populations
show some clear patterns (fig. 2). The four Mediter-
ranean populations form a cluster at an identity
level of 096, within which there is pairing by
country. The Australian samples form a group and
show a high similarity with those from the Mediter-
ranean, clustering with them at a level of 094. In
contrast with these high similarities, the Welsh
populations show low similarities with the other
populations and with each other, averaging 084
to 087. The Welsh sample from Newton has highly
divergent allelic frequencies at several loci, but
does not have unique alleles. The divergence is
more striking for the Stackpole population, which
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Table 4 Allelic frequencies and measures of variation in populations of Theba pisana from outside Western Australia. Allelic
frequencies are not shown for the eight loci which were monomorphic in all populations. For loci not recorded in table 1, the
Western Australian populations are fixed for the "100" allele

Australia

Locus Allele Vict. Tasm.

France

CNRS Vale.

Israel Wales

Ashd. 1-lofit Newt. Stac.

G6pd 105 — — — 003 005 — — —
100 100 100 100 097 090 100 100 100
95 — — — — 005 — — —

Got-i 100 100 100 100 100 100 097 100 100
85 — — — — — 003 — —

Tdh-l 110 — — 006 014 — — — —
100 072 029 059 079 100 100 1.00 100
90 028 0-71 035 007 — — — —

Ldh 100 100 100 100 097 098 100 100 100
77 — — — 003 002 — — —

Lap-i 106 — — 041 035 005 — 100 016
103 — — 002 026 — — — 084
100 1.00 100 0-57 039 095 100 — —

Lggp-2 136 — — 002 — — — — —
127 — — 013 0.11 — — 023 —
118 020 — 020 009 008 — 005 —
109 — 004 004 009 012 — 009 —
100 058 096 0-59 069 080 097 051 1.00
91 022 — 002 — — — 005 —
82 — — — 002 — 003 007 —

Ltp-1 104 — — Oil — — — — 034
100 100 088 085 078 055 1.00 050 —
96 — 012 004 022 045 — 050 —
92 — — — — — — — 0-66

Llp-2 105 — 012 009 — — — — —
100 098 0-88 059 040 060 073 039 098
95 002 — 015 0.44 — 002 — —
90 — — 017 016 040 025 061 002

Ltp-3 iii — — — 002 — — — —
100 100 092 066 070 055 082 039 —
91 — 008 030 026 002 — 061 —
87 — — — — — — — 100
84 — — 004 002 038 018 — —
70 — — — — 005 — —

Ltp-4 100 100 100 100 100 O98 100 100 100
76 — — — — 002 — — —

Mdh-2 450 — — 004 — — — — —
100 100 100 096 100 100 1.00 1.00 100

Mdh-3 100 1-00 1.00 100 097 100 100 100 100
70 — — — 003 — — — —

Pgm-i 110 — — — — — — — 014
100 100 100 0.74 100 100 100 100 086
96 — — 026 — — — — —

Pgm-2 130 1-00 021 006 007 — — — —
117 — 038 006 021 — — 005 071
100 — 041 088 072 100 1-00 095 029

Pgm-3 225 — — — 003 — — — —
175 020 0-88 0-30 021 — — — —
155 — — 013 034 028 002 1-00 098
140 — — — 0-02 — — — —
100 0-80 012 0-53 040 072 098 — 002

Pgi 160 — — 019 — 028 — 0-02 045
100 100 100 081 1-00 072 1.00 098 0.55

Sod-I 120 — — — — — — 0-04 —
100 1.00 1-00 1-00 1.00 100 1.00 096 1.00

Measures of Variation (25 loci):
Polymorphism 0-15 0-28 044 044 040 020 028 028
Heterozygosity 0-094 0077 0183 0168 0121 0034 0-053 0-078
Alleles/locus 120 132 192 192 156 124 144 128
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Genetic Identity
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has unique alleles at high frequencies for both
Ltp-1 and Ltp-3.

In general, the Australian populations show
slightly higher identities with the French popula-
tions than with those from Israel. The similarity
of the Australian and French populations is more
apparent when allelic composition is examined
(table 4). All of the alleles detected in Australia
are present in the French populations, but several
are missing from either Israel or Wales: Idh-190,
Ltp-2'°5, Pgm-2'30, and Pgm-3'75 from both Israel
and Wales; and Lap-110° and Ltp-295 from Wales.

DISCUSSION

The history of colonization has left a clear imprint
on the genetic makeup of the populations of T.
pisana on Rottnest Island. The reduced heterozy-
gosity and the loss of the alleles reflect the deriva-
tive nature both of the Rottnest colonies compared
with mainland populations and of the western
compared with the eastern populations on
Rottnest. The reduction of heterozygosity in these
populations is equivalent to that expected for an
effective population size of only about 35 over the
period of 20 to 30 generations. By comparison,
Cowie (1984c) obtained estimates of effective
population sizes of 115 to 4130 in Welsh colonies
of T. pisana. The relatively small average effective

size of the Rottnest populations could reflect very
small numbers of founders, slow recovery of popu-
lation size, or subsequent bottlenecks. As empha-
sized by Nei et a!. (1975), the direct effects of a
small number of founders are small. Since each
individual in a panmictic population carries, on
average, half of the heterozygosity of the popula-
tion, a single fertilised colonist carries 75 per cent
of the heterozygosity of the source population. In
the case of T pisana, one pair of snails from the
mainland could account for the heterozygosity of
the Rottnest colonies. To account for the allelic
composition of the Rottnest populations, however,
more founders would be required. Using the Cot-
tesloe population from the mainland as an
example, the probability that a single pair of snails
wouldhave all of the alleles found on Rottnest is
only 005; seven snails would be required to be at
least 50 per cent certain of obtaining all of the
Rottnest alleles, while 20 snails would be needed
for 95 per cent certainty. Since even seven
individuals would represent 99 per cent of the
heterozygosity in the source population, this sug-
gests that the reduction of heterozygosity occurred
at least partly after the founding of the Rottnest
populations. Regardless of the actual combination
of founder and post-founder effects, the implica-
tion of the relatively low allozymic variation is that
random sampling has overwhelmed selection in
the early history of these populations.

Settlement

C. Vlamiogh

Airstrip
• Marjorie B.

• Pt. Clune

Bickley Pt,

Stark B.

The Bluff

Tasmania

Figure 2 Phenogram (UPGMA clustering) of genetic identities for populations of Theba pisana.
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Since it is often difficult to distinguish between
founder effects and selection (e.g., Williamson,
1981), it is important to justify this interpretation.
The observed patterns are exactly as predicted for
the history of bottlenecks: sequential loss of alleles
and greater genetic divergence with repeated foun-
der events. Indeed, this predictability is a clear
rejoinder to the frequent criticism that evolutionary
theory is non-predictive. Despite the considerable
divergence among the western populations on
Rottnest, the average allelic frequencies are quite
similar to those for the eastern group, as would be
expected for a set of populations derived indepen-
dently from a common source. These genetically
divergent populations occupy very similar habitats.
The main plant species at these sites is Acanthocar-
pus pressii, which forms a low, dense cover over
much of the island. This uniformity, combined
with the equalizing effects of the surrounding
ocean, makes it highly unlikely that strongly diver-
gent selection is occuring among the Rottnest
populations.

The low diversity of the derived populations
on Rottnest contrasts with most examples of intro-
duced species, including cane toads (Esteal, 1985)
and rabbits (Richardson et a!., 1980) in Australia,
and, among snails, Cepaea nemoralis in Virginia
(Johnson et a!., 1984), Cerion casablancae in
Florida (Woodruff and Gould, 1987), and
Biomphalaria straminea in Hong Kong (Woodruff
et a!., 1985). In the case of the cane toads, the
introduction was large, and the population has
continued to grow. Similarly, the introduced popu-
lation of C. casablancae began with 55 individuals
and shows no sign of subsequent bottlenecks. For
the rabbits, a few dozen individuals very quickly
gave rise to large populations. The introduced B.
straminea has been even more prolific: since its
accidental introduction in the early 1970s, it has
become locally the most abundant freshwater snail
in Hong Kong. Clearly, successful colonists do not
typically undergo sufficiently severe bottlenecks to
cause a marked reduction of variation; it may well
be that the populations that do lose considerable
variation are doomed to extinction (Barton and
Charlesworth, 1984). In the latter context, it may
be worth noting that, despite having been abun-
dant, T pisana has undergone a severe reduction
of numbers on Rottnest Island in recent years
(Perry, 1978).

While reducing the amount of variation within
populations on Rottnest Island, the history of
founding events has increased genetic divergence
among populations. The combined effects of
multiple founder events and isolation are strikingly

shown by the two-fold increase in geographic vari-
ation among the independent western populations
compared with the connected eastern populations.
Indeed, the average ST of 0301 among the
western populations on Rottnest Island is about
three fourths as great as that for the same four loci
among the six samples representing the major
extent of the native range (average FsT=O4lO).
Even the divergence between the Rottnest popula-
tions and the mainland is striking. The average
genetic distance (Nei, 1978) between Rottnest
populations and mainland populations is 0040.
Since this divergence has occurred over a period
of 60 years, it represents an increase in genetic
distance of 667 per million years, which is nearly
5300 times faster than the average rate estimated
for Partula snails in the Society Islands (Johnson
et a!., 1986) and 11,100 times faster than the rate
for vertebrates (Maxson and Maxson, 1979). This
means of expressing the divergence emphasizes
the large effect that a history of founder popula-
tions can have. From an evolutionary perspective,
the potential importance is the change in the
genetic environment in which future mutation and
selection will occur.

There are also practical implications of this
result with respect to the use of molecular clocks
to infer times of divergence from allozyme data.
Based on the commonly used vertebrate "clock"
(Maxson and Maxson, 1979), the estimated time
of the formation of the Rottnest populations would
be more than 600,000 years ago. Over evolutionary
time, this effect of bottlenecks on increasing the
rate of divergence should be compensated by a
decreased rate of change, due to the reduced vari-
ation within the derived populations (Chakraborty
and Nei, 1977). Nevertheless, the clear implication
is that differences in demographic history can make
genetic distance a poor indicator of both the onset
of divergence and the relationships among popula-
tions. For example, the Rottnest populations, on
average, are more similar to the Tasmanian popu-
lation than to those from the source area in Western
Australia (fig. 2).

Extension of the analysis of founder effects to
the introduction of T pisana to Australia is
difficult, because the detailed history is not known.
The allelic compositions are consistent with the
possibility that colonies in Western Australia, Vic-
toria, and Tasmania had a common source: these
areas share the same common alleles, and almost
all of the less common ones, at each of the loci
examined. With the exception of those in Rottnest
Island, the Australian populations have very
similar heterozygosities, averaging about 8 per
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cent. Because of the considerable variation in
heterozygosity within the native range, however,
it is not clear to what extent the variation in the
introduced Australian populations has been
reduced. The relatively low values for the Welsh
populations are probably not typical of the species.
These populations are at the extreme of the species'
range and are probably of fairly recent origin
(Cowie, 1984a). The intermediate heterozygosities
of the populations from Israel could also reflect a
relatively recent occupation of that area. Since T.
pisana is not present in Pleistocene deposits on
the coast of Israel, it probably has arrived in Israel
in historic times (Heller and Tchernov, 1978).
Although more samples will be required for
confirmation, the high heterozygosities of the
French populations may be more "typical" for this
species in the central part of its range.

In addition to the variation in heterozygosity,
there is substantial geographic variation of allelic
frequencies in T pisana in its native range. Par-
ticularly striking is the genetic divergence of the
Welsh populations, both from those in the
Mediterranean region and from each other. This
divergence supports Cowie's (1984a) suggestion,
based on variation in shell banding, that there are
three geographical groupings in T. pisana, two of
which are represented in Wales: Britain, northern
France (represented by populations near
Porthcawl in Wales), and the Mediterranean.

The geographic variation of T. pisana provides
information about the possible source area of the
Australian colonies. Of the three groups in the
native range, only the Mediterranean populations
could be the source. The Welsh populations are
missing several alleles which are common in Aus-
tralia, and which must have been present in the
ancestral populations. Even within the Mediter-
ranean region, it is possible to exclude Israel as
the source area, since the Israeli populations also
lack alleles which are present in Australia. Nevo
and Bar's (1976) study of eight populations, over
a distance of 180 km in Israel, included the Pgm-2
and Pgm-3 loci. The Pgm-213° allele was not found
in any of the populations, and Pgm-3'75 was found
in only two, at low frequencies, so that the
exclusion of Israel can be made with confidence.
In contrast, the French populations possess all of
the alleles found in Australia and the most common
alleles in the Montpellier area are generally those
which are present in Australia. If the Montpellier
populations are similar to the ancestral ones, the
implication is that approximately 50 per cent of
the variation was lost in the colonization of
Australia. Since the introductions of T pisana

to Australia occurred by sea around the turn of
the century, however, it is quite possible that the
snails came from South Africa, where the species
is also introduced. Inclusion of South African
populations would be particularly interesting in
future studies of possible paths of introduction of
this species. While this study provides only an
introductory look at geographic variation in T.
pisana, it shows that more detailed studies are
warranted, both in the context of tracing the pat-
terns of introduction and for determining the geo-
graphical scale and connectedness. of the quite
distinct groups within this species.
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