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SUMMARY

Population structure was estimated in a continuous population of a small land snail (Trochoidea geyert).
Mark-recapture experiments and randomly amplified polymorphic DNA analyses indicate that the
population structure can be described by the isolation by distance model of Wright (1946). Estimates of
density and dispersal suggest a neighbourhood size of 70-208 individuals on an area of 13-21 m®. A
principal component analysis of the randomly amplified polymorphic DNA data reveals clinal variation
of genetic composition across the population, as predicted by the neighbourhood concept. An analysis of
molecular variance indicates substantial genetic structuring. Comparisons of the genetic distances,
expressed as euclidean distances among individuals, versus the geographic distance between sampling sites
yield a highly significant positive correlation (Mantel test: 7 = 0.567, p < 0.0001). The revealed pattern
of populational subdivision on a microgeographic scale seems to be one of the principal processes
generating and maintaining genetic diversity within populations of small land gastropods.

1. INTRODUCTION

Revealing the mechanisms responsible for the creation
and maintenance of genetic variation within popu-
lations is one main aim in population genetics, because
genetic variation is indispensable for evolution to
proceed (Wright 1932; Lewontin 1974). Genetic
variation often can be attributed to factors responsible
for generating population structure (Wright 1978),
such as genetic drift (see, for example, Lacy 1987),
mating system (see, for example, Jarne & Stidler 1995)
or behaviour (see, for example, Bowen et al. 1992).
Population structure can be assessed by direct (field
observation) or indirect (molecular genetic) methods
(Slatkin 1987). Until now, only a few studies exist
combining both direct and indirect methods (Eguiarte
et al. 1993; Schilthuizen & Lombarts 1994; Castillo
1994; Johnson & Black 1995), though the integration
of both approaches promises to reveal interactions of
evolutionary forces that shape the structure of natural
populations (Slatkin 1987).

In cases where the area of continuous distribution of
a population by far exceeds the dispersal ability of
individuals, random mating cannot be assumed over
the whole population. The population structure can
then be dominated by the interaction of population
density and dispersal. Each individual in such a
population has only a limited number of potential
parents, the ‘neighbourhood’, a concept introduced by
Wright (1946). The neighbourhood is associated with
an area within a population where random mating is

possible. The expected genetic population structure
can be calculated from the neighbourhood size and can
be described as ‘isolation by distance’ within the
population. Wright (1951) saw this concept as a way to
explain genetic variability under a uniform selective
regime. Because of their low dispersal ability, the
neighbourhood concept may be especially appropriate
for describing the population structure of land snails
(Greenwood 1974 ; Crook 1980; Cowie 1984).

In this study, we will focus on a terrestrial pulmonate
gastropod, Trochoidea geyert (So6s 1926). T. geyeri is a
small (5-8 mm diameter), annual helicid species in the
subfamily Helicellinae. It inhabits calcareous soils with
a low degree of vegetational cover of dry grassland. We
observed active movement only during cool and humid
weather conditions. Matings can be observed in
autumn, before hibernation. The eggs are deposited in
the soil a few weeks after emergence in spring. Our life-
history observations indicate that 7. geyer: might be a
poor disperser (Pfenninger & Bahl 1995; Bahl et al.
1996). Therefore, the species is a likely candidate for a
neighbourhood population structure even on micro-
geographic scales.

In the present study, we integrate both direct and
indirect methods for the assessment of population
structure. The role of dispersal and density for shaping
the population structure is examined with mark—
recapture studies and density measures, whereas the
spatial pattern of genetic variation is studied using
randomly amplified polymorphic DNA (rRaPD;
Williams et al. 1990).



2. MATERIALS AND METHODS
(a) Research area

The research area is an abandoned vineyard with an
approximate size of 40000 m?, now covered with dry open
grassland situated on a limestone hill near Schliichtern,
central Germany. The area is slightly structured by bushes
and hedges, marking the boundaries between former vine-
yards, but open enough to consider the suitable habitat for
the snail population to be continuous (see figure 1).

(b) Direct method

A marked patch, 5 m x5 m in size with a 1 m grid, was set
up in the centre of the vineyard (for details see Pfenninger &
Bahl 1995). The marked patch was searched carefully for
living T'. geyeri on average every 15th day, except for the time
of hibernation. All 7. geyeri found on the patch for the first
time were marked individually. Their position relative to the
grid was recorded on a map and they were released
immediately at the original position. The position of
previously marked snails was recorded in the same way.
Distances dispersed between two records were measured as
straight lines. If an individual died between two findings,
dispersal distance was not considered. Orientation of move-
ment was analysed based on sectors of 45 °. The recording of
movement was terminated at the end of July, when only dead
adult snails were found.

A total of 24 randomly chosen quadrats (1 m X 1 m) were
sampled at the end of March 1995 within the vineyard. All
vegetation was removed to the blank soil and searched for
living 7. geyeri. Additionally, within each quadrat, three soil
samples of 35 cm x 35 cm each were cut out 5 cm in depth
and searched thoroughly for living snails. Information about
patterns of distribution during mark-recapture experiments
was obtained by means of an index of dispersion (Southwood
1978). Tests for aggregations greater than sample unit of
1 m? were done by means of the Iwao-index (Iwao 1972).

Computer simulation of a random-movement model was
used to estimate dispersal over longer periods. Random
movement can be assumed when: (i) no direction is
preferred; (ii) direction of moves is independent of previous
moves; and (iii) distance moved by an individual is a random
variate of an exponential distribution (Pielou 1969). To

Figure 1. Location of the nine sampling sites (A-I) for
molecular genetic analysis of the population structure. The
entire area is a former vineyard. At each site, seven to nine
snails were sampled. The shaded areas represent unsuitable
habitat for Trochoidea geyeri (bushes and hedges).

simulate dispersal, random variates of the empirically
determined exponential function of dispersal per 15 d were
assigned to a random direction. Distances dispersed were
calculated as straight lines between the starting point and the
point reached after a given time. For each multiple of a 15-
day period up to 210 d, the simulation was repeated 1000
times.

Wright (1946) calculated the neighbourhood size N for a
continuously distributed population of randomly mating
simultaneous hermaphrodites in a two-dimensional habitat
as

N = 4no?d,

with ¢ the variance of dispersal along a single axis from
parents relative to their offspring at the same developmental
stage and d as the density of breeding individuals. Following
Greenwood (1976), variance of dispersal along a single axis
was calculated as half the variance of dispersal in all
directions. The time period for dispersal considered for the
calculation of neighbourhood size (120-150 d) is equivalent
to the period from September, when young snails reach a size
that allows substantial movement, to April-May, when eggs
are deposited in the soil, excluding the time of hibernation.
We calculated the neighbourhood size for the mean+s.d. of
population densities. Transformation of the neighbourhood
formula shows that a neighbourhood is associated with an
area of a circle with a radius of 1/20.

(¢) Indirect method

For the molecular genetic analysis, a total of 75 snails were
sampled from nine randomly chosen sites, as illustrated in
figure 1. At each site, seven to nine snails were sampled
within the calculated neighbourhood area.

DNA from snail tissue was extracted following the protocol
of Bahl & Pfenninger (1996). For details of the raPD
procedure see Pfenninger et al. (1995). We applied 5 primer
(OPABO1, OPC15, OPC16, OPP05, OPP11, Operon Tech-
nologies Inc.). Bands were scored only when they could be
reproduced with two different DNA concentrations in two
amplifications. For statistical analyses, the data were trans-
formed into a binary matrix, where presence of a band was
coded as 1 and absence as 0.

We subjected the presence—absence matrix to a principal
component analysis (pca). This statistical technique achieves
an ordination of the individuals according to the presence or
absence of certain bands along principal component axes
(Manly 1994). These principal components are uncorrelated
to each other and account, in decreasing order, for portions
of the total RAPD variation. This has the advantage of taking
into account ‘typical’ bands correlated to sampling sites.

Population structure was tested by an analysis of molecular
variance (amova; Excoffier et al. 1992). amova calculates
standard variance components and correlation measures,
referred to as d-statistics, for a maximum of three hierarchical
levels of populational subdivision. The significance of the
observed variance components and ¢-values was tested using
a random permutation procedure on the original data
matrix. For this analysis, the 0/1 matrix was transformed
into a squared euclidean distance matrix between all 75
individuals. The squared euclidean distance between two
binary vectors equals the absolute number of differences of
the vectors, i.e. in terms of RAPD markers, the number of
bands not shared between two individuals. The analyses were
done with wiNamova vers. 1.55 (L. Excoffier).

To determine whether the genetic structure of the
population can be described by the isolation by distance
model, we compared the corresponding matrices of inter-
individual euclidean distances and geographical distances



between the sampling sites of individuals using a Mantel test
(Mantel 1967). pca and the Mantel test were done with
NTSYS-pc, release 1.60 (Applied Biostatistics Inc. 1990)

3. RESULTS
(a) Direct method

During the whole sampling period, a total of 630
snails were marked, 113 (17.99,) of which were found
at least once again. It was possible to record 146
movements. No direction of movement was preferred
(x*=1.761; n=146; p = 0.97; comparison with a
uniform distribution). Directions of second moves were
independent from first moves (¥ = 1.333;n = 36; p =
0.99; comparison of deviation from first move with a
uniform distribution). Distances covered within 15 d
ranged from 0 to 4.23 m with a mean of 0.86+0.79 m
(mean+s.d., n = 146). The frequency distribution of
dispersal distances fitted a function with exponential
decay (y =66.37 ¢ “1!¥) Random movement can
thus be assumed.

This exponential function was used to do the
computer simulation of long time dispersal. Simulated
average dispersal in a two-dimensional habitat in-
creased from 0.86m in 15d to 3.90m in 210d.
Average distance dispersed after 120 and 150 d was
2.94 m and 3.22 m, respectively. Maximum distance
dispersed after 210 d was 13.09 m.

The quadrat counts on the surface gave an estimate
of 4.254+1.95 individuals m™® (mean+s.d., n = 24),
the counts of the soil probes 0.3340.14 individuals
0.125 m™® (mean=s.d., n = 72). Thus, our calculated
population density is 6.89+4+3.09 individuals m™
(mean+s.d.). As the entire area of contiguous suitable
habitat is approximately 40000 m?, the estimated total
population size is 2.754 1.2 x 10 individuals. During
our mark-recapture experiments, 2.47+0.75 indi-
viduals m™* (mean +s.d., n = 630) were found alive on
the surface on average. The index of dispersion varied
only slightly throughout the year (I, = 0.976+0.15
(mean+s.d., n = 14)). An aggregation of snails larger
than the grid unit of 1 m? could at no time be detected.
The spatial distribution of 7. geyer: can thus be
assumed to be close to a random distribution.

Estimates for neighbourhood sizes range between 70
and 208 individuals (see table 1). The estimated size of
a neighbourhood area ranges from 13 m® to 21 m?.

(b) Indirect method

Application of 5 primers resulted in a total of 137
markers, 126 of which were polymorphic. All indi-
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Figure 2. Principal component analysis of the RaPD data. (a)
Plot of principal component axis 1 against principal
component axis 2. (4) Plot of principal component axis 3
against principal component axis 2. Open circles: sampling
site A; filled squares: sampling site B; filled circles: sampling
site. C; open triangle peak up: sampling site D; open
rhombus: sampling site E; filled triangle peak down:
sampling site F; filled rhombus: sampling site G; open
triangle peak down: sampling site H; open squares: sampling
site L.

viduals could be distinguished by their unique multi-
locus rapp pattern. The bands were highly repro-
ducible in the sense that the pattern produced was
identical to former amplifications. In the rare cases of
amplification failure, the rRAPD procedure for this
individual was repeated. Thus, we have reproduced
each pattern at least twice for two template-DNA
concentrations.

The first three principal components account for
16.4 %, 14.99, and 12.6 9, of the total variation in the

Table 1. Results of direct estimation of population genetic structure: estimated neighbourhood sizes

(Variance of dispersal along a single axis is given for 120 and 150 d.)

density

(individuals/m™2)
variance of dispersal along d=38m™ d=6.89m? d=9.98 m?
single axis (mean —s.d.) (mean) (mean +s.d.)
0.50% 55, = 1.471 m? 70 127 184
0.50% 5., = 1.665 m® 80 144 208




Table 2. Partition of molecular variance

(d.f. = degrees of freedom; ssp = sums of squared deviations; MsD = mean squared deviation; probability p was calculated from

9999 permutations (see §2 for details).)

variance % of
source of variation d.f. SSD MSD component variance p Oxr
among sampling sites 8 910 113.8 12.4 53.5 < 0.0001  0.535
within sampling sites 66 711 10.8 10.8 46.5 < 0.0001

presence—absence matrix. Among the other 71 prin-
cipal components greater than zero, none accounted
for more than 8.99, of variation. The gap between
principal components 3 and 4 indicates that the first
three components represent the most important ‘di-
mensions’ in the data. Overall, the pca indicates that
a substantial amount of genetic variation is attributable
to geographic structuring, thereby reflecting the
geographic relations of the sampling sites along the
principal component axes. Axis 1 separates the
sampling sites in east—west direction, whereas axis 2
distinguishes the sites rather in north—south direction.
The sampling sites C, D, E and F, forming a wide
crescent, are separated along axis 3 (figure 24, b).

Partition of molecular variance was tested on two
hierarchical levels: among the individuals within
sampling sites and among sampling sites within the
total population. Our results indicate that more than
half (53.5%,) of the total variance is attributable to the
variance between sampling sites. The randomization
procedure (number of permutations used: 9999)
exhibits the high significance of the variance com-
ponents and the ¢-statistic (see table 2). Bartlett’s
statistic indicates that the sampling sites do not differ
significantly with respect to their variances within
sampling site (%2 = 4.68; d.f. = 8; p random Bartlett’s
statistic > observed statistic = 0.0001). The two geo-
graphically closest sampling sites (B and C, 18 m
apart) could be clearly separated when subjected to an
AMOVA alone (59.2%, among B and C, p < 0.0001).

Genetic distance increases significantly with geo-
graphic distance, despite the strong variation of
euclidean distances within sampling sites (Mantel test;
7 = 0.567, p random r > observed = 0.0001). Within
sampling site B, no significant increase of genetic
distance with geographic distance could be observed (r
= 0.071, p random r > observed r = 0.3499).

4. DISCUSSION
(a) Direct method

Usually, not all snails present in an area are active
on the surface, even under favourable weather con-
ditions (Baur 1993). This general observation is
supported by our finding that average density esti-
mated by mark-recapture techniques is always lower
than by thorough but destructive searching. The
recovery rate in the mark-recapture experiments is
correspondingly low, as previously reported by Cain &
Currey (1968) for Cepaea nemoralis. Thus, we used only
the quadrat counts for estimation of population
density. The low recovery rate prevents keeping track

of a sufficient number of individuals through their
entire lifetime. The dispersal data presented never-
theless reflect the locomotory activity over one com-
plete lifetime period, thereby integrating weather-
dependent periods of both high and low locomotory
activity. Our estimated values may be overestimates of
dispersal, as snails that were buried in the soil without
locomotory activity might be underrepresented in the
mark-recapture data. However, even a 509, increase
in the frequency of movements under 1 m per 15 d does
not substantially alter estimates of mean dispersal and
assigned variances in our simulations (data not shown).
The estimation of dispersal over longer periods for land
snails by computer simulation appears to be a useful
approach that has been successfully applied before by
Baur & Baur (1993). These authors could show that
simulated dispersal of Arianta arbustorum (Helicidae)
was comparable to distances actually dispersed in the
field.

The density of T. geyeri is low compared with other
helicid species (Greenwood 1974; Crook 1980; Cowie
1984). Obtaining estimates of absolute density, in-
cluding the snails buried in the soil, is difficult, because
habitat destruction is inevitable and can therefore not
be applied extensively in a sensitive habitat. Conse-
quently, we present estimates of neighbourhood size
based on a relatively broad range of densities. These
estimates may as well represent actual heterogeneity in
density over the entire vineyard.

Estimates of neighbourhood size N or effective
neighbourhood size N, are available for only a few
other helicid species. Neighbourhood size for Cepaea
nemoralis ranges from 95 to 6000 (Greenwood 1974), for
Theba pisana from 115 to 4130 (Cowie 1984), 15 to 215
for Helix aspersa (Crook 1980) and 5600 for Arianta
arbustorum (Baur 1993). Most estimates, except those
for H. aspersa, by far exceed the range of 70 to 208
reported here.

(b) Indirect method

None of the previous studies on neighbourhood
population structure wused high-resolution DNA
markers for the indirect analysis of population struc-
ture. We applied Rapp marker (Williams et al. 1990)
for the estimation of population genetic structure. The
RAPD method is especially reliable for intraspecific and
intrapopulation comparisons (Rieseberg 1996). Al-
though RAPD markers are usually dominant and thus
can not distinguish the homo- and heterozygous states
for band presence (Clark & Lanigan 1993), rRaPDs
usually reveal the same overall pattern of genetic



structure when compared with allozymes (see, for
example, Baruffi et al. 1995; Peakall et al. 1995).
Moreover, RAPDs are reported to detect more genetic
variation among individuals than allozymes (Liu &
Furnier 1993; Peakall et al. 1995). This might be
attributable to the fact that the number and kind of
loci revealed by RAPD analysis comprise a more
complete sample of the genome than allozymes can
provide. RapPDs are especially suitable markers for
detection of minor changes in genetic composition, as
expected under the neighbourhood model.

The principal component analysis revealed clines of
genetic variation in different spatial directions. The
ordination of individuals along the pca axes is caused
by the presence or absence of intercorrelated bands
that represent allelic states of the corresponding loci.
As each of the first three axes achieves an ordination
that reproduces the geographic interrelations of the
sampling sites with respect to one spatial direction, it is
likely that each axis may reflect clines of allelic
frequency changes of the loci involved along this
spatial direction. This view is supported by the fact
that the first three principal components account for a
comparable amount of variation, representing clines
over geographic distances of almost equal length. It
seems that pca is able to extract information about
clines in allelic composition from RAPD data that can be
gained otherwise only with codominant markers. This
interpretation is in accordance with the isolation by
distance concept that predicts a gradual change in
genetic composition in all directions in continuously
distributed populations (Wright 1951). The pattern we
found would probably be even more pronounced if the
sampling sites were chosen along linear transects across
the population.

A considerable degree of populational structure
caused by the variation between sampling sites could
also be detected by AMOVA (53.59, of the total
variance). The high ¢y, coefficient and variance
homogeneity of within-sampling-site genetic distances
suggests that sampling was done within neighbour-
hoods for all sampling sites, hence, neighbourhood size
is at least not smaller than estimated from mark—
recapture experiments. This interpretation is supported
by the fact that no isolation by distance could be found
within sampling site B, suggesting random mating
within this area. Moreover, the comparison among the
two geographically closest sampling sites indicates that
the size of neighbourhoods is not substantially larger
than estimated (13-21 m?) from the direct approach.
The closest sampling points B and C could clearly be
distinguished by AMOVA, and the euclidean distances
between individuals from each site are distinctly
greater than between individuals within each site (data
not shown). The level at which divergence starts to
increase with distance can be considered as the
boundary of neighbourhoods (Slatkin 1993). Here, this
effect can be observed at a distance of 13-14 m;
2.5-3.5 times greater than the diameter of an estimated
neighbourhood area (4-5.2 m).

A highly significant overall pattern of isolation by
distance in the investigated population could be
observed when tested according to Mantel (1967). The

not particularly high r-value, resulting from a scatter
around the linear regression line, might be caused by
slightly different rates of increase of genetic distance in
different spatial directions because of heterogeneity in
population densities. We found a similar pattern of
genetic population structure by RAPD analysis in a
smaller population of 7. geyers, but with a much
smaller number of individuals (Mantel test: 7 = 0.84; p
= 0.0066; N = 18; unpublished results).

4. CONCLUSIONS

Our results derived from direct and indirect methods
are in general agreement. The estimates of popu-
lational subdivision from the direct method predict an
isolation by distance structure within the population,
which could be confirmed by the molecular genetic
analysis. The amount of variation in RAPD data because
of the gradual geographic change in genetic com-
position indicates that most of the genetic variation
can be explained by dispersal-limited gene flow within
the continuous population of 7. geyers. We have no
information whether selfing occurs in 7. geyeri. This
reproductive mode can not be excluded a priori in
simultaneously hermaphrodite snails (Jarne & Stddler
1995), but because outcrossing seems to be pre-
dominating in Helicidae (Selander & Ochman 1983),
we have not considered this situation. Furthermore,
our findings achieved from the indirect method are in
concordance with expectations for a neighbourhood
structure of randomly mating hermaphrodites (Wright
1951). Moreover, taking into account that almost half
(46.59,) of the RAPD variation observed can be
attributed to inter-individual differences within sam-
pling sites, we conclude that selfing is unlikely to be the
predominant reproductive mode in this population of
T. geyeri. Corroborating evidence arises from the
observation that 7. geyeri has not reproduced when
kept isolated, whereas it does when reared in groups
(M. Pfenninger, unpublished results).

Passive dispersal, e.g. mediated by birds, grazing
animals or human activities, has not been observed and
has obviously not played a principal role in shaping the
genetic structure of this population in the past, as
inferred from the indirect analysis.

As this is the first study employing a closely
integrated approach of both direct and indirect
methods that reports an isolation by distance structure
in land gastropods in a two dimensional habitat,
comparisons with other studies are difficult. Selander
& Kaufman (1975) estimated the diameter of a
neighbourhood of Helix aspersa to be about 30 m, using
allozymes. This indirect estimation is not in accordance
with the direct estimation of 2.3-3.8 m provided by
Crook (1980), but the studies were conducted in
different populations. Arter (1990) found a pattern of
a functional isolation by distance along the migration
paths in alpine populations of Arianta arbustorum.
Johnson & Black (1995) could show a neighbourhood
population structure with both direct and indirect
methods in a littorine gastropod Bembicium vittatum
along a linear shoreline habitat. However, they found
a discrepancy between the estimates of direct and



indirect methods that they attributed to occasional
long range dispersal. All studies mentioned found these
patterns on a spatial scale at least ten times larger than
reported here. A study of population structure using
RAPD marker in a snail of comparable size and ecology,
Candidula unifasciata (Bahl et al. 1996) showed an
isolation by distance structure on a scale similar to the
one found in 7. geyeri. The similarity in appearance
and ecology may allow to transfer our results to other
small land snail species (Magnin 1991; Bahl et al.
1996).

Our results indicate that a neighbourhood popu-
lation structure, created by the process of randomly
directed dispersal with limited range, might be one of
the most important forces generating and maintaining
genetic variability in continuously distributed popula-
tions of small land snails. Again, genetic variability is
the indispensable basis on which micro- and macro-
evolutionary processes act.
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assistance. This study was supported by the BMBF (FKZ
0339523A).
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