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ABSTRACT: The present study analyses variation in morph frequencies of C. nemoralis along a west-east transect
spanning the whole range of the species in continental Europe. The transect passed along the 52°N parallel
from the North Sea coast in the Netherlands to the Bug River in Poland (1,215 km). Samples were collected at
the crossings of the parallel with consecutive meridians, within the radius of 15 km from the crossing point.
The material comprises 27,666 individuals from 235 populations. C. nemoralis occurred along the whole
transect, but was much more common and abundant in its eastern part. In large areas of the western part of
the study area it was extremely rare and unabundant, indicating the severity of human impact on the environ-
ment, posed especially by industrial agriculture. Variation in morph frequencies did not show clear overall
trends; there were some regularities but for the most part they did not coincide with large-scale climatic para-
meters. There were two significant trends: pink and mid-banded tended to increase eastwards and correlated
positively with the measures of continentality. While the trend for mid-banded might be explicable on the
grounds of climatic selection, for pink it is directly contrary to expectations and contrasts with the patterns of
spatial distribution and temporal changes in other parts of Europe. Probably, the distribution of morph fre-
quencies reflects foremost the founding events occurring during colonisation of novel habitats and range ex-
pansion. Contrary to the large-scale variation, the habitat effect consistent with the climatic selection hypothe-
sis was observed along the whole transect, with light shells being more frequent in open than in shaded habi-
tats. As thrush anvils were rare in the study area, and in places where they were present no evidence of selective
predation was found, this morph distribution resulted most probably from microclimatic selection. C.
nemoralis inhabited predominantly anthropogenic, short-lived habitats, and a clear habitat effect observed
throughout the study area indicates a high rate of adaptation of populations of this species to environmental
conditions. Although expected on theoretical grounds, there was no decrease in the level of polymorphism to-
wards the limits of the species range, and the differences between open and shaded habitats were not consis-
tent in direction. The probable explanation lies with the fact that the current limits of the distribution of this
species in continental Europe are not really ecologically marginal. Additionally, the specific mating system
protects populations of this species from the impoverishment of the gene pool. Linkage disequilibria were
common in the study area. Tight linkage between the loci controlling the colour of the shell and the presence
or absence of banding limits the scope of genotypes available to selection, and might be one of the reasons
why different populations adapt along different genetic routes to similar environmental conditions. This is
probably an additional factor contributing to the maintenance of polymorphism in this strikingly variable spe-
cies.
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1. INTRODUCTION

The ways in which populations adapt to their envi-
ronments, and the processes maintaining intraspeci-
fic variation are among the central problems in evolu-
tionary biology. Solving them requires connecting ge-
notype with phenotype for traits of possible ecological
importance. In most cases, this cannot easily be done,
mainly because many fitness-related traits are quanti-
tative and do not have a simple genetic basis. Colour
polymorphisms are exceptional in that the genetic
component of variation is — at least potentially —
clearly discernible. Not surprisingly, animals with
varying body coloration are typical model systems,
and much of our understanding of the evolutionary
processes occurring at population level comes from
the study of those organisms (e.g. FORSMAN 1995,
GAMBLE et al. 2003, HOEKSTRA et al. 2005, CAESAR et
al. 2007, WANG & SHAFFER 2008, NOSIL 2009). How-
ever, in most cases the genetic background of varia-
tion is assumed rather than certain (e.g. KARK et al.
1997, HARLEY et al. 2006, MCKILLUP & MCKILLUP
2008, UNSICKER et al. 2008, WOOLBRIGHT & STEWART
2008). The systems in which the mode of inheritance
of various components of variation is known are few
(e.g. BROOKS 2002, ELLERS & BOGGS 2002, MULLEN
et al. 2009) but only these allow the insights into the
roles of genetic architecture and genetic variation in
driving specific elements of adaptation.

Among the most important model organisms of
this kind are the land snails of the genus Cepaea. Their
striking shell variation has long attracted the atten-
tion of biologists. Thanks to the work of the early re-
searchers, the mode of inheritance of shell colour
and banding in C. nemoralis and C. hortensis is well un-
derstood (reviews in MURRAY 1975, JONES et al. 1977,
COOK 1998). This provides the basis for the interpre-
tation of the spatial and temporal patterns of morph
composition observed in populations of those species.
Additionally, these snails have many advantages as
study systems in population biology: wide ecological
tolerance resulting in a broad geographical range and
the variety of habitats they inhabit, the fact that they
often live in distinct, relatively isolated populations
(colonies) often reaching high population densities,
and low mobility shared with other land snails. Of the
two species, C. nemoralis is more ubiquous and more
variable, and has been subject to more study. The
present study focuses on this species.

C. nemoralis is a medium-sized (shell diameter
about 20 mm) land snail widely distributed in Western
and Central Europe (KERNEY & CAMERON 2006). Its
natural distribution range extends from the British
Isles in the north to the Iberian Peninsula and Croatia
in the south. The eastern limit of its natural range is
harder to determine. It is found in natural habitats in
north-western Poland (RIEDEL 1988), but it is also

found farther east and south. It presently occurs
throughout Poland but almost exclusively in anthro-
pogenic habitats (SULIKOWSKA-DROZD 2008) to most
of which it was most probably introduced. Its spread
in the Czech Republic is well-documented (HONEK
1995, DVORAK & HONEK 2004), and the easternmost
populations of this species are known from Latvia and
Estonia in the north (SILVERTOWN et al. 2011) and
Lvov in Ukraine in the south (SVERLOVA 2002). These
eastern populations are predominantly in urban habi-
tats; the confinement to urban environments is dis-
persal- rather than climate-limited (OZGO & BOGUCKI
2011).

The species has a wide ecological tolerance. It in-
habits a variety of habitats ranging from sand dunes to
deciduous forests (JONES et al. 1977), and a broad
altitudinal range, reaching as high as 2,100 m a. s. I. in
the Pyrenees (ARNOLD 1968). In most of its distribu-
tion range it also occurs in anthropogenic habitats:
gardens, orchards, cemeteries, railway margins, road
verges, derelict sites, unmanaged parts of city parks,
or margins of garbage dumps.

C. memoralis is the most polymorphic species
among the European land snail fauna (CAIN 1977),
with more than 200 recognised shell colour and band-
ing variants (GOODHART 1987). Figure 1 presents the
most commonly occurring phenotypes. The ground
colour of the shell can be yellow, pink or brown, with
various genetically determined shades. There can be
up to five usually dark bands; other possibilities in-
clude orange or transparent bands. Although any
conceivable pattern of banding does in fact occur in
nature, the majority of snails are unbanded — 00000,
midbanded - 00300, three-banded - 00345, and
five-banded — 12345. The bands are numbered 1, 2, 3,
4, 5 from the top of the whorl downwards. A missing
band is denoted by 0. Thus, a five-banded shell is
scored as 12345, and a shell with only the middle
band present, as 00300. Any of the bands can fuse to-
gether; in an extreme case almost the whole shell is
covered with completely fused bands. Fusion of bands
is indicated by brackets. A shell scored as 103(45) is a
shell with the second band missing, and bands 4 and 5
fused together; a shell scored as (12345) is a five-
banded shell with all bands fused.

This variation has a well known genetic basis (re-
views of the inheritance of major morphs in WOLDA
1969, MURRAY 1975, JONES et al. 1977, COOK 1998).
The allele for brown is dominant to pink which is
dominant to yellow. At another locus which is tightly
linked to the colour locus, unbanded is dominant to
banded. There are several epistatic interactions
among banding genes. Unbanded masks the expres-
sion of any banding patterns. If an individual is reces-
sive at this locus, other genes determine the actual
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Fig. 1. The major colour and banding morphs of Cepaea nemoralis. Photo: M. OZGO
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banding of the shell. At the mid-banded locus which
is not linked to colour, mid-banded allele is domi-
nant, and epistatic to more bands. At the
three-banded locus, not linked to colour nor
mid-banded, the three-banded allele is dominant,
and epistatic to more bands. The five-banded condi-
tion is shown only in individuals that are recessive at
the unbanded, mid-banded and three-banded loci.
The rare banding patterns, such as 10345, 12300 or
00045 probably result from variable expression of
dominance dependent on modifiers whose genetics is
poorly understood (WOLDA 1969). Fusion of bands is
multifactorially controlled (CAIN et al. 1960, WOLDA
1969), and the possible effects of ecophenotypic vari-
ation have not been examined. The tight linkage be-
tween the colour and banding locus, with a recombi-
nation rate of less than 1% (LAMOTTE 1954, COOK &
KING 1966), results in linkage disequilibria commonly
occurring in populations of C. nemoralis.

Nearly all populations of C. nemoralis studied are
polymorphic at more than one locus, but morph fre-
quencies vary greatly among them. This extraordi-
nary variation was initially regarded as non-adaptive
and resulting solely from chance events (review in
CAMERON 1997). The classical work of CAIN &
SHEPPARD (1950, 1954, SHEPPARD 1951) showed that
natural selection can affect morph frequencies in
populations of these snails. Since then the relative
roles of chance events and different selective pres-
sures in shaping the genetic composition of popula-
tions have been the subject of considerable debate
(reviews in JONES et al. 1977, COOK 1998, OZGO
2005a, 2008, MILLSTEIN 2008, 2009). Presently it is
broadly accepted that while founding events and ge-
netic drift play an important role in shaping morph
frequencies in populations of C. nemoralis, directional
selection can be exerted by visually hunting preda-
tors, and by regional and local climatic conditions (re-
views in JONES et al. 1977, COOK 1998, OZGO 2005a,
2008).

These two agents, visually hunting predators and
climate, are predicted to have different effects. Vi-
sually hunting predators, predominantly birds,
should tend to choose those snails whose shells are
most conspicuous against the background; the result-
ing selection leads to increased frequencies of dark
and unbanded shells in dark and shaded habitats with
uniform backgrounds, and increased frequencies of
light and banded shells in open and variable habitats
(CAIN & SHEPPARD 1950, 1954, SHEPPARD 1951, re-
views in CAIN 1983, CLARKE et al. 1978, JONES et al.
1977). The hypothesis of climatic selection is based
mainly on the fact that coloration in ectotherms has
important effect on thermal performance (TRULLAS
et al. 2007). Under cool conditions, dark individuals
tend to absorb solar radiation more rapidly and reach
higher internal temperatures, with a beneficial effect
on activity, growth and fecundity. In warm environ-

ments however, they are prone to overheating, and
can be at a disadvantage compared to light individu-
als. The effect of melanisation on thermal perfor-
mance has been shown in various species of ecto-
therms (BURLA & GOSTELI 1993, VENCES et al. 2002,
ELLERS & BOGGS 2004, TANAKA 2007, LINDSTEDT et
al. 2009). In C. nemoralis, experimental studies have
shown that yellow shells and unbanded shells have
greater reflectance in the visible and infrared spectra
than pink and banded shells (CHANG 1991), and the
internal temperatures of pink or banded snails are
significantly higher for a given level of solar radiation
(HEATH 1975). Darker snails lose more weight
through dehydration when exposed to sunlight
(CHANG 1991) and suffer higher differential mortal-
ity under severe heat load (RICHARDSON 1974). In
both cases, effective selection should result in morph
frequencies differing among habitats, with the differ-
ence that while shaded environments are predicted to
have lower frequencies of yellow shells than open
habitats in both, visual selection should result in
higher frequencies of banded shells in the open,
while the reverse applies in the case of thermal selec-
tion. Examples of both can be found (OZGO 2005b,
COOK 2008, CAMERON & COOK 2012) but they are not
universal and vary in strength among regions.

Thermal selection should also be affected by
macroclimate. C. memoralis has a distribution span-
ning a wide range of climatic regimes, from sub-Medi-
terranean to near-boreal, and from extreme Atlantic
to continental. In the over a century-long history of
the research of C. nemoralis polymorphism, there have
been only two attempts at surveying the composition
of populations at the scale of the range of the species.
JONES (1973) and JONES et al. (1977), compiling the
results of earlier studies, focused only on the frequen-
cies of yellow shells, which increased from the north
to the south of Europe, and showed a clear positive
correlation with July temperatures. More recently, the
Evolution Megal.ab (SILVERTOWN et al. 2011) com-
piled the great majority of past records, and surveyed
large parts of the continent with the help of thou-
sands of volunteers collecting data on the shell col-
our, the presence or absence of bands, mid-banded
and many-banded shells. This study confirmed the in-
crease in the frequency of yellow shells southwards,
with some local anomalies, and also showed an in-
crease in the frequency of mid-banded shells over the
later part of the 20th century.

In Europe, the climate changes not only from the
north to the south, but also from the west to the east,
becoming increasingly continental, i.e. characterised
by increasing annual temperature variation. C. nemo-
ralis suffers considerable mortality when temperature
drops below —7°C, and there is some evidence that yel-
low shells are more resistant to extremes of both hot
and cold temperatures (LAMOTTE 1959). Morph fre-
quencies in populations of C. nemoralis might be ex-
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Fig. 2. Map of the study area. Circles indicate the plots in which samples were collected

pected to reflect this transition. The aim of the pres-
ent study was to analyse in detail the composition of
populations of C. nemoralis along a transect perpen-
dicular to the transect analysed by JONES (1993) and
JONES etal. (1977), spanning the whole natural range
of the species from the west to the east of Europe. The
transect chosen for this study passes along the 52°N
parallel in continental Europe, from the North Sea
coast in the Netherlands to the Bug River in Poland
(Fig. 2). The 52°N parallel was chosen because it is
the longest parallel within the natural distribution
range of the species, and it passes mostly through low-
land areas, so the effect of altitude on morph frequen-
cies is minimised. The main themes of this study are:

2. MATERIAL AND METHODS

The samples were collected along the 52°N paral-
lel in continental Europe, from the North Sea coast in
the Netherlands to the Bug River in Poland; the
length of this transect was 1,215 km (Fig. 2). The col-
lections were made in the years 2005-2009. Sampling
plots were designated at the crossings of the parallel
with consecutive 1° longitudinal meridians. Each plot
encompassed the area within the radius of 15 km
from the crossing point. Throughout the paper the
plots are referred to by meridian numbers (degrees
east). Prior to the field work, areas potentially suitable
for C. nemoralis were designated with the help of topo-
graphic maps. This excluded highly urbanised areas,
coniferous forests, and water bodies. All other envi-
ronments were searched in the field for suitable habi-
tats, and those were checked for the presence of
Cepaea snails. Within each study plot, about 10
samples (range 8-15) were collected from areas of
about 400 m?, covered with relatively uniform vegeta-
tion. Habitats were categorised as open or shaded.

the occurrence of Cepaea snails along the transect,
and — in C. nemoralis — the pattern of distribution of
morph frequencies along the transect in relation to
large-scale climatic parameters and to habitat type,
the effect of visual selection on morph frequencies,
the amount of among-population variation in relation
to position on the transect, variation in the level of
polymorphism, distribution of phenotypes encoded
by linked and unlinked loci, and the maintenance of
polymorphism in relation to linkage disequilibria.
The paper is divided into chapters relating to particu-
lar aspects of the study with a focused discussion for
each. General conclusions are given at the end.

Open habitats were dominated by herbs and grasses,
in shaded ones trees and shrubs were dense enough
to give shade throughout the day. Latitude and longi-
tude coordinates of each sampling site were taken
with a hand-held GPS, and the habitat was photo-
graphed. The snails were collected at good daylight
conditions; all live snails and well-preserved empty
shells were included. At most sites only adult snails
were collected. Exceptionally, when snail density was
low and it was not possible to collect a sufficient
sample of adult snails, large juveniles were also in-
cluded. After scoring, the snails were returned to the
sites of collection. Sample sizes ranged from 23 to 186
(Median 126); together the material comprised
27,666 individuals from 235 populations.

The shells were scored for colour and banding ac-
cording to the standard system (CAIN & SHEPPARD
1950). The following morphs were included in the
analysis: yellow (Y), pink (P), brown (B), unbanded
(U), mid-banded (M), three-banded (T), five-banded
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(F), and other banding forms (O). Additionally, yel-
low effectively unbanded (YeU), a genetically amal-
gamate, but phenotypically relatively uniform group
of light-coloured shells was also included. These are
yellow shells with two upper bands missing (i.e.
unbanded, midbanded, three-banded and some
other-banded shells). Brown shells were categorised
as unbanded or banded, as banding is only rarely ex-
pressed in brown shells. Detailed accounts of the

methods used in analysing different aspects of shell
variation are given in the appropriate chapters of this
paper. Details of location, habitat and morph compo-
sition for all samples are given in Appendix 1. Each
sample (site) representing particular population
from the plot can be identified in two-digit system —
the first denotes the plot number, the second — the
sample (population) number within this plot.

3. THE AVAILABLE HABITATS AND OCCURRENCE OF CEPAEA SNAILS ALONG

THE TRANSECT

The transect passes mainly through lowland re-
gions used for agriculture or regions that are partly
urbanised. Nearly all habitats were to some degree
anthropogenic; not all apparently suitable habitats
were occupied by C. nemoralis. C. hortensis and C. vin-
dobonensis also occurred in parts of the transect, and
their occurrence might affect that of C. nemoralis. The
character of each meridian plot and the distribution
of Cepaea species within it are given below. Plot num-
bers refer to meridian numbers. Plots 4-6 are in The
Netherlands, plots 7-10 in former West Germany,
11-14 in former East Germany, and 15-23 in Poland.

Plot 4

The density of human population in the area en-
compassed by this plot was very high, and the land was
highly developed. Areas of intensive agriculture, ex-
tensive glass-houses, industrial areas, stud farms, stadi-
ums, roads, high-ways, recreational areas, and human
settlements occupied almost the entire area. While
the predominant part of the landscape was appropri-
ated by man, the remaining semi-natural habitats
were not very highly degraded, and contained a rea-
sonable variety of plant and invertebrate species. C.
nemoralis was present in only some parts of the plot,
and most of the apparently suitable habitats were not
inhabited. In areas where the species was present, it
occurred in road verges, derelict sites, and less main-
tained parts of city parks. C. hortensis was not found.

Plot b

This region was predominantly agricultural, with a
high proportion of pastures. The habitats available to
the snails were mostly wooded areas and road-verges.
Often vegetation in such places was luxurious, and
there was a variety of invertebrates. C. nemoralis oc-
curred commonly, and occupied many suitable habi-
tats. C. hortensis was not found.

Plot 6

This plot encompassed pine forests, agricultural
areas and densely built-up human settlements. Agri-
culture was for the most part very intensive, with the

predominance of plough-land. Only in the north-east-
ern part of the plot the landscape was mosaic-like, and
pastures common; this area was also in tourist and rec-
reational use. The habitats available to the snails were
mostly road-verges and wooded areas, which usually
contained a variety of plant and invertebrate species.
In this part of the plot C. nemoralis was rather com-
mon. It occurred predominantly in road verges bor-
dering on pastures. Road verges along arable fields,
including grass plantations, were inhabited less fre-
quently and the snails were less abundant. In areas
under intensive agricultural use C. nemoralis occurred
only sporadically and at low population densities. C.
hortensis was not found.

Plot 7

This study plot was located in a very intensively
managed region. The landscape consisted of indus-
trial agriculture, roads, and densely built-up human
settlements. Vegetation in road verges was usually cut
very short. In those ditches in which it was allowed to
grow, it was dominated by just one species, most often
Urtica dioica or Origanum vulgare. Cities and towns
were cleared of any unmanaged places; there were no
Cepaea in the parts of city parks which were not mani-
cured, and therefore provided what appeared like
suitable habitats. In the whole area, absence of inver-
tebrates from the remnant patches of spontaneous
vegetation was striking. C. nemoralis was absent from
almost the whole study plot. In spite of a thorough
search, the species was found in only one small area in
the north-east of the plot. Here, the countryside was
somewhat less managed, forming a mosaic of arable
fields, small patches of woods, orchards, and hedges;
the fields were separated by baulks grown for the most
part with nettles, but also some herbs and scrub. C.
nemoralis occurred predominantly in the nettles,
sometimes in high numbers. It less often inhabited
the hedges, and was not numerous there. It was ab-
sent from apparently suitable shaded habitats, such as
woods or orchards, even when they were directly adja-
cent to the open sites inhabited by the snails. There
were both C. nemoralis and C. hortensis in this part of
the plot, but they occurred separately.
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Plots 8, 9 and 10

These plots were located in a highly managed re-
gion where in the lowlands intensive agriculture pre-
dominated. In such countryside, road verges and
ditches can provide suitable habitats for C. nemoralis. In
this region, however, they were usually cut very short.
Short grass is not a suitable habitat for these snails;
more importantly, cutting itself is a cause of very high
mortality. In places where vegetation was more luxuri-
ant, it was usually dominated by one species, most of-
ten Urtica dioica or Oreganum vulgare. Absence of inver-
tebrates was striking. On the whole, however, the coun-
tryside was less managed and more mosaic-like than in
plot 7, and patches of spontaneous vegetation pro-
vided potential snail habitats. C. nemoralis was absent or
very rare in many parts of these plots, and the majority
of apparently suitable habitats were not inhabited.
Where present, the snails most often occurred in very
localised populations, occupying only small parts of
available habitats, for example they were present in a
single bush, but not in other similar bushes in the vi-
cinity, or only in a small part of an extensive area grown
with nettles. Typically, the snails would be present in a
road verge on one side of the road, but not on the
other, even though it looked very much the same, or
they would be present in the road verge, but not in the
hedge directly adjacent to it. The numbers of snails in
such populations were often very low. C. hortensis was
not found in plot 8. In plot 9 it was present and abun-
dant at two sites, at which there were no C. nemoralis. In
plot 10 it was found at 9 sites, in 7 of which it occurred
together with C. nemoralis.

Plots 11, 12, 13 and 14

These plots were located in a region with clearly
less intensive human impact than those to the west,
which coincided with the border between the former
west and east Germany. Favourable Cepaea habitats,
such as unmanaged parks and cemeteries, orchards,
derelict sites, railway margins and road verges with
luxuriant vegetation were common. In many parts of
these plots C. nemoralis was relatively easy to find and
abundant. In most cases suitable habitats were colo-
nised. In plot 11, C. hortensis was also present and lo-
cally abundant. It often co-occurred with C. nemoralis.
In plots 12, 13 and 14 C. hortensis was also present but
much more rare. When present, it usually co-occur-
red with C. nemoralis, but at very low densities.

Plot 15

This study plot was located in an area with very
little human activity. The landscape was mosaic-like,
with fields, meadows and pastures interspaced with
baulks, hedges, woods, abandoned human settle-
ments, old orchards, cemeteries etc. This provided an
abundance of favourable Cepaea habitats. The plot
was clearly divided into areas occupied by C. nemoralis,

where C. hortensis, when present, was very rare, and ar-
eas occupied by C. hortensis, from which C. nemoralis
was practically absent. In the respective areas of oc-
currence each of the species was abundant and occu-
pied most of the suitable habitats. Strikingly, no dif-
ferences in the habitat between areas occupied by
those species were apparent.

Plots 16, 17, 18 and 19

The region in which these study plots were located
was predominantly in agricultural use. Although hu-
man activity was quite high, there was still an abun-
dance of wildish places available to the snails, both in
rural and in urban environments. In plots 16 and 17,
both species of Cepaea were common and abundant.
However, the areas with the predominance of either
of them only partly overlapped, and as in plot 15, no
differences between areas occupied by C. nemoralis
and C. hortensis were apparent. In plot 17, it was C.
hortensis that was more wide-spread and abundant. It
was common also in towns where it occupied habitats
typical of C. nemoralis in other areas: derelict sites,
road verges, or cemeteries. C. nemoralis was rarer and
occurred in localised populations. In plot 18. C. nemo-
ralis was wide-spread and abundant. Most of suitable
habitats were colonised, both in urbanised and in ru-
ral areas. C. hortensis was present at only one site, in
co-occurrence with C. nemoralis. In plot 19 C. nemoralis
was present mostly in towns, where it occupied parks,
cemeteries, derelict sites, and railway stations. Many
suitable habitats were uncolonised, but in places
where the snails were present they were abundant. C.
hortensis was found at only two sites, in co-occurrence
with C. nemoralis.

Plots 20, 21 and 22

Human impact on natural environment tradition-
ally has been lower in eastern than in western Poland.
Presently, the region in which these plots are located
is in agricultural, horticultural and fruit-farming use,
but unmanaged areas are abundant. Also, with the ex-
ception of highly urbanised areas, there are many
unmanaged places in cities and towns. In these plots
C. nemoralis was wide-spread and abundant, present in
urban, rural and natural environments. Populations
usually occupied whole suitable habitats, which were
often extensive. Very striking was the almost ubiquous
occurrence of the species in plots 21 and 22 (with the
exception of areas with poor sandy soil that lacked
suitable habitats). In plot 20, C. hortensis was found at
just one site, in which there was no C. nemoralis. In
plot 21, no C. hortensis were found, but C. vindobo-
nensis was locally present in co-occurrence with C. ne-
moralis. In plot 22, only C. nemoralis was found.

Plot 23

Land use patterns and landscape structure in this
plot did not differ in any apparent ways from plots 20,
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15.12, 18.11, respectively. Photos: M. OZGO

21, and 22. There was however a big difference in the
occurrence of Cepaea snails. C. nemoralis occurred only
in urban environments, was rare and formed very
localised populations. C. vindobonensis was
wide-spread and abundant. It was present in natural
and semi-natural habitats, and also in such urban en-
vironments that are typically occupied by C. nemoralis
in other regions. C. hortensis was also present and lo-

Fig. 3. Examples of typical habitats of Cepaea nemoralis: A, B, C — open; D, E, F — shaded; samples nos 7.7, 4.3, 19.12, 13.9,

cally abundant. At some sites, all three species oc-
curred together.

DISCUSSION

This survey showed that C. nemoralis occurred, with
varying abundance, along the whole transect. The dis-
tribution of C. hortensis differed from that of C. nemo-
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ralis in that it was more insular, with centres of abun-
dance in plots 10 and 15 to 17. Although the issue of
competition among land snails is a contentious topic
(CAIN 1983, TILLING 1985a, b), there is evidence that
complete districts within the range of both C. nemo-
ralis and C. hortensis may be dominated by one or the
other species (CAIN 1983). In this study, Cepaea spe-
cies co-occurred at many sites, but the presence of the
so-called nemoraliscountries and hortensis-countries
(sensu CAIN 1983) was evident. As no environmental
differences between those countries were apparent,
these findings support the hypothesis of mutual ex-
clusion of those species. The possible mechanisms of
such exclusion remain a mystery (CAIN 1983). Cepaea
vindobonensis was wide-spread and abundant only in
the easternmost plot; apart from this it was locally
present in plot 21. As with C. hortensis, it appeared to
occupy habitats also suitable for C. nemoralis, suggest-
ing that the first species to reach a habitat may ex-
clude its congeners (R. A. D. CAMERON, pers. comm.).
The distribution of C. nemoralis along the transect
was somewhat different from expectations: in western
parts of the transect, i.e. in areas within the natural
range of the species, it was often hard to find, whereas
in the more easterly parts it was common and abun-
dant in many places. The reasons for this pattern of
distribution are probably related on the one hand to
the patterns of land use, and on the other to the ease
with which these snails are transported by humans.
At the western end of the transect, plot 4 was lo-
cated in an area in which approximately 50 years ago
large-scale drainage of marshlands and land develop-
ment had begun. Marshlands are unsuitable for C.
nemoralis, so most probably it was only recently intro-
duced, and its localised occurrence indicates that it is
currently colonising areas which have become suit-
able. At the eastern end, in plot 23 it occurred only lo-
cally and only in urban environments, which most
probably indicates that it was introduced recently and
is spreading in available habitats. Within the extremes

of the transect, C. nemoralis is considered to be widely
distributed (KERNEY & CAMERON 2006). It is a typical
eurytopic species, able to tolerate a wide range of eco-
logical conditions, and colonise a variety of habitats.
It is also synanthropic, able to persist at sites which
might be described simply as wildish places within
anthropogenic environment. Figure 3 presents typi-
cal Cepaea habitats in contemporary continental Eu-
rope. The species readily colonises available habitats
and recovers from drastic reductions in population
numbers (MURRAY 1964, OZGO & BOGUCKI 2011). In
sum, it is a common and undemanding species.

This survey shows, however, that even such a spe-
cies can be eradicated by human activity. In the most
highly managed areas, the scarcity of suitable habi-
tats, and the absence of the species from the habitats
that remained, was striking. It can hardly be ex-
plained by some previously unreported disjunction in
the natural occurrence of the species. The fact that its
absence or rarity was observed in the most heavily im-
pacted areas cannot be regarded as coincidental. The
most probable reasons for the eradication of the spe-
cies from areas dominated by industrial agriculture
are, on the one hand, appropriation of almost whole
landscape for food and bio-fuel production, and on
the other hand, the often heavy use of pesticides and
nutrients. The striking absence of other invertebrates
from habitats potentially suitable for C. nemoralis con-
firms this view.

The current biodiversity crisis concerns not only
species that are rare and vulnerable; increasingly we
are losing species that are common and wide-spread
(GASTON & FULLER 2007, 2008). C. nemoralis can be
regarded as an indicator of the health of the part of
nature usually regarded as common, not especially
valuable and generally not endangered. The absence
of this species from large areas within its natural
range is indicative of an exceptionally severe damage
to the environment.

4. MORPH FREQUENCY VARIATION ALONG THE TRANSECT AND ASSOCIATION

WITH CLIMATIC VARIABLES

Geographic variation in heritable traits may pro-
vide evidence for natural selection, especially if it can
be linked to parallel variation in environmental fac-
tors. If natural selection occurs, geographic variation
in the selective factor will give rise to parallel geo-
graphic variation in the traits selected for. Conversely,
unselected traits will vary independently of environ-
mental variables (ENDLER 1986). The latitudinal cline
in frequencies of yellow shells related to July tempera-
tures is an excellent example (JONES 1973, JONES et
al. 1977, SILVERTOWN et al. 2011).

Although from the population-genetics point of
view, C. nemoralis is probably the best studied non-hu-
man animal species, most surveys of the genetic com-
position of populations were local in character, and
centered on the British Isles; a more general view has
been provided by the Megal.ab citizen-science project
(SILVERTOWN et al. 2011). The sampling design of the
present study provides data collected at regular inter-
vals along a west-east line, and enables longitudinal
trends to be detected.
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METHODS

The methods of sampling and scoring the snails
are described in Chapter 2. In order to avoid the bias
resulting from different sample sizes, morph frequen-
cies were averaged over populations within each study
plot, and these plot means were used in the analyses.
Frequencies often varied greatly among samples in
each plot, and the number of samples involved was
small. Hence, no attempt was made to test the signifi-
cance of differences in means between plots; the ana-
lysis concentrates on consistent trends among the
whole array.

Climatic data were obtained using the New_Loc-
Clim_1.10 programme made available by the Food
and Agriculture Organization of the United Nations
at www.fao.org/nr/climpag/locclim/locclim_en.asp.
This programme provides an estimate of climatic con-
ditions at locations for which no observations are
available. To achieve this, the programme uses the
global agroclimatic database maintained by the Agro-
meteorology Group of FAO. With the use of this
programme the estimates of climatic conditions were
obtained at the intersections of the 52 parallel with
consecutive meridians with the method of the nearest
neighbour interpolation, and the maximum number
of stations set at 10. The mean distance of stations
from which data were interpolated ranged from 57
km (maximum 87 km) at the 10th meridian to 154 km
(maximum 217 km) at the 19th meridian.

The following climatic variables and indices were
included in the analysis: mean annual temperature,
mean summer temperature, summer sum of sunshine
hours, annual and summer sum of precipitation,
mean annual and mean summer potential evapo-
transpiration (PET), Gorczynski Index of Continen-
tality, De Maratonne Index and Radiative Index of
Dryness (RID). In this study, summer is understood as
the May-August period, because this is the time when
snails are active in the whole study area. The Gorczyn-
ski Index of Continentality, further referred to as
Continentality Index, is the measure of continentality
by the amplitude of the annual temperature cycle and
the sine of latitude; the De Martonne Index is the an-
nual precipitation sum divided by the annual mean
temperature plus 10; the Radiative Index of Dryness is
the ratio of local radiation balance and the energy
needed to evaporate all precipitation (www.fao.org/
nr/climpag/locclim/locclim_en.asp). The estimated
climatic parameters for each plot are shown in Ap-
pendix 2.

RESULTS

The composition of the samples and information
on the collection sites are given in Appendix 1. Table
1 shows the mean frequencies of the major morphs in
each plot by habitat. Frequencies of the colour and
banding morphs changed along the transect with cer-

Table 1. The mean frequencies (%) of each morph in each plot, separated by habitat. For brown, the numbers are of

samples in which the morph was present

Coun- Plot Total No samples Yellow Unbanded Mid-banded  Three-banded I:I)(;O“x;h
w ples  open shaded open shaded open shaded open shaded open shaded open shaded
NL 4 11 5 6 50.4 437 394 348 216 380 7.6 13.0 0 2
NL 5 15 8 7 66.7 543 299 359 352 403 49.6 314 8 4
NL 6 11 7 4 658 59.0 56.8 66.8 0.8 6.0 63.3  36.8 3 3
DE 7 8 5 3 81.3 847 155 08 155 20.5 18.2 4.8 0 0
DE 8 10 7 3 65.1 41.3 555 437 164 411 25.1 9.5 2 1
DE 9 9 4 5 673 761 282 245 144 3.0 33.0 13.1 0 0
DE 10 11 5 6 76.8 61.7 242 145 206 34 16.2 215 0 0
DE 11 13 7 6 73.7 641 557 3438 2.6 1.5 63.3 564 0 0
DE 12 10 5 5 470 379 260 31.0 328 542 27.1 18.2 0 0
DE 13 10 4 6 257 256 465 40.7 60.8 457 13.6 324 2 2
DE 14 10 5 5 372 274 158 301 569 486 157 30.7 1 0
PL 15 13 5 8 60.2 269 11.8 529 39.2 474 0.0 0.0 0 1
PL 16 14 7 7 412 343 198 266 625 543 342 418 0 3
PL 17 13 7 6 70.9 415 9.7 262 317 478 5.5 2.5 2 3
PL 18 15 8 7 685 595 365 27.0 487 442 15 8.2 0 0
PL 19 14 8 6 535 425 201 359 384 314 24.5 15.4 3 4
PL 20 14 5 9 411 260 334 314 396 379 45.1 43.5 3 6
PL 21 10 5 5 527  39.8 6.9 185 652 75.2 17.5 10.4 0 1
PL 22 15 7 8 388 250 189 235 537 459 30.0 18.1 0 2
PL 23 9 3 6 23.2 80 651 391 368 37.1 378 321 0 0
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tain regularities, showing minima and maxima, but
without clear overall trends (Fig. 4). ANOVA (on
arcsine transformed frequencies) confirms that for all
morphs differences among plots were highly signifi-
cant despite considerable variation among samples
within each (Table 2). The amount of variation within
and among plots is analysed in more detail in Chapter
6. Brown shells were rare, and their distribution
changed erratically along the transect. Generally, col-
our and banding changed independently. The only
exceptions were pink which was associated with
mid-banded (tau=0.505, p=0.002), (Fig. bA) and yel-
low, associated with five-banded (tau=0.410, p=0.011),
(Fig. 5B). There was no correlation between
unbanded and yellow or pink, or between yellow and
pink unbanded. In fact, yellow unbanded and pink
unbanded as a proportion of the total showed very
different patterns of distribution (Fig. 4C).
Correlations of morph frequencies with climatic
parameters are given in Table 3. Variation of morph
frequencies and climatic parameters is presented in
Appendix 3. Pink and mid-banded correlated posi-
tively with mean summer temperatures and sunshine
hours, and consequently, with potential evapo-
transpiration (PET), Continentality Index, and Radia-
tive Index of Dryness (RID). Yellow, which were al-
most complementary to pink, correlated negatively
with the same parameters. Yellow unbanded corre-
lated negatively with the sum of sunshine hours and
Radiative Index of Dryness, and positively with the
sum of summer precipitation, while pink unbanded
correlated positively with mean annual temperature.
The only correlation shown by yellow effectively
unbanded was a negative correlation with the sum of
sunshine hours. Brown did not correlate with any of

the climatic parameters, and no morph was corre-
lated with water vapour pressure. Pink and
mid-banded, and yellow and five-banded showed asso-
ciations with the same climatic parameters; this re-
flects the close co-variation of the frequencies of these
morphs along the transect (Fig. 5). It should be noted
that the correlations, even when significant, were
weak or very weak, with the values of tau coefficient in
significant correlations raging from 0.319 to 0.670.

DISCUSSION

Populations of C. memoralis sampled along the
52°N showed an immense range of variation. Mean
frequencies of all morphs varied significantly with lo-
cation but did not, in general, show a linear response
to longitude. While there were some regularities in
this variation, much of it was not associated with large
scale climatic variables. There were two significant
and similar trends: pink shells and mid-banded within
banded shells tended to increase eastwards, and cor-
related positively with the measures of continentality.

Under the assumptions of the climatic selection
hypothesis, the frequencies of yellow shells are ex-
pected to correlate positively with summer tempera-
tures and related climatic variables; the trend in pink
and its complementary reversal in yellow are directly
contrary to expectations. They also contrast with the
patterns of spatial distribution and temporal changes
in the frequencies of colour morphs in other parts of
Europe, particularly with the cline of decreasing fre-
quencies of pink shells from the north to the south of
western Europe in association with increasing sum-
mer temperatures (JONES 1973, JONES et al. 1977,
SILVERTOWN et al. 2011), and with an increase in the

Table 2. Analysis of variance on arcsine transformed frequencies. Residual variance is that occurring within plots. Two
samples had no many-banded shells, hence the difference in total for three-banded in banded

Yellow ss df F % explained
plots 31203 19 1642,263 7,472416 P<0.001 39,8
residual 47252 215 219,7767

total 78455 234

Unbanded ss df F

plots 20243 19 1065,421 4,492714 P<0.001 28,4
residual 50986 215 237,1442

total 71229 234

Mid-banded ss df F

plots 46637 19 2454,579 8,301367 P<0.001 42,3
residual 63572 215 295,6837

total 110209 234

Three-banded ss df F

plots 42817 19 2253,526 7,54873 P<0.001 40,2
residual 63587 213 298,5305

total 106404 232
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frequencies of yellow effectively unbanded snails at  climates morph frequencies show clear habitat-effect,
the expense of brown observed over 43 years in The  with yellow and yellow effectively unbanded more
Netherlands, presumably in adaptation to climatic requentin open than in shaded habitats (see Chapter
warming (OZGO & SCHILTHUIZEN 2011). No biologi- 5). As open habitats are generally hotter, dryer and
cally meaningful explanations for the present results  have larger temperature variations than shaded ones,
are apparent. A complicating factor is that there is a  higher frequencies of light shelled snails in those hab-
contradiction within the results: in response to local itats are consistent with the hypothesis of climatic se-
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Fig. 5. Distribution of morph frequencies along the transect: A — pink (white bars) and mid-banded (grey bars); B — yellow
(white bars) and five-banded (grey bars); C—unbanded in yellow (white bars) and in pink (grey bars). 4-23 — plot numbers
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lection. The fact that similar climatic gradients on a
larger geographical scale produce opposite effects is
difficult to explain.

The frequencies of mid-banded shells showed very
similar associations with climatic parameters as pink
shells, and this trend is in greater conformity with
other results. Mid-banded snails are probably fa-
voured under conditions of great temperature varia-
tion (BANTOCK & PRICE 1975), and prolonged
drought (WOLDA 1965). These are phenomena char-
acteristic of the continental climate, and the positive
associations of mid-banded with summer tempera-
tures, sunshine hours, potential evapotranspiration,
Continentality Index, and Radiative Index of Dryness
may represent an adaptive response to the increased
continentality of climatic conditions. Interestingly, a
recent continental-scale analysis of temporal changes
in morph frequencies of C. nemoralis has shown a sig-
nificant increase in the frequencies of mid-banded
shells in Europe, probably related to the temperature
increase (SILVERTOWN et al. 2011). An increase in the
frequencies of this morph has also been noted in
more local studies of temporal changes in the genetic
composition of Cepaea nemoralis populations (CLARKE
& MURRAY 1962a, b, COOK & PETTIT 1998, CAMERON
2001). In south-eastern Poland, the area character-
ised by particularly high temperature amplitudes,
94% of shells were banded, and 73% of banded shells
were mid-banded (OZGO 2005a). The reasons for the
association of mid-banded shells with temperature
and related climatic parameters are not understood,
but cannot relate simply to the thermal properties of
the shells: yellow unbanded and three-banded, with
presumably very similar thermal properties, do not
show such associations. Most probably some as yet un-
discovered pleiotropic effects of the mid-banded gene
are involved.

As the distribution of mid-banded along the
transect is consistent with the hypothesis of climatic
selection, a conceivable interpretation of the present
results might be that the large-geographical-scale cli-
matic selection affects the banding rather than the
colour, and the colour, for some reason, co-occurs
with the selected for banding morphs. However, there
is no known genetic explanation for the co-variation
of pink and mid-banded (MURRAY 1975), and there
was no within-population trend for mid-banded shells
to be commoner in pink than in yellow, and so this in-
terpretation is rather unlikely. There are other rea-
sons for caution in interpreting the associations of
morph frequencies with macroclimatic variables. In
plot 10. climate was markedly different than in those
adjacent to it, presumably due to a higher altitude, yet
frequencies were not markedly different among

them. Similarly, within central and eastern Poland fre-
quencies oscillated (Fig. 4) while climatic parameters
were either level or changing monotonically.

An alternative or additional explanation of the ob-
served patterns is that the distribution of morph fre-
quencies along the transect results mostly from
chance events related to recent colonisation. At least
part of the long-distance snail migration occurred
with the help of the railway transport, as has been ob-
served in other studies (e.g. HONEK 1995). At the four
most easterly study plots, the transect coincided with
the major west-east railway line. In this part of the
transect, a sharp increase in the frequencies of pink
shells occurred. Illustrative is the case of the most
easterly town, Biala Podlaska. There, C. nemoralis oc-
curred only in the close vicinity of the railway, in small
isolated populations. Strikingly, all snails in these pop-
ulations were pink. In Miedzyrzec, located 20 km west
of Biata Podlaska and connected with it by the railway,
the average frequency of pink was 80%; these were
the only two places in plot 23 where C. nemoralis was
present. In passive transport, the most frequent
morphs are most likely to be carried along, and to
found subsequent populations; the easterly increase
in the frequencies of pink shells can simply be a prod-
uct of the colonisation process. A similar loss of ge-
netic variation most probably due to stochastic pro-
cesses during range expansion has been observed in a
colour polymorphic damselfly Ischnura elegans
(GOSDEN et al. 2011). Additionally, when colonising
snails originate from various populations, an initial
excess of homozygotes will result in an increase in the
frequencies of dominant morphs, and thus high fre-
quencies of pink shells may also result from the segre-
gation of alleles in recent colonisers.

The colonisation of the most easterly parts of the
range has almost certainly been very recent (RIEDEL
1988). That area had not been surveyed for Cepaea be-
fore, so an earlier absence of the species cannot be as-
certained. However, in places where the snails were
strikingly abundant, local people commented that the
snails had been present for no more than 10 years.
Obviously, at lower densities they may not have been
noticed, but the now abundant presence may indeed
be very recent. Following introduction, population
growth can be explosive and lead to very high local
densities, with little change in the overall morph com-
position (OZGO & BOGUCKI 2011). If this occurred in
the eastern parts of the study area, the current morph
frequencies would reflect foremost the founding
events, with only minor if any effect of large-scale cli-
matic selection. This explanation, being simpler, may
be more realistic than explanations in terms of natu-
ral selection for which no biological sense is evident.
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5. THE HABITAT EFFECT: VISUAL AND CLIMATIC SELECTION

One of the recognised patterns in the distribution
of morph frequencies in populations of Cepaea snails
is the so-called habitat effect. This term refers to a sit-
uation when in a given area the frequencies of light
shells are higher in the open than in the shaded habi-
tats. Such morph distribution probably results from
the operation of natural selection: visual, climatic or a
combination of both. Under climatic selection hy-
pothesis, morphs are selected for because of their
thermal properties. Dark shells: pink, brown and
five-banded, are expected to occur at higher frequen-
cies in shaded than in open habitats, while open habi-
tats are expected to contain higher frequencies of yel-
low unbanded or only lightly banded shells. Under vi-
sual selection hypothesis, the visual properties of the
shells are important. Dark unbanded shells, i.e.
brown and pink unbanded, are expected to occur at
higher frequencies in habitats with dark and relatively
uniform backgrounds such as beech woods; yellow
and banded shells are expected to occur at higher fre-
quencies in open habitats with varied backgrounds.
Banding can provide protection from the attack of a
predator in a habitat in which grasses and under-
growth cast a multitude of narrow shades. However,
when only the shell colour is considered, both selec-
tive pressures are expected to give similar results:
higher frequencies of yellow shells in open than in
shaded habitats.

The classical studies showing that birds are selective
towards the colour and banding of the shells and tend
to choose those that stand out most against the back-
ground were the first demonstration of the power of
natural selection affecting morph frequencies in popu-
lations of Cepaea snails. These findings have dominated
the field and are featured in numerous textbooks (e.g.
KRZANOWSKA et al. 1982, 2002, SCHILTHUIZEN 2001,
FUTUYMA 2005, BELL 2007, BROMHAM 2008). How-
ever, doubts as to the universality of this kind of selec-
tion were expressed already early on (e.g. GOODHART
1958, LAMOTTE 1959, WOLDA 1963), and although the
effect of bird predation on the composition of Cepaea
populations has been extensively studied (reviews in
e.g. JONES et al. 1977, CLARKE et al. 1978, CAIN 1983),
the evidence that bird predation leads to habitat
matching is not as strong as often believed (COOK
2008). To date, the relative importance of visual and
climatic selection in shaping the habitat effect has not
been resolved. In this chapter the habitat effect in the
study area is analysed in view of the visual and climatic
selection hypotheses.

METHODS

The general sampling and scoring procedures are
described in Chapter 2. Yellow and yellow effectively

unbanded were considered as light shell categories;
significance of differences in their frequencies at
open and shaded sites along the transect was deter-
mined with the Wilcoxon paired-sample test.

Each site where the samples were collected was
also searched for shells of Cepaea snails broken in a
way characteristic of thrush predation. Those are
shells with a complete or almost complete lip and a
missing part behind it, grouped around a hard object
such as a stone, brick, bottle, railway track etc., which
the bird used to break open the shells. At most sites at
which bird anvils were present all such shells were col-
lected; at sites 13.4, 21.6 and 22.6 predation was mas-
sive (Fig. 6) and only a part of the available shells was
taken. In order to avoid counting parts of the same
shell more than once, only shells with a whole lip were
included. At the sites where shells were collected from
bird anvils, disintegration of dead shells must have
been proceeding fast, as there were practically no
other dead shells than the predated ones, and they all
looked fresh. Dead shells are a valuable source of cal-
cium for living snails and, especially in acidic environ-
ments, are quickly eaten up (OZGO & BOGUCKI
2006). Thus, it can be safely assumed that the shells
present at the anvils were predated by the birds dur-
ing the same season as the live collection was made.

The predated shells were scored in the same way as
live snails. Morph frequencies in the predated shells
were compared with shells of live snails collected at
the same sites, and the significance of differences was
determined with the chi-square test. To test the con-
sistence of differences over all sites, the Wilcoxon
paired-sample test was used.

RESULTS

Habitat had a clear influence on morph frequen-
cies. Along the whole transect, the frequencies of yel-
low and yellow effectively unbanded were higher in
open than in shaded habitats (Figs 7, 8). The differ-
ences were significant in both those shell categories
(yellow, Wilcoxon paired-sample test p=0.000517; yel-
low effectively unbanded, Wilcoxon paired-sample
test p = 0.000219), but were more pronounced in yel-
low effectively unbanded. Brown shells were absent in
many samples and plots; within The Netherlands and
Germany the morph did not occur more frequently in
one habitat than in the other, but in Poland it oc-
curred more frequently in shaded sites (3>=5.04,
P<0.05). There was a tendency for the mid-banded
and three-banded to be more frequent in open than
in shaded habitats (Figs 9, 10) and for five-banded to
be more frequent in shaded than in open habitats
(Fig. 11), but the differences were not statistically sig-
nificant.
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Thrush anvils were generally rare: they occurred in
only 7% of all collection sites: in 14 shaded and three
open habitats. At three sites (13.4, 21.6, 22.6) preda-
tion was massive, and there were probably thousands
of shells broken by the birds. Table 4 presents morph
frequencies in live and predated snails collected at
the same sites. Overall, there was no consistency in

the direction of differences. Only seven comparisons
were significant, and they concerned different
morphs and different directions of differences. The
only repeatable result was that unbanded were more
frequent among predated than live snails; this was
however non-significant over all sampled sites
(Wilcoxon paired-sample test p=0.065).
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Fig. 7. Frequencies of yellow shells at open (white bars) and shaded (grey bars) habitats. 4-23 — plot numbers
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Fig. 8. Frequencies of yellow effectively unbanded shells at open (white bars) and shaded (grey bars) habitats. 4-23 — plot

numbers

DISCUSSION

Along the whole transect, the frequencies of light
shells were higher in the open than in the shaded
habitats. Within individual study plots, the differences
in morph frequencies between habitat types were not
large, amounting to approximately 10%, but through-
out the study area they were consistent and highly sig-
nificant. A similar difference of around 10% in the
frequencies of yellow shells was found in northern Po-
land (CAMERON et al. 2011), while in south-eastern
Poland it was higher, reaching about 30% (OZGO
2005b). In both those areas populations of C. nemo-
ralis are of a relatively recent origin, but the climate in
south-eastern Poland is more extreme and thus selec-
tion is probably stronger there. The difference ob-
served in the present study is also less than that seen

% 80

in Great Britain at the same latitude, where unlike
here, unbanded shells were more frequent in shaded
than in open habitats (R. A. D. CAMERON, pers.
comm.). Brown shells were present in the central part
of the Polish section of the transect and showed a
greater frequency of occurrence in shaded habitats,
as they did around Gdarisk (CAMERON et al. 2011), di-
rectly north of the transect at this point.

The morphs that showed the habitat effect in the
present study: yellow and yellow effectively unbanded,
suggest that it resulted from climatic rather than vi-
sual selection. Other evidence also suggests that visual
selection had a very limited impact. Thrush anvils in-
dicating bird predation and thus visual selection were
rare throughout the study area. In places where they
were present, the differences in morph frequencies
between live and predated snails were not consistent
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Fig. 9. Frequencies of mid-banded shells at open (white bars) and shaded (grey bars) habitats. 4-23 — plot numbers
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Fig. 10. Frequencies of three-banded shells at open (white bars) and shaded (grey bars) habitats. 4-23 — plot numbers

for any of the analysed phenotypes, and were mostly
non-significant: out of 78 comparisons, only seven
were significant (9%). There was one difference re-
peatable over a number of sites, i.e. the difference in
the frequency of unbanded shells, but it went in the
same direction in open and shaded habitats. The
possible explanation is that most shaded sites did not
have a uniform background, and it might very well be
that banded shells were less conspicuous in both open
and shaded habitats.

The method used in this study did not involve
marking the snails, as had been done in the studies
explicitly focused on the problem of selective bird
predation (e.g. SHEPPARD 1951). Thus, it is possible
that areas of human and bird collections overlapped
only in part, and this could have affected the results of
the comparisons. However, the prevalence of non-sig-
nificant differences suggests the simplest explanation:

% 120

birds ate what was available, and they collected snails
reflecting morph compositions of the populations
they fed on.

The massiveness of bird predation at some places
indicates that it does have the potential to exert direc-
tional selection. However, its low incidence, few signif-
icant differences in morph frequencies between live
and predated snails, and direction of selection con-
founded between open and shaded sites indicate that
selection by thrushes can probably have only local sig-
nificance.

These two results: habitat effect consistent with the
hypothesis of climatic selection, and lack of evidence
of the effect of visual selection on morph frequencies,
indicate that in the area encompassed by this study cli-
matic selection related to the differences in microcli-
mates between open and shaded sites was the predomi-
nant selective force affecting morph frequencies.
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Fig. 11. Frequencies of five-banded shells at open (white bars) and shaded (grey bars) habitats. 4-23 — plot numbers
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Table 4. Morph frequencies (%) among live and predated shells. N — number of specimens
Yellow Band
Site No. Habitat Yellow Unbanded  effectively Five-banded . N
fusion
unbanded

18.7 (@] live 3.2 40.5 1.6 58.7 no data 126
predated 4.4 34.8 0.0 33.3 23
x> 0.083 * 0.264 * 0.870 * 3.234 *

15.4 e} live 59.6 7.4 3.7 85.7 25.6 136
predated 76.2 4.8 11.9 80.0 9.4 42
Y 3.829 * 0.343 * 4.097 * 0.751 * 3.109 *

20.4 ¢} live 26.2 24.6 20.6 20 20.6 126
predated 38.5 23.1 38.5 0 .- 13
x 0.893 " 0.000 * 2.161 " 2449 *

9.1 S live 64.1 7.7 7.7 83.3 63.3 39
predated 81.8 0.0 18.2 72.7 43.8 22
x 2.122 * 1.780 * 1.582 * 0.936 * 1.628 *

9.4 S live 72.7 93.4 25.0 72.4 27.9 128
predated 80.0 10.0 10.0 100.0 22.2 10
. 0.255 * 0.962 * 1.147 % 3.316* 0.131*

12.10 S live 49.4 37.4 22.0 57.9 no data 91
predated 41.8 47.1 23.5 44.4 17
v 0.393 * 0.567 * 0.020 * 0.571 "

13.4 S live 16.9 70.2 10.5 29.7 no data 124
predated 21.9 71.7 13.9 35.0 424
Y 1.455 % 0.111* 0.990 * 0.351 *

14.1 S live 14.0 33.9 3.3 58.8 no data 121
predated 14.3 14.3 2.9 50.0 35
i 0.001 * 5.015 * 0.018 * 0.679 *

15.5 S live 11.8 66.7 2.0 64.7 no data 51
predated 9.2 64.6 1.5 60.9 65
. 0.198 * 0.053 * 0.030 * 0.061 *

15.13 S live 51.2 38.2 38.9 21.0 35.3 131
predated 50.8 31.8 41.3 16.4 48.1 249
x> 0.003 * 1.526 * 0.202 # 0.791 * 0.703 *

16.4 S live 71.4 11.4 48.6 32.3 no data 105
predated 68.4 0.0 47.4 26.3 38
i 0.122 * 4.741 * 0.016 * 0.449 *

17.13 S live 56.6 39.5 928.9 82.6 36.8 76
predated 69.1 32.0 27.8 89.4 18.6 97
x 2.872 " 1.054 * 0.026 * 1.076 * 4.001 *

20.3 S live 19.4 27.9 10.1 43.0 51.3 129
predated 19.9 32.3 10.8 31.8 40.0 186
> 0.013 * 0.681 * 0.037 % 2.928 * 1.013 %

20.12 S live 38.2 29.4 16.2 47.9 42.1 68
predated 46.9 37.5 15.6 65.0 46.2 32
i 0.671* 0.654 * 0.005 * 1.654 * 0.051 *

21.6 S live 44.3 5.7 $2.9 21.2 25.0 140
predated 65.0 3.9 48.1 26.0 24.4 688
x 21.016 ##* 0.921 * 10.918 1.349 * 0.004 *

22.6 S live 33.1 3.8 16.3 53.9 53.4 160
predated 31.4 4.1 17.1 38.0 55.6 629
i 0.176 * 0.044 * 0.062 * 12.916 0.112%

29.7 S live 3.0 59.8 0.8 88.7 34.0 132
predated 1.1 53.3 1.1 85.7 16.7 90
N 0.895 * 0.928 * 0.075 % 0.187 * 3.160 *

Statistical significance: # P>0.05; * P<0.05; ** P<0.01; *** P<0.001
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In modern Europe, the occurrence of C. nemoralis
is practically limited to anthropogenic habitats, which
the snails colonise with more or less direct human
help. The founder effect and genetic drift are bound
to strongly affect genetic composition of many popu-
lations. Additionally, anthropogenic habitats are com-
monly short-lived, and undergo rapid and often dra-
matic changes. In view of this, the consistent habitat
effect observed in this study can be interpreted as a re-

sult of an ongoing adaptation of populations of C.
nemoralis to current environmental conditions. This
confirms, on a much larger geographical scale, the
earlier findings that Cepaea snails are capable of rapid
evolutionary response to changing climatic and
microclimatic conditions (CAMERON & POKRYSZKO
2008, OZGO & KINNISON 2008, OzGO 2011, OZGO &
BOGUCKI 2011, OZGO & SCHILTHUIZEN 2011).

6. VARIATION WITHIN AND AMONG PLOTS

Apart from analyses of the environmental and geo-
graphical associations of particular morphs, the
amount of variation within and among plots can be a
useful indicator of both population origins and the
power of any plot-wide selective forces. In this
chapter, the effects of position on the transect on the
range of morph frequencies are analysed.

METHODS

While the arcsine transformed frequencies used in
the ANOVA enable statistical testing, the use of esti-
mates of F;, (WRIGHT 1978) is more widespread. Fol-
lowing CAMERON et al. (2009), F, was estimated di-

rectly from morph frequencies, rather than from esti-
mated allele frequencies (which assume Hardy-Wein-
berg equilibrium). Hence it was used here simply as
an estimate of variance as a proportion of the maxi-
mum possible given the mean morph frequency. Esti-
mates of I were corrected for sample size to remove
sampling error; these corrections have only trivial ef-
fects. The results were compared with those from
arcsine transformation.

RESULTS

The ANOVA presented in Table 2 shows that vari-
ation among plots contributed a significant amount to

Table 5. Values of F estimated from morph frequencies for each morph. A —in each plot, B — among plots and overall. The
percentage accounted for by among plot variation is also given. There were no shells with more than one band in plot 15

A Plot Yellow Unbanded Mid-banded Three-banded mean
4 0.100 0.020 0.065 0.130 0.079

5 0.111 0.177 0.148 0.288 0.181

6 0.163 0.159 0.182 0.152 0.164

7 0.149 0.302 0.029 0.150 0.157

8 0.266 0.273 0.179 0.388 0.277

9 0.321 0.249 0.242 0.262 0.269

10 0.115 0.198 0.170 0.213 0.174

11 0.086 0.136 0.038 0.210 0.118

12 0.059 0.073 0.316 0.138 0.147

13 0.056 0.183 0.303 0.404 0.237

14 0.264 0.087 0.211 0.410 0.243

15 0.298 0.295 0.573 0.389

16 0.290 0.129 0.197 0.260 0.219

17 0.350 0.334 0.367 0.170 0.305

18 0.120 0.238 0.307 0.408 0.268

19 0.150 0.405 0.309 0.349 0.303

20 0.172 0.077 0.161 0.213 0.156

21 0.021 0.166 0.063 0.197 0.112

22 0.212 0.421 0.473 0.539 0.411

23 0.328 0.321 0.261 0.351 0.315

B among plots 0.130 0.083 0.157 0.141 0.128
overall 0.256 0.249 0.348 0.363 0.304
% due to plots 50.785 33.420 45.272 39.009 42.122




P4

Cepaea nemoralis shell polymorphism

205

total variation, but also that variation within plots con-
tributed more to the total. Table 5 shows the values of
Fg¢ by morph, overall, and by plot. Overall estimates
did not differ greatly among morphs. Estimates within
plots varied greatly, from less than 0.02 (i.e. variation
between samples is less than 2% of that possible for the
mean frequency) to 0.57 (57% of the maximum poss-
ible). Although the proportion of all variation due to
differences among plots differed between the two
methods of estimation, they showed comparable
trends (see Table 2), with the proportion of all varia-
tion occurring within plots being greatest for
unbanded. For both Fy and arcsine-transformed fre-
quencies, variances in all morphs were positively associ-
ated (Table 6), although those between yellow and the
banding morphs failed to reach significance. Overall
variability along the cline showed the same pattern
with both estimates (Fig. 12). For the correlation be-
tween the two measures, r=0.968, P<0.001. There was a
pattern of peaks and troughs that did not relate to cli-
matic variables.

DISCUSSION

Given the length of the transect, overall values of
F,, were not very high, though they fell into the cate-

600

Table 6. Correlations between within plot values of Fy; and
arcsine transformed variances for each major morph

Fy Arcsine
Comparison

r P r P
Y and U 0.420 ns 0.413 ns
Y and M 0.351 ns 0.428 ns
Yand T 0.084 ns 0.233 ns
U and M 0.666 <0.01 0.522 <0.05
Uand T 0.448 <0.05 0.481 <0.05
Mand T 0.482 <0.05 0.584 <0.01

Y - yellow, U — unbanded, M — mid-banded, T - three-banded

gory of very great genetic differentiation as defined by
WRIGHT (1978). Within-plot variation accounted for a
substantial proportion of the total. In some cases, it
reached levels similar to those seen in “area effects”
(CAIN & CURREY 1963; see comparative data in CAME-
RON et al. 2009), indicating very strong patterns of lo-
cal differentiation. In others, the low levels corre-
sponded to those in areas in which there were large,
stable and well-connected populations subject to simi-
lar environmental conditions. The trend for values
for different morphs to co-vary is considered in
Chapters 9 and 10.
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Fig. 12. Variation in mean variance of morph frequencies among plots: A — based on arcsine transformed frequencies, B —

based on estimates of F
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7. FUSION OF BANDS

Variation in the fusion of bands is one of the most
enigmatic elements of shell polymorphism in Cepaea
snails. The mode of inheritance is less clear than that
of other shell characteristics, but most probably it
does have a genetic basis (CAIN et al. 1960, WOLDA
1969). Although band fusion has been studied less in-
tensively than variation in shell colour and banding,
there are indications that it does respond to climatic
and/or visual selection. In C. vindobonensis, in which
the ground colour of the shell is always yellowish-
-white and the number of bands is usually five, it is the
fusion of bands that responds to climatic selection
(ROTARIDES 1926, OZGO & KOMOROWSKA 2009). In

C. hortensis fusion of bands was observed to be more
frequent in woods and under ivy than in hedgerows
and rough herbage (CLARKE 1960). In populations of
C. nemoralis variation in the ground colour of the
shells is usually larger than in either of those species,
which makes the study of the fusion of bands more
complicated. Interestingly however, in populations in-
troduced in Lynchburg, Virginia (USA) in which only
yellow-shelled snails occurred, fusion of bands clearly
responded to habitat shadiness (RICHARDS & MURRAY
1975). CAMERON & PANNETT (1985) found a higher
frequency of fusions in woodland populations of C.
nemoralis than in the open, and detected this trend
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Fig. 13. Variation in the fusion of bands along the transect: A — scored with method 1; B - scored with method 2. 4-23 — plot
numbers, for methods — see text
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even in recently created woods. In human-impacted
unstable habitats, in which adaptation of C. nemoralis
populations can occur on contemporary time-scales,
fusion of bands is one of the features responding rap-
idly to habitat changes (OZ2GO 2011).

In this chapter variation in the fusion of bands is
analysed in relation to large-scale climatic conditions
and to habitat shadiness.

MATERIAL AND METHODS

All five-banded shells were scored for the fusion of
bands. There are basically two methods to do that.

Method 1. This method determines whether two
or more individual bands are joined together and form

% 70

one broader band. This is scored at a line across the
body-whorl at the right angle to the lower lip of the
mouth (CAIN & SHEPPARD 1950). Band fusion is indi-
cated by parentheses around the band digits that are
joined. For example, 123(45) indicates that bands 4
and b5 are fused together, and (12345) indicates that all
five bands are joined. This method of scoring is rela-
tively simple and quick, but involves a certain degree of
subjectivism and is not always repeatable, even when
the same person scores the shells. Additionally, there is
a lot of variation in the width of individual bands,
which can range from very narrow to quite broad, even
if not exactly joined; a yellow five-banded shell with
unfused bands can in fact be quite light when all bands
are narrow, or dark when banding is heavy.
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Fig. 14. Variation in the fusion of bands in yellow (white bars) and in pink shells (grey bars): A — scored with method 1; B -
scored with method 2. 4-23 — plot numbers, for methods — see text
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Method 2. This method involves measuring the
width of all the bands and of the ground area, and cal-
culating the proportion of the shell surface covered
with bands (%B). This, as in Method 1, is done at a line
across the body-whorl at the right angle to the lower lip
of the mouth. The measurements are done through a
magnifying glass, with the accuracy of 0.5 mm
(ROTARIDES 1926, OZGO & KOMOROWSKA 2008). This
method is more objective and allows to account for the
differences between lightly and heavily banded shells,
even when the bands are not joined. Hence, it might
be regarded as a measure of band coverage, and is best
summarised as the mean proportion of shell covered
by bands. However, it is much more time-consuming,
and often impractical in field conditions.

In the first two years of data collection, i.e. at plots
12-17, method 2 was used, so in these plots the width
of the bands as a proportion of the shell whorl is used
as a measurement of band fusion. In subsequent years
fusion of bands was scored with method 1. As these
methods basically differ only in accuracy, they can be
expected to give consistent results. For simplicity, the
results obtained with both methods are further re-
ferred to as “fusion of bands”.

Significance of differences in comparisons within
the whole data set was determined with the
Mann-Whitney test; in paired-sample comparisons the
Wilcoxon test was used.
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Fig. 15. Variation in the fusion of bands in open (white bars) and in shaded habitats (grey bars): A — scored with method 1; B
— scored with method 2. 4-23 — plot numbers, for methods — see text
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RESULTS

In plots 4-11 and 15-23 fusion of bands was scored

with method 1, in plots 12-17, with method 2 (in plots
15-17 both methods were used, but in different
samples). Figures 13A-19A present frequencies of
band fusions in plots 4-11 and 15-23, and Figures
13B-19B present average proportions of shell surface
covered with bands in plots 12-17. Full data are given
in Appendices 4 and 5.

1.

The following patterns are evident:

Variation in the fusion of bands along the transect
was large, idiosyncratic and not correlated with
any large-scale climatic parameters (Fig. 13).

% 70

2. Generally, fusion of bands was higher in pink than

in yellow shells (Fig. 14). Plots 4-11 and 15-23:
Mann-Whitney test p=0.006, Wilcoxon test
p=0.002. Plots 12-17, the difference was not signifi-
cant.

. In open habitats fusion of bands was significantly

lower than in shaded habitats (Fig. 15). Plots 4-11
and 15-23: Mann-Whitney test p=0.009, Wilcoxon
test p=0.0006. Plots 12-17: Mann-Whitney test
p=0.020, Wilcoxon test p=0.028.

In open habitats fusion of bands was lower in yel-
low than in pink shells (Fig. 16). Plots 4-11 and
15-23: Mann-Whitney test p=0.0006, Wilcoxon test
p=0.00002. Plots 12-17: Mann-Whitney test
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Fig. 16. Variation in the fusion of bands in yellow (white bars) and pink shells (grey bars) in open habitats: A — scored with
method 1; B — scored with method 2. 4-23 — plot numbers, for methods — see text
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p=0.078, Wilcoxon test p=0.028. In shaded habitats
the differences between yellow and pink shells
were much smaller (Fig. 17) and significant only in
plots 4-11 and 15-23; Mann-Whitney test p=0.016,
Wilcoxon test p=0.0006.

5. In yellow shells fusion of bands was lower in open
than in shaded habitats (Fig. 18). Plots 4-11 and
15-23: Mann-Whitney test p=0.007, Wilcoxon test
p=0.001. Plots 12-17: Mann-Whitney test p=0.004,
Wilcoxon test p=0.028. In pink shells there was no
difference in band fusion between habitat types
(Fig. 19).

DISCUSSION

Variation in the fusion of bands did not show any
discernible association with large-scale climatic condi-
tions. Some other patterns were however evident.
Overall, fusion of bands was more frequent in pink
than in yellow shells. Higher frequencies of band fu-
sion in pink than in yellow shells were also observed
in Spain (RAMOS 1985). Possibly this is a more univer-
sal pattern, but I am not aware of any other studies
dealing with this.

Band fusion was significantly higher in shaded
than in open sites, consistently with the climatic se-
lection hypothesis. Interestingly however, this re-
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Fig. 17. Variation in the fusion of bands in yellow (white bars) and pink shells (grey bars) in shaded habitats: A — scored with
method 1; B — scored with method 2. 4-23 — plot numbers, for methods — see text
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sponse was observed only in yellow shells, in which
there was a significant difference in band fusion be-
tween habitat types; pink shells showed no such re-
sponse. The possible explanation is that, as pink
shells are generally dark, differences in thermal
properties between pink shells with separate and
with fused bands are not large. In contrast, thermal
properties of yellow shells with narrow, separate
bands can differ markedly from thermal properties
of yellow shells with broad, fused bands. An addi-
tional interesting aspect is that the difference in
band fusion between yellow and pink shells was ob-
served only in open habitats, while in shaded places

% 70

yellow five banded shells were as fused as pink
five-banded. This might indicate that selection oper-
ates more strongly, and is therefore more diversify-
ing in open than in shaded habitats.

In summary, fusion of bands showed response to
habitat shadiness consistent with the hypothesis of cli-
matic selection, but it was evident only in yellow
shells. This means that the effects of climatic selection
on band fusion can be expected to be statistically de-
tectable only in populations with high frequencies of
yellow five-banded snails. This possibly explains why
variation in band fusion often appears to behave er-
ratically.
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Fig. 18. Variation in the fusion of bands in yellow shells in open (white bars) and shaded habitats (grey bars): A — scored with
method 1; B — scored with method 2. 4-23 — plot numbers, for methods — see text
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Fig. 19. Variation in the fusion of bands in pink shells in open (white bars) and shaded habitats (grey bars): A — scored with
method 1; B — scored with method 2. 4-23 — plot numbers, for methods — see text

8. THE LEVEL OF POLYMORPHISM

Genetic variation can be expected to be lower at the
edge of the distribution of a species than in more cen-
tral populations (SOULE 1973). One of the reasons is
that while in central, optimal environments, stabilising
selection will be the dominant mode, in marginal envi-
ronments directional selection will prevail, and in ef-
fect, attrition of genetic variation may occur (SOULE
1973). Isolation and small size of peripheral popula-
tions may also increase the chance of founder effects,
causing a loss of genetic diversity. In a polymorphic
species the degree of polymorphism can serve as a
measure of genetic variation. Towards the geographic

limit of distribution of a species, reduction in the de-
gree of polymorphism can be expected; within the
same geographic region, a lower level of polymor-
phism can be expected in more extreme environments
where directional selection is stronger. In south-east-
ern Poland, populations of C. nemoralis inhabiting
open habitats were significantly less polymorphic than
populations in shaded habitats. This suggested that in
more exposed habitats, characterised by more extreme
climatic conditions, selection pressure acted against
certain genotypes and resulted in a tendency towards
monomorphism (OZGO 2005b). A similar result was
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obtained by BANTOCK & PRICE (1975) on the Brendon
Hills, England, where C. nemoralis was more polymor-
phic in woodlands than in open areas.

In this chapter the level of polymorphism along
the transect is analysed in view of these two hypothe-
ses: that the level of polymorphism decreases towards
the edge of geographic range of the species, and that
it is lower in exposed habitats, where stronger direc-
tional selection can be expected.

METHODS

Simpson’s index of polymorphism is a measure of
the degree of diversity in populations of polymorphic
species. It gives the probability that two individuals
chosen at random from a population are of different
morphs; the higher its value, the more even is the dis-
tribution of morphs in a population (SIMPSON 1949).
Index of polymorphism is calculated according to the
formula:

m

IP=1->p’
i=l

where p,is the frequency of the #" morph, and mis the
number of morphs. Here, twelve basic morphs (see
Chapter 2) were included. The median value of the
polymorphism index was calculated for each plot, and
for open and shaded habitats within the plots.

RESULTS

Figure 20 presents variation in the values of the
polymorphism index along the transect, and Table 7
gives its median values at open and shaded sites.

Table 7. Median values of the index of polymorphism at
open and shaded sites

Plot Open Shaded
4 0.776 0.791
5 0.716 0.792
6 0.717 0.664
7 0.707 0.531
8 0.753 0.757
9 0.691 0.691

10 0.702 0.723
11 0.636 0.766
12 0.745 0.770
13 0.732 0.724
14 0.772 0.744
15 0.620 0.674
16 0.698 0.780
17 0.612 0.701
18 0.729 0.763
19 0.686 0.693
20 0.840 0.817
21 0.765 0.697
22 0.708 0.643
23 0.643 0.616

Changes in the values of the index did not coincide
with any large-scale climatic variables. There was no
decrease in the level of polymorphism towards the
limits of the species’ range, and along the whole
transect, differences between open and shaded habi-
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Fig. 20. Variation in the values of the index of polymorphism along the transect (max and min without outliers). 4-23 — plot
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tats were not consistent in direction (Wilcoxon test
p=0.629). Only in the middle part of the transect, in
plots 8-19 (with the exception of plots 13 and 14),
polymorphism was higher in shaded than in open
habitats (Wilcoxon test, p=0.038).

DISCUSSION

Nearly all populations in this study had moderate
to high levels of polymorphism. No decrease in the
level of polymorphism was observed towards the lim-
its of the geographic range of C. nemoralis, even
though such decrease might be expected on theoreti-
cal grounds (SOULE 1973). This is explainable in view
of some characteristics of the species. The mode of
dispersal in this species is often leptokurtic (IBRAHIM
etal. 1996), i.e. long distance migration is undertaken
by a small number of individuals, and is followed by
subsequent local migration. While this might,
through founder effects, reduce the range of genetic
variation, there are aspects of the biology of the spe-
cies that reduce such effects. The mating system buff-
ers populations of this species from drastic changes in
gene frequency (MURRAY 1964). C. nemoralis is a her-
maphroditic obligatory outcrosser. The snails mate
several times during the season and mating is random
with regard to colour morph (WOLDA 1963). The
sperm is stored, sometimes for more than one year, so
that when eggs come to be laid they may be fertilised
by sperm from several matings (JONES et al. 1977).
Even in an extreme case of a population being found-
ed by a single fertilised individual, the gene pool will
consist of an average of six haploid sets of genes. This
system protects populations of C. nemoralis from the
impoverishment of the gene pool (MURRAY 1964).
Additionally, in a highly polymorphic species similar

directional selection may result in a variety of genetic
responses: there are many possible ways of being dark
or light, and the specific route of adaptation depends
on the initial composition of the population (OZGO
2011). When these features are combined, high and
relatively uniform level of polymorphism throughout
the species range is to be expected.

Important in the explanation of no apparent de-
crease of genetic variation towards the limits of the
distribution of the species is the fact that the current
limits of the distribution of the species in continental
Europe are not really marginal. In the west, the occur-
rence of the species ends abruptly for the obvious rea-
son of there being no more land to inhabit. This is
not a range limit in the ecological sense, and the spe-
cies inhabits the British Isles farther to the west. In the
east, C. nemoralis is dynamically expanding its range.
As the current margin of distribution is dispersal-
rather than climate-limited (OZGO & BOGUCKI 2011),
the eastern populations most probably do not face
considerably higher environmental stress than the
more central ones. Rapid range expansion is in fact
an evidence against the assumption of ecological mar-
ginality (SOULE 1973).

Along the whole transect, there was no consistency
in the direction of the differences between open and
shaded habitats. Thus the hypothesis that directional
selection — presumably stronger in open than in
shaded habitats — operates towards diminishing the
level of polymorphism is not borne out. However,
over a relatively large part of the studied area, the
level of polymorphism was lower in open than in
shaded habitats. This is in accordance with the expec-
tations, and suggests that this issue requires further
studies in other parts of the range of the species.

9. PHENOTYPES ENCODED BY UNLINKED LOCI: BANDING VARIATION

IN RELATION TO SHELL COLOUR

The knowledge of the mode of inheritance of
shell characteristics in C. nemoralis provides an ex-
ceptional opportunity to gain insight into the ways in
which genetic architecture affects the routes of adap-
tation in natural populations. In this species the loci
controlling the ground colour of the shell and the
presence or absence of bands are tightly linked,
while the loci that control the number of bands on a
banded shell are unlinked to colour and to each
other (MURRAY 1975). Linkage disequilibria have
been discussed in a number of papers
(GUERRUCCI-HENRION 1966, WAGNER 1990, COOK
2005), and in this study are analysed in Chapter 10.
The present chapter deals with relative frequencies
of phenotypes encoded by unlinked loci.

METHODS

Frequencies of the major banding forms:
mid-banded, three-banded and five-banded, were cal-
culated as a proportion of shells capable of showing
banding. In the present analysis, only populations with
ten or more banded shells in both yellow and pink
were included. Although the hierarchy of dominance
would be more fully reflected if the three-banded and
five-banded were calculated within many-banded
shells, in large parts of the study area such shells were
not numerous enough to allow a meaningful analysis.

Co-variation in banding forms between yellow and
pink shells was determined with the Pearson coetti-
cient of correlation.
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RESULTS

Along the transect, the frequencies of the major
banding forms were very similar in yellow and pink
shells (Fig. 21); the correlation within samples was sig-
nificant in the majority of the plots (Table 8), even
though the number of samples that could be included
was small. As a rule, when unbanded shells were ex-
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cluded, there was a very high accordance in the fre-
quencies of banding morphs between colours.

DISCUSSION

The present results show that in a vast majority of
populations the frequencies of mid-banded,
three-banded and five-banded calculated as the pro-
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Fig. 21. Variation in the frequencies of the major banding forms in yellow (white bars) and pink shells (grey bars): A —
mid-banded; B — three-banded; C - five-banded. 4-23 — plot numbers



216

Matgorzata Ozgo

Table 8. Pearson’s coefficient of correlation of the frequencies of banding morphs between yellow and pink shells

Meridian Mid-banded Three-banded Five-banded d.f. N
4 0.552 * 0.559 * 0.821 " 7 9
5 0.733 " 0.900 ™ 0.123 * 6 8
8 0.697 * 0.815 " 0.741 * 5 7

10 0.845 0.866 0.902 ™" 7 9
11 0.989 0.840 " 0.830 " 4 6
12 0.941 ™ 0.768 ™ 0.909 ™ 8 10
13 0.942 " 0.986 " 0.854 ™ 6 8
14 0.915 ™ 0.970 ™ 0.924 ™ 6 8
15 0.976 " - 0.984 ™" 6

16 0.879 ™ 0.779 0.889 ™ 9 11
17 0.958 0.959 ™ 0.956 " 6 8
18 0.948 0.994 0.922 ™ 12 14
19 0.941 0.990 0.706 * 5 7
20 0.895 " 0.916 ™ 0.584 * 9 11
21 0.771 " 0.876 " 0.906 " 8 10
29 0.973 0.988 ™ 0.979 ™ 10 12

Statistical significance: * P>0.05; * P<0.05; ™ P<0.01; ™" P<0.001

portion of banded shells were very similar in yellow
and pink shells. This contrasts with the distribution of
unbanded shells between colours (see Chapter 10),
and results from the genetics of the species. While the
loci for the ground colour and the presence or ab-
sence of bands are tightly linked, the loci determining
the number of bands on a banded shell are independ-
ent from colour and from each other. In a panmictic
population, even when initially there is no equilib-
rium, segregation of alleles will eventually even out
the proportions of banding forms between colours.
In the area encompassed by this study, the popula-
tions inhabited mainly unstable habitats, where re-
cent introductions to novel localities and frequent
reintroductions can be presumed to occur commonly.
In this view, the strong accordance of banding fre-
quencies between colours is rather striking. Unfortu-
nately, because of generally low frequencies of
banded shells in plots 7-9, the present data do not al-
low to determine if such equilibria exist also in areas
where the species inhabits the most heavily hu-
man-impacted countryside, and where the popula-
tions may be exceptionally short-lived. Nevertheless,
the habitats in the whole study area were far from an-
cient, and almost all populations can be assumed to

be rather shortlived, so that equilibria between col-
our and banding within banded shells must have been
reached within relatively short time. This is in accor-
dance with an observation of an experimentally intro-
duced population where only 11 years, i.e. three to
four snail generations, were sufficient for consider-
able reshuftling of genetic material to occur, so that
banding frequencies between colours reached almost
equal proportions (OZGO & BOGUCKI 2011).

The universally occurring accordance in the fre-
quencies of banding morphs between colours can
have its practical application. Sometimes we need to
check the reliability of sampling done by other
people, for example in citizen-science projects (e.g.
SILVERTOWN et al. 2011) or in supervising the work of
the students. The pattern is not immediately obvious:
in most populations the frequencies of unbanded
shells differ significantly between colours, so — when
calculated as proportions of all shells — frequencies of
various banding forms are usually quite different in
pink and yellow shells. High correlation of the fre-
quencies of banding morphs after the exclusion of
unbanded shells is a strong indication that the data
are genuine.
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10. LINKAGE DISEQUILIBRIA AND THE MAINTENANCE OF POLYMORPHISM

Almost all populations of C. nemoralis are polymor-
phic for shell colour and banding. While it is broadly
accepted that visual and climatic selection can cause
directional changes in the genetic composition of
populations, the origin and maintenance of variabil-
ity itself remain unclear. Several polymorphism-
-protecting mechanisms have been suggested, of
which the most important are: 1. heterozygote advan-
tage, 2. frequency-dependent selection by visual pred-
ators, 3. balance of mutation and random drift, 4. se-
lection variable over space and time coupled with mi-
gration. None of them gained universal acceptance
(COOK 2005).

In C. nemoralis, shell colour is determined by five
linked and several independent loci. In the linked
group, the most important are the ground colour of
the shell and the presence or absence of banding: the
recombination rate is only 0.2%, with an upper 95%
confidence limit of 1% (COOK & KING 1966, COOK
2005). Linkage disequilibria are common and prevail
in many populations. To date, only few studies have
explicitly dealt with the distribution of linkage
disequilibria (GUERRUCCI-HENRION 1966, WAGNER
1990, COOK 2005), while the linkage of specific loci
might be the key to the maintenance of variability;
analysis of the degree of phenotype linkage disequi-
librium over a wide range of conditions can shed light
on polymorphism. In this chapter the direction and
strength of linkage disequilibria are analysed.

METHODS

The disequilibrium between colour and the pres-
ence or absence of bands was calculated according to
the formula:

D =ad - bc

where the frequencies of the phenotypes pink
unbanded (PU), yellow unbanded (YU), pink banded
(PB), and yellow banded (YB) are represented by a, b,
¢, and d, respectively. The range of D is +0.25, and
equals 0 when the four combinations are present pro-
portionally. Brown shell colour is believed to interact
epistatically with the banding sometimes suppressing
band expression (JONES et al. 1977); brown shells
were not included in these calculations.

RESULTS

Figure 22 presents the direction and strength of
linkage disequilibria between banding and colour
(pink versus yellow) along the transect, and Table 9
gives median values at open and shaded sites within
each plot. Linkage disequilibria behaved in a rather
erratic way. There were no significant associations be-
tween the direction and magnitude of linkage
disequilibria and any climatic variable. Similarly, nei-
ther the strength nor direction of linkage disequili-
bria related to habitat. In general, disequilibria fa-
voured the pink unbanded and yellow banded chro-
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Fig. 22. Variation in the values of linkage disequilibria between colour and the presence or absence of bands along the
transect (max and min without outliers). 4-23 — plot numbers
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Table 9. Median values of linkage disequilibria between col-
our and the presence or absence of bands at open and
shaded sites

Plot Open Shaded
4 0.092 0.085
5 0.072 0.168
6 0.002 0.045
7 0.000 0.000
8 0.000 -0.034
9 0.008 0.025

10 0.009 0.051
11 0.000 0.017
12 0.084 0.131
13 0.121 0.084
14 0.070 0.057
15 0.044 0.126
16 0.063 0.019
17 0.000 0.023
18 -0.024 -0.043
19 0.024 0.108
20 0.052 0.039
21 0.019 0.025
22 0.004 0.006
23 0.000 0.000

mosomes; 70% of samples showed an excess of
unbanded in pink and 19% in yellow, while 11% were
lacking one colour or banding condition altogether.
In nine sites the disequilibrium was complete: all pink
shells were unbanded, and all yellow shells were
banded. Five of these were in plot 19. Brown shells
showed a massive excess of unbanded shells relative to
the other colours; of the total of 775 brown shells
found in the study, only 17 (2.2%) were banded.
Twelve of these came from a single sample (plot 5,
sample 15) in which there were no unbanded brown
shells.

DISCUSSION

Although there were regularities in the distribu-
tion of linkage disequilibria along the transect, they
were not associated with any large-scale climatic vari-
ables and showed no relation to habitat. This result is
not entirely unexpected. The currently observed
disequilibria represent first and foremost those pres-
ent in the founding populations: when the linkage be-
tween genes is tight, and the generation time rela-
tively long (2-3 years in C. nemoralis (WILLIAMSON

1979)), centuries may pass before an equilibrium is
reached (COOK 2005). In the studied area the major-
ity of populations inhabit unstable, human-impacted
habitats, and often originate from recent introduc-
tions. The lack of order in the direction and strength
of phenotypic disequilibria is therefore to be ex-
pected.

In C. nemoralis, large differences in colour and
banding frequencies often exist among populations
inhabiting similar habitats, even when they are geo-
graphically close. One of the reasons is that in a
highly polymorphic species several different combi-
nations of genes may be selected for under similar se-
lective pressures. In Cepaea, this was theoretically pre-
dicted by GOODHART (1956), and exemplified by
OZGO & KINNISON (2008) and OZGO (2011). The ex-
istence of a close genetic linkage between the shell
colour and the presence and absence of bands re-
stricts the possible outcomes of natural selection.
While the decay of an initial disequilibrium may last
for centuries, the evolutionary response of popula-
tions can be very rapid, and occur on contemporary
time-scales (CAMERON & POKRYSZKO 2008, OZGO &
KINNISON 2008, OZGO 2011): adaptation occurs in
spite of genetic linkages. This means that while not all
combinations of genes are equally well adapted, some
variants are selected for because they are the ones
that are available. For example, yellow unbanded may
be the best combination in hot environments, but yel-
low mid-banded or three banded will have sufficiently
good thermal properties to be selected for in popula-
tions where yellow is linked predominantly with
banded. Similarly, pink five-banded is darker than
pink unbanded, and therefore better adapted to cool
environments, but pink unbanded will be selected for
in populations in which pink is predominantly linked
with unbanded.

Founding events play an important role in shaping
morph frequencies in Cepaea populations. Genetic
composition of the founders combined with tight
linkage between loci restricts the scope of available
genotypes and results in different gene combinations
being selected for under similar selective regimes.
COOK (1998) has shown that selection varying in
space and time combined with migration can main-
tain polymorphism without any centripetal force.
Linkage between genes reinforces this effect: not only
the starting genetic pools differ among populations
depending on the composition of the founders, but
also the scope of available genotypes is restricted by
linkages among genes. Together, these phenomena
contribute to the maintenance of the striking colour
and banding variation in populations of C. nemoralis.
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11. SUMMARY AND CONCLUSIONS

The present paper deals with the problem of adap-
tation of populations of Cepaea nemoralis to environ-
mental conditions. Variation in morph frequencies
was analysed in a west-east transect spanning the
whole range of the species in continental Europe.
The line of the transect was designated along the
52°N, the longest lowland parallel in Europe. The
study area spanned a distance of 1,215 km, from the
North Sea coast in The Netherlands to the Bug River
in Poland. Samples were collected at the crossings of
the parallel with consecutive meridians, within the ra-
dius of 15 km from the crossing point. The material
comprises 27,666 individuals from 235 populations.
The main themes of this study are: the occurrence of
Cepaea snails along the transect, and — in C. nemoralis—
the pattern of distribution of morph frequencies
along the transect in relation to large-scale climatic
parameters and to habitat type, the effect of visual se-
lection on morph frequencies, the amount of
inter-population variation in relation to the position
on the transect, variation in the level of polymor-
phism, the distribution of phenotypes encoded by
linked and unlinked loci, and the maintenance of
polymorphism in relation to linkage disequilibria. Be-
low, the main findings of this study are summarised.

1. C. nemoralis occurred, with varying abundance,
along the whole transect. C. hortensis was rarer and its
distribution was more insular. Where both species
were present, the areas dominated by one or the
other were often clearly discernible, without any ap-
parent differences in the habitat, which supports the
hypothesis of their mutual exclusion. C. vindobonensis
was present only in the most easterly plots and occu-
pied habitats characteristic of C. nemoralis and C.
hortensis in other areas. C. nemoralis was rare and not
abundant in the western part of the transect, while it
was common and abundant in its eastern part. The
transect passes through regions used mostly for agri-
culture, which in western Europe is very intensive and
poses a heavy impact on the environment. C. nemoralis
is a typical eurytopic species, undemanding and easily
colonising available habitats. The absence of this spe-
cies from large areas within its natural range is indica-
tive of an exceptionally severe damage to the environ-
ment.

2. Populations of C. nemoralis showed an immense
range of variation. For all morphs, differences among
plots were highly significant despite considerable vari-
ation among samples within each. Variation along the
transect did not show any clear overall trends; there
were some regularities, but for the most part they did
not coincide with any large-scale climatic parameters.
There were two significant and similar trends: pink
and mid-banded tended to increase eastwards and
correlated positively with the measures of continent-

ality. The trend in mid-banded is explicable on the
grounds of climatic selection: there are indications
that the mid-banded condition, due to some pleio-
tropic effect, renders the snails more resistant to cli-
matic extremes. The trend in pink is however directly
contrary to expectations under the climatic selection
hypothesis, and contrasts with the patterns of spatial
distribution and temporal changes in other parts of
Europe. As no biologically meaningful explanation
for this result is evident, and the distributions of other
morphs (apart from the mid-banded) are not associ-
ated with any climatic variables, it is very likely that
the distribution of morph frequencies along the
transect results mostly from chance events related to
recent colonisation.

3. Contrary to the large-geographic-scale, on the
scale of habitats, the distribution of morph frequen-
cies was clearly consistent with the hypothesis of cli-
matic selection. Along the whole transect, frequen-
cies of light shells, i.e. yellow and yellow effectively
unbanded, were higher in open than in shaded habi-
tats; shells with fused bands were more frequent in
shaded habitats. Thrush anvils were rare and there
were almost no differences in the frequencies of
morphs between live and predated snails; the direc-
tion of differences that were significant was con-
founded between open and shaded sites. Thus,
thrush feeding was opportunistic rather than selec-
tive, and visual selection most probably did not play
an important role in shaping morph frequencies. To-
gether, these findings indicate that the habitat-effect
resulted from climatic rather than visual selection.
The area encompassed by this study is under consid-
erable, and in places strong, human pressure. Habi-
tats are unstable, and most populations relatively
shortlived. The clear habitat- effect observed in this
study indicates the capability of the populations of C.
nemoralis to adapt rapidly to changing environmental
conditions. The difficulty to interpret associations of
morph frequencies with large-scale climatic condi-
tions, and contrastingly clear, repeatable and consis-
tent with expectations response to habitat shadiness
indicates that it is the details of local conditions that
are crucial in shaping morph frequencies in popula-
tions of C. nemoralis.

4. Fusion of bands is one of the most enigmatic ele-
ments of the polymorphism of C. nemoralis. 1t is diffi-
cult to score consistently and has been rarely consid-
ered in earlier studies. In the present study fusion of
bands did not show association with any large-scale
climatic variables, but clearly responded to habitat
shadiness: the frequencies of shells with fused bands
were significantly higher in shaded than in open habi-
tats. Interestingly, however, this response occurred
only in yellow shells, in pink shells there were no dif-
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ferences between habitat types. That means that the
effects of climatic selection on band fusion can be ex-
pected to be statistically detectable only in popula-
tions with high frequencies of yellow five-banded
shells, and explains why variation in the fusion of
bands often appears to behave erratically.

5. On theoretical grounds it can be expected that
the level of polymorphism will decrease towards the
limits of the geographic range of the species, and that
it will be lower in exposed habitats where stronger di-
rectional selection probably occurs. None of these hy-
potheses was borne out: there was no decrease in the
level of polymorphism towards the limits of the spe-
cies range, and the differences between open and
shaded habitats were not consistent in direction. The
first finding is explicable in view of the biology of the
species: while the leptokurtic mode of dispersal might
reduce the range of genetic variation, the specific
mating system protects populations of this species
from the impoverishment of the gene pool. Impor-
tantly, the current limits of the distribution of the spe-
cies in continental Europe are not really marginal. In
the west, the limit of the species range is defined by
the limit of terrestrial habitats, so it is not a range limit
in the ecological sense, and the species inhabits the
British Isles further to the west. In the east it is dis-
persal capabilities rather than the extreme environ-
mental conditions that limit the rate of the currently
observed expansion of the species. The lack of consis-
tency in the direction of differences between open
and shaded habitats may indicate that selection is not
really stronger in open than in shaded habitats, and
does not work towards monomorphism in this habitat
type. However, in the middle part of the transect, over
a distance of approximately 700 km, the level of poly-
morphism was lower in open than in shaded habitats;
this issue requires further studies.

6. In C. nemoralis, the loci determining the number
of bands on a banded shell are independent of colour
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locus and of each other. This was reflected in a strong
correlation of banding morphs between yellow and
pink banded shells, showing that reshuffling of alleles
brings genes coded by unlinked loci to equilibrium
even in relatively short-lived populations. On the
other hand, the loci for the shell colour and for the
presence or absence of banding are tightly linked,
and this has resulted in a common occurrence of link-
age disequilibria. Tight linkage between the colour
and banding loci limits the scope of genotypes avail-
able to selection. This is probably one of the reasons
why different populations adapt along different ge-
netic routes to similar selective pressures and is an ad-
ditional factor contributing to the maintenance of
polymorphism in this strikingly variable species.

7. The present study contributes to the knowledge
about the ways in which various evolutionary forces af-
fect the genetic composition of natural populations.
It shows that in contemporary continental Europe the
genetic composition of populations of C. nemoralis re-
sults mostly from the combination of chance events
related to colonization processes, restrictions posed
by linkages among genes, and very localized natural
selection. The central role played by chance events
implies that although it is possible to explain some of
the observed patterns, the predictive power of our
theories is bound to remain poor.
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Appendix 1. Details of sampling sites and sample composition. U — unbanded, M - mid-banded, T — three-banded, F —
five-banded, O - other banding forms, B — banded. Habitat: O — open, S - shaded

rilé[;—ﬂ P(iip():lnla- Geogr.aphic Habi- Yellow Pink Brown To-
No. No. coordinates tat U M T F O U M T F o) U B tal
4 1 52.0269  4.1678 S 1 12 3 16 0 60 19 2 28 0 0 0 141
4 2 52.0308 4.1675 O 11 23 2 31 1 25 11 0 26 0 0 0 130
4 3 52.0256  4.1689 O 3 7 0 16 O 70 4 0 28 0 0 0 128
4 4 52.0339  4.1725 O 15 8§ 11 41 O 34 0 8 0 0 0 122
4 5 52.0333  4.1711 O 13 5 42 0 33 4 2 19 0 0 0 125
4 6 51.9831 4.1356 S 12 12 1 22 1 16 20 5 28 0 3 0 120
4 7 51.9775  4.1358 S 6 12 1 17 0 13 2 0 0 0 0 0 51
4 8 51.9739  4.1397 S 3 1 21 O 29 6 1 25 0 2 0o 92
4 9 51.9761  4.1383 O 5 2 1 12 0 6 2 0 3 0 0 0 31
4 10 52.0353  4.2117 S 8 13 5 7 1 14 11 9 11 0 0 0o 79
4 11 52.0283  4.1683 S 7 12 1 13 0 16 7 0 5 0 0 0 61
5 1 52.1022  4.9194 S 2 16 24 17 2 10 5 7 6 1 0 0 90
5 2 52.1033  4.9203 S 1 20 3 27 0 45 3 1 0 0 4 0 104
5 3 52.0275  4.9047 O 1 10 124 12 2 10 0 14 2 0 11 0 186
5 4 51.9844 49114 S 19 22 0 53 0 63 0 0 0 0 0 0 157
5 5 52.0367  5.0372 O 0 6 31 16 1 5 1 2 4 0 3 0 69
5 6 52.0375  5.0378 S 1 33 12 11 1 38 3 5 9 0 6 0 119
5 7 52.0369  5.0375 O 1 33 9 10 O 57 6 1 3 0 3 0 123
5 8 52.0172  4.9547 O 3 59 2 37 0 19 1 0 1 0 2 0 124
5 9 51.9322  4.8906 O 0 4 15 6 0 14 0 0 0 0 33 1 73
5 10 51.9317 4.9325 S 25 15 3 19 1 8 2 13 6 0 4 0 128
5 11 51.9389  4.9739 S 0 35 0o 12 0 83 0 0 2 0 0 0 132
5 12 52.0575  4.9058 O 18 12 19 0 5 8 6 1 7 0 84
5 13 52.0444  4.8947 O 1 37 29 18 3 11 4 6 1 5 0 119
5 14 51.9844  4.9092 O 42 29 10 22 O 17 0 0 0 6 0 126
5 15 52.0311  4.8650 S 0 26 14 20 O 11 23 12 14 1 0 12 133
6 1 52.0556  6.1719 S 72 0 10 20 3 2 0 0 0 16 0 123
6 2 52.0597  6.1767 S 19 0 38 14 13 4 0 0 0 47 0 135
6 3 52.0336  6.1753 O 50 1 20 15 1 36 0 1 1 0 0 125
6 4 52.0286  6.1847 O 33 0 34 14 O 39 0 2 1 0 0 123
6 5 52.0244  6.1592 O 8 0 48 18 3 1 0 26 8 1 28 0 141
6 6 52.0125  6.1653 S 14 5 7 9 0 88 0 0 0 0 0 123
6 7 52.0469  6.1592 O 68 1 17 12 0 0 3 2 0 24 0 129
6 8 52.0456  6.1306 O 21 0 23 32 0 0 13 22 0 7 0 123
6 9 52.0428  6.1633 S 26 0 8 46 0 8 0 0 0 0 45 0 133
6 10 51.9583  6.1344 O 0 0 11 0 26 0 2 3 0 0 0 47
6 11 51.9733  6.1319 O 108 0 12 0 2 0 0 0 0 0 0 124
7 1 52.0342  7.2022 O 1 4 1 10 0 6 0 0 1 0 0 0 23
7 2 52.0750  7.1436 O 0 4 48 58 12 0 0 o0 0 0 0 0 122
7 3 52.0717  7.1453 (0] 51 13 2 34 9 5 4 1 12 0 0 0 131
7 4 52.0728  7.1469 O 1 21 12 72 24 0 1 0 0 0 0 0 131
7 5 52.0706  7.1519 S 2 19 2 8 2 1 0o o0 11 0 0 0 123
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rilg[;-n P(zilz)t:lla- Geogr'aphic Habi- Yellow Pink Brown To-
No. No. coordinates tat U M T F O U M T F 0] U B tal
7 6 52.0761  7.1367 S 0 7 0 36 O 0 5 0 0 0 0 55
7 7 52.0769  7.1411 S 0 10 2 22 2 0 0 2 4 0 0 0 42
7 8 52.0778  7.1378 O 3 8 16 39 0 1 3 11 38 2 0 0 121
8 1 52.0114  7.9994 O 79 8 0 16 0 0 0 0 0 0 0 0 103
8 2 52.0269  8.0100 S 20 8 15 2 26 25 8 36 0 0 0 142
8 3 52.0269  8.0094 O 53 3 10 0 24 6 3 26 1 0 0 131
8 4 52.0142  7.9481 O 11 0 10 4 26 1 11 47 4 4 0 124
8 5 52.0136  7.9456 (@) 10 1 15 28 0 3 12 12 0 0 0 89
8 6 52.0708  7.8794 S 0 8 1 19 1 3 0 6 1 0 0 47
8 7 52.0664 8.0378 O 39 0 0 5 0 0 0 0 0 0 44
8 8 52.0058  8.0392 S 42 2 0 0 81 15 1 9 0 3 0 154
8 9 51.9725  7.8992 O 55 6 7 2 0 34 3 15 2 0 0 0 124
8 10 51.9656  7.8694 (0] 18 22 4 29 11 24 6 3 7 4 13 0 141
9 1 52.0044  8.9953 S 1 2 22 0 0 3 8 0 0 0 39
9 2 52.0050  8.9956 S 19 50 6 0 4 24 6 0 0 122
9 3 52.0053  8.9956 O 37 43 7 0 9 20 2 0 0 127
9 4 51.9944  8.9936 S 15 1 16 58 3 15 0 6 13 1 0 0 128
9 5 51.9742  8.9897 (0} 47 43 19 0 0 3 1 0 0 0 0 121
9 6 51.9814  9.0539 (@) 4 0 8 0 81 2 0 23 7 0 0 125
9 7 51.9900  9.0086 S 54 1 39 9 11 0 0 0 0 0 123
9 8 52.0078  9.0728 S 11 24 0 2 0 0 0 0 0 43
9 9 52.0094  9.0750 O 34 11 45 0 1 0 4 0 0 0 104
10 1 51.9683  9.8061 O 0 34 7 55 0 0 9 3 16 0 0 0 124
10 2 51.9825  9.8206 S 5 11 18 48 2 16 2 2 9 2 0 0 115
10 3 52.0653  9.8350 S 3 24 27 7 7 0 21 13 10 0 0 112
10 4 52.0481  9.9369 O 0 7 37 6 11 6 1 40 7 0 0 121
10 5 52.0408  9.9344 S 0 0 12 71 0 18 0 5 31 0 0 0 137
10 6 52.0922 10.0500 O 54 15 0 36 1 2 0 0 0 0 0 0 108
10 7 52.0178 10.0061 O 55 7 26 0 1212 0 20 0 0 0 133
10 8 51.9861 10.0228 O 0 73 49 4 0 1 0 0 0 0 141
10 9 51.9761  9.9497 S 0 0 69 1 0 0 53 1 0 0 126
10 10 51.9981 9.9425 S 1 0 21 67 3 17 0o 9 13 0 0 0 131
10 11 51.9956 9.9514 S 10 0 5 21 0 10 3 2 13 0 0 0 64
11 1 52.1014 10.9258 O 13 0 1 0 6 0o 3 0 0 0 32
11 2 52.1011 10.9256 O 33 0 3 0 0 15 0 5 0 0 0 56
11 3 52.1069 10.8811 O 68 0 15 22 2 6 0 3 6 0 0 0 122
11 4 52.0958 10.8631 S 3 0 31 22 0 45 0 14 10 0 0 0 125
11 5 52.0839 10.8331 S 45 0 22 21 1 21 0 8 0 0 0 121
11 6 52.0683 11.0994 S 12 1 48 26 5 5 0 18 1 0 0 124
11 7 52.0836 11.1178 S 7 0 79 10 O 40 0 5 1 0 0 0 142
11 8 52.1050 11.0547 S 24 5 22 33 0 15 3 12 23 0 0 0 137
11 9 52.1092 11.0572 S 41 0 17 24 1 12 0 12 22 2 0 0 131
11 10 52.1094 11.0572 O 30 0 17 25 0 28 0 10 16 0 0 0 126
11 11 51.9536 11.1639 O 7 4 50 5 2 14 0 1 1 0 0 0 84
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rilg[;-n P(zilz)t:lla- Geogr'aphic Habi- Yellow Pink Brown To-
No. No. coordinates tat U M T F O U M T F 0] U B tal
11 12 51.9081 11.0408 O 17 30 8 0 23 2 0 0 0 82
11 13 51.9856 10.9203 O 100 35 14 2 0 0 0 0 0 155
12 1 52.1169 12.0686 S 0 14 6 25 0 15 15 7 39 0 0 0 121
12 2 52.1142 12.0936 O 0o 19 14 13 0 62 7 9 8 1 0 0 133
12 3 52.0789 11.8311 (0] 4 5 34 42 0 1 10 23 0 0 0 127
12 4 52.0644 11.8047 O 1 1 8 55 16 42 5 12 2 0 0 142
12 5 52.0392 11.7822 O 4 14 1 29 0 36 18 1 26 0 0 0 129
12 6 51.9764 12.0622 S 0 37 1 18 0 44 19 0 18 0 0 0 137
12 7 51.9714 12.0611 O 0 40 3 1 24 47 3 0 0 0 133
12 8 51.9714 12.0600 S 0 42 4 0 41 256 3 2 0 0 0 126
12 9 51.9608 12.0679 S 0 19 2 0 55 41 1 13 0 0 0 135
12 10 52.0631 11.7994 S 4 11 5 25 0 30 6 2 8 0 0 0 91
13 1 51.9858 13.1850 (0] 0 43 0 0 56 0 3 0 22 0 130
13 2 52.0086 13.0853 O 3 29 3 0 44 22 3 5 0 16 0 130
13 3 51.9994 13.0850 S 0o 12 0 0 92 18 O 2 0 5 0 132
13 4 52.0014 13.0503 S 0 13 0 0 8 13 0 3 0 1 0 124
13 5 51.9750 12.9753 (@) 0 25 0 17 1 48 18 1 19 0 0 0 129
13 6 51.9750 12.9756 S 0 14 1 23 0 34 17 7 30 0 0 0 126
13 7 52.0911 12.9414 O 0 0 2 2 0 51 19 6 42 4 0 0 126
13 8 52.0900 13.1361 S 0o 12 27 13 0 64 4 9 4 1 0 0 134
13 9 52.0900 13.1372 S 0 18 9 1 28 32 11 14 2 0 0 124
13 10 52.0908 12.8681 S 0 2 23 4 4 10 59 14 9 0 0 131
14 1 52.0158 14.1956 S 0 4 121 41 26 35 0 0 0 121
14 2 52.0192 14.1989 S 1 11 1 54 32 14 2 0 0 123
14 3 52.0267 14.1958 O 1 13 16 0 6 17 50 26 0 0 0 138
14 4 52.0289 14.2042 O 0 34 1 23 1 29 18 16 1 0 0 126
14 5 52.0286 14.2042 S 0 46 1 16 1 26 26 0 0 0 125
14 6 52.0453 14.1367 O 0 5 0 0 2 36 1 0 0 53
14 7 52.1061 14.1264 O 1 15 15 0 45 30 30 0 1 0 137
14 8 52.1553 14.1622 S 1 5 48 16 0 25 21 0 0 0 128
14 9 52.0539 13.9825 O 1 75 1 17 4 15 0 0 0 0 124
14 10 52.0306 13.8833 S 0 3 0 0 41 52 15 22 0 0 0 133
15 1 52.0392 14.8689 O 0 54 0 0 37 35 0 1 0 0 0 127
15 2 52.0406 14.8644 S 0 4 0o 13 2 41 25 0 47 0 0 0 132
15 3 51.9844 14.7931 S 0 16 0 0o 0 111 0 0 0 0 0 0 127
15 4 52.0758 14.8589 O 0 5 0 70 6 10 7 0 38 0 0 0 136
15 5 52.0714 14.8997 S 0 1 0 5 0 34 5 0 6 0 0 0 51
15 6 52.0539 14.8942 S 0 0 0 3 0 93 0 0 0 0 0 128
15 7 52.0828 14.8675 S 0 20 0 50 1 46 6 0 17 1 0 0 141
15 8 52.0583 14.8969 O 1 0 97 3 19 2 0 5 0 0 0 127
15 9 52.0678 14.9075 S 0 0o 31 O 62 6 0 23 0 1 0 130
15 10 52.0819 14.8744 O 0 0 61 2 1 0 0 0 0 0 0o 71
15 11 52.0417 14.8639 O 0 18 0 1 7 7 0 19 2 0 0 130
15 12 52.0417 14.8622 S 1 19 0 0 56 38 O 6 0 0 0 123
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rilg[;-n P(zilz)t:lla- Geogr'aphic Habi- Yellow Pink Brown To-
No. No. coordinates tat U M T F O U M T F 0] U B tal
15 13 51.9875 14.8003 S 0 51 0 16 O 50 13 0 1 0 0 0 131
16 1 52.1003 16.1122 O 0 24 73 42 1 0 0 0 0 0 0 140
16 2 52.0842 16.1242 S 2 0 5 4 0 9 12 11 0 0 25 0 68
16 3 52.0756 16.1281 S 10 28 31 20 O 12 8 5 0 24 0 141
16 4 52.0758 16.1272 S 1 33 17 23 1 1 10 2 7 0 10 0 105
16 5 52.0964 15.9167 O 0 30 16 0 30 46 4 24 0 0 0 153
16 6 52.1242 16.0533 S 0 19 0 0 26 56 3 4 0 0 0 108
16 7 52.0778 15.8639 S 0o 17 13 30 O 36 14 3 19 0 0 0 132
16 8 52.0742 15.8628 O 0 3 15 3 0 30 26 11 0 0 0 129
16 9 52.0747 15.8625 S 0 23 3 4 0 40 50 8 2 0 0 138
16 10 52.0736 15.8647 (0} 1 12 1 3 0 17 56 2 29 0 0 0 121
16 11 52.0733 15.8647 S 0 4 1 1 0 20 64 0 41 0 0 0 131
16 12 52.0603 15.8206 O 0 60 0 5 0 1 55 0 0 0 0 0 121
16 13 52.0669 15.8617 O 0 22 7 7 0 34 36 9 19 0 0 0 134
16 14 51.9594 15.8067 (0] 0o 12 4 1 1 50 20 O 3 0 0 0 91
17 1 51.900 17.0111 O 0 42 0 58 1 0 0 1 0 39 0 143
17 2 51.8842 17.0111 (@) 0o 27 0 49 5 18 0 24 0 3 0 129
17 3 51.8839 17.0119 S 0o 79 1 6 1 26 10 0 0 10 0 135
17 4 51.8811 17.0006 S 0 5 0 25 1 31 1 0 4 0 65 0 132
17 5 51.8792 17.0028 S 0 16 0 45 1 1 11 0 37 2 13 0 136
17 6 51.9792 17.0097 O 0 1 0 23 0 0 0 0 47 1 0 0o 72
17 7 51.9392 16.9631 S 0o 17 0 18 O 0 24 0 13 0 0 0o 72
17 8 52.0678 17.0536 O 19 0 0 36 1 0 0 o0 0 0 0 0 56
17 9 51.9956 16.8575 (0] 0 16 0 22 1 0 26 0 65 2 0 0 132
17 10 52.0056 16.8528 O 77 4 34 8 0 0 0 0 0 0 124
17 11 52.0078 16.8503 O 25 8§ 19 0 0 0 0 0 0 0 52
17 12 51.9358 17.0189 S 11 0 2 0 1 104 0 10 0 0 0 128
17 13 51.8778 17.0844 S 18 3 1 20 1 12 1 1 18 1 0 0 76
18 1 51.9486 18.1322 S 46 34 0 5 0 14 26 0 0 0 0 134
18 2 51.9239 18.1172 S 18 25 38 36 3 11 15 0 0 0 158
18 3 51.9997 17.7892 O 5 3 0 6 0 10 0 6 0 0 0 36
18 4 51.9994 17.7978 S 39 22 0 21 O 27 0 16 0 0 0 133
18 5 51.9994 17.7872 O 43 30 0 24 3 8 0 9 1 0 0 124
18 6 51.9042 18.0017 S 13 4 0 7 0 17 32 1 58 0 0 0 132
18 7 51.9300 17.9233 O 30 30 0 16 1 10 24 0 9 0 0 0 120
18 8 51.9289 17.9192 S 44 7 0 17 0 28 6 1 24 0 0 0 127
18 9 51.9286 17.9442 O 77 10 0 12 1 54 7 0 6 0 0 0 167
18 10 51.9739 17.8692 O 1 9 0 54 11 1 5 0 21 4 0 0 106
18 11 51.9794 17.8600 S 1 82 6 0 0 0 36 0 0 0 126
18 12 51.9789 17.8583 O 6 14 45 58 0 1 2 8 0 0 142
18 13 51.9486 18.1306 (@) 60 33 0 8 1 9 11 0 4 0 0 0 126
18 14 51.9492 18.1303 S 20 80 0o 12 0 5 31 0 7 0 0 0 155
18 15 51.9489 18.1311 (@) 53 28 0 4 0 16 18 0 10 0 0 0 129
19 1 51.9717 18.7856 S 0 4 0 28 0O 28 0 0 0 0 22 0 82
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rilg[;-n P(zilz)t:lla- Geogr'aphic Habi- Yellow Pink Brown To-
No. No. coordinates tat U M T F O U M T F 0] U B tal
19 2 51.9744 18.7908 O 0 25 0 25 0 33 0 0 0 8 0 91
19 3 51.9808 18.7972 O 0 0 1 54 0 49 0 0 0 22 0 126
19 4 52.1275 18.9983 S 0 6 1 2 0 22 0 0 0 1 0 32
19 5 52.1269 19.0056 (@) 9 25 17 23 0 4 12 9 24 1 0 0 124
19 6 51.9381 18.9914 O 0 52 11 19 0 1 34 8 10 0 0 0 135
19 7 51.8847 18.9614 (@) 0 58 8 8 0 9 36 3 3 0 0 0 125
19 8 51.8761 18.9328 S 0 54 4 38 4 0 23 0 4 0 0 0 127
19 9 51.8789 18.9308 (@) 0o 10 0o 11 1 1 42 1 37 0 0 0 103
19 10 51.8911 18.7994 (0] 0 16 0 54 O 44 5 0 2 0 7 0 128
19 11 51.0203 18.8997 S 0 0 0 5 0 10 0 22 0 5 0 42
19 12 52.0378 18.9064 (0] 0 0 73 26 7 24 12 2 0 0 144
19 13 52.0386 18.9056 S 0 1 43 35 7 21 18 2 0 0 129
19 14 51.9711 18.7969 S 0 8 30 0 40 0 0 0 46 0 124
20 1 51.9789 20.1711 S 0 9 2 42 12 17 12 0 20 0 128
20 2 51.9794 20.1711 O 0 4 12 0 33 18 23 15 1 12 0 126
20 3 51.9797 20.1719 S 0 3 10 9 3 28 17 20 31 0 8 0 129
20 4 51.9394 20.1564 O 0 7 19 7 0 21 19 30 12 1 2 126
20 5 51.9447 20.1547 S 0 9 12 12 2 19 29 21 25 2 13 0 144
20 6 51.1111 19.9297 S 1 18 0 1 55 36 3 0 0 124
20 7 52.1089 19.9294 O 1 27 8 1 35 31 16 2 0 136
20 8 52.1033 19.9222 O 42 19 0 32 0 5 0 0 1 0 24 1 124
20 9 52.0944 19.9403 S 29 32 7 7 1 12 23 7 14 0 1 0 133
20 10 52.0939 19.9406 O 22 23 8§ 16 O 10 25 11 14 1 0 0 130
20 11 52.0728  20.105 S 0 3 33 17 1 0 1 32 12 0 24 0 123
20 12 52.0686 20.1692 S 1 3 15 0 19 11 8 0 0 0 68
20 13 52.0717 20.1697 S 2 0 1 0 69 34 4 24 0 0 0 139
20 14 51.9472 20.1458 S 0 1 2 1 0 3 7 35 0 1 0 57
21 1 52.0283  20.9600 S 0 48 0 0 7 60 0 0 0 0 132
21 2 52.0297 20.9592 S 1 60 1 1 2 55 0 0 8 1 141
21 3 52.0297 20.9511 O 2 50 1 19 2 6 41 5 13 1 0 0 140
21 4 52.0289 20.9500 O 3 59 5 15 0 4 63 6 12 1 0 0 168
21 5 51.9786 20.8544 O 0 34 0o 32 2 4 28 0 20 0 0 0 120
21 6 51.9783 20.8539 S 0 46 0 16 0 8§ 58 0 12 0 0 0 140
21 7 51.9556 20.8864 S 0 26 4 4 0 59 18 5 4 0 0 123
21 8 51.8911 20.8200 O 0 38 9 19 3 9 31 b 1 0 0 124
21 9 52.0092 20.9614 S 0 22 0 22 0 32 27 0 21 1 0 0 125
21 10 51.9625 21.0367 O 1 45 3 14 0 17 29 2 16 0 0 0 127
22 1 51.9711 21.9678 S 0 0 0 0 0 101 28 0 3 0 0 0 132
22 2 51.9708 21.9603 O 0 56 15 13 0 36 5 1 0 0 0 129
22 3 51.9653 21.9603 O 0 0o 12 0 86 0 12 0 0 0 121
22 4 51.0183 21.9014 S 0 0 14 0 0 90 1 13 0 122
22 5 52.0308 21.8108 O 1 43 0 39 3 28 0 20 0 0 0 134
22 6 52.0692 21.8494 S 2 24 0 27 0 42 4 56 1 0 160
22 7 52.0083 21.92 S 0 1 0 3 0 79 4 0 44 1 0 132
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Me-  Popula- Yellow Pink Brown

ridian tion Geogr'aphic Habi- To-
No. No. coordinates tat U M T F O U M T F 0] U B tal
22 8 52.0067 21.8539 O 0 52 0 0 0 0 46 O 0 0 0 0 98
22 9 52.0089 21.8506 S 0 44 0 2 0 0 96 O 1 0 0 0 143
22 10 52.0081 21.8483 O 0 23 0 1 0 3 109 O 1 0 0 0 137
22 11 52.0625 22.1925 S 0 9 18 O 36 22 20 33 0 0 0 147
22 12 51.9558 21.9594 (0] 0 5 7 2 41 0 26 44 11 0 0 136
22 13 51.9578 21.9689 (@) 0 23 39 4 0 16 45 1 0 0 134
22 14 51.9592 21.9678 S o 20 26 11 2 31 30 0 4 0 132
22 15 51.9603 21.9692 S 1 37 11 19 2 38 5 18 0 0 0 138
23 1 52.0208 23.1333 S 0 0 0 0 0 72 0 37 2 0 0 111
23 2 52.0208 23.1364 S 0 0 0 0 0 34 28 1 69 2 0 0 134
23 3 52.0189 23.1733 (0} 0 0 0 0 0 62 0 12 19 1 0 0 94
23 4 51.9997 22.7833 S 43 0 0 0 0 81 1 6 12 0 0 0 143
23 5 51.9875 22.7850 S 0 0 3 2 0 23 21 47 25 1 0 0 122
23 6 51.9944 22.8047 O 14 0 0 1 0 68 17 19 0 0 0 124
23 7 51.9908 22.8019 (0] 46 26 0 9 0 40 9 0 0 0 0 136
23 8 51.9864 22.7928 S 0 2 0 3 0 46 37 26 18 0 0 0 132
23 9 51.9781 22.7972 S 10 0 0 0 58 18 5 8 0 0 0 99
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Appendix 2. The estimated climatic parameters for each plot (source: www.fao.org/nr/climpag/locclim/locclim_en.asp)

Plot 1 2 3 4 5 6 7 8 9 10
4 9.98 15.20 26.42 789 272 73.18 13.7 9.8 39 1.034
5 9.34 15.20 22.50 820 278 64.93 13.4 10.9 42 0.951
6 9.55 15.70 22.93 767 290 69.60 12.6 12.4 39 1.001
7 8.94 14.90 20.13 773 279 62.70 13.5 11.3 41 0.980
8 9.04 15.70 22.93 828 319 67.23 13.2 13.9 43 0.934
9 8.80 15.15 25.33 892 348 70.25 13.0 13.9 47 0.887

10 6.12 12.88 22.68 1317 466 73.15 11.4 15.4 82 0.571
11 8.32 15.23 24.88 575 240 62.85 11.2 16.5 31 1.359
12 8.58 15.95 29.38 484 202 62.85 12.9 18.9 26 1.696
13 8.65 16.25 29.38 585 237 72.35 12.9 19.9 31 1.404
14 8.53 16.25 29.08 564 240 72.35 12.6 20.8 30 1.448
15 8.21 16.05 29.08 582 260 72.35 12.6 21.7 32 1.404
16 8.21 16.05 27.52 582 260 76.75 12.6 21.7 32 1.380
17 8.18 16.33 27.52 515 239 76.75 13.1 22.7 28 1.565
18 8.18 16.33 27.52 508 245 76.75 13.1 22.7 28 1.587
19 7.49 16.63 28.30 508 245 71.55 13.0 31.6 29 1.595

20 7.49 16.63 28.30 545 266 71.55 13.4 31.6 31 1.488

21 7.74 16.35 32.05 515 260 78.13 13.4 25.6 29 1.647

22 6.92 16.10 32.05 533 262 78.13 13.4 33.1 32 1.588

23 7.43 16.83 32.05 562 284 98.35 13.1 33.5 32 1.494

1. Mean annual temperature [C]

2. Mean temperature May—August [C]

3. Sum of sunshine hours May-August [h]

4. Sum of annual precipitation [mm]

5. Sum of precipitation May—-August [mm]

6. Mean potential evapotranspiration May—August [mm]
7. Water vapour pressure May-August [hPa]

8. Gorczynski index of continentality

9. De Maratonne index

10. Radiative index of dryness
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Appendix 3. Variation of morph frequencies and climatic parameters along the transect. Y - yellow, P — pink, B — brown, M —
mid-banded, T — three-banded, F — five-banded, YeU - yellow effectively unbanded, IP — index of polymorphism, LD —
linkage disequilibria between shell colour and the presence or absence of bands. 4-23 — plot numbers
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Appendix 4. Frequencies of band fusion in five-banded shells in plots 4-11 and 15-23. Habitat: O — open, S — shaded
Meridian ~ Population . % Fused Number of five-banded
No. No. Habitat All Yellow Pink All Yellow Pink

4 2 o 7.5 8.3 6.3 40 24 16
4 4 o 10.2 12.2 0.0 49 41 8
4 5 o 11.5 7.1 21.1 61 42 19
4 6 S 60.0 54.5 64.3 50 22 28
4 7 S 64.7 64.7 — 0 17 17
4 8 S 37.8 33.3 41.7 45 21 24
4 9 O 13.3 16.7 0.0 15 12 3
4 10 S 61.1 57.1 63.6 18 7 11
4 11 S 16.7 7.7 40.0 18 13 5
5 5 O 15.0 12.5 25.0 20 16 4
5 6 S 5.0 0.0 11.1 20 11 9
5 7 o 25.0 16.7 50.0 8 6 2
5 8 o 39.5 37.8 100.0 38 37 1
5 9 O 0.0 0.0 — 6 6 0
5 10 S 0.0 0.0 0.0 25 19 6
5 11 S 42.9 33.3 100.0 14 12 2
5 12 O 26.1 11.8 66.7 23 17 6
5 13 o 25.0 33.3 0.0 24 18 6
5 14 o 13.6 13.6 — 22 22 0
5 15 S 58.8 50.0 71.4 34 20 14
6 1 S 15.0 15.0 — 20 20 0
6 2 S 0.0 0.0 — 14 14 0
6 3 O 31.3 33.3 0.0 16 15 1
6 4 o 6.7 7.1 0.0 15 14 1
6 5 O 15.4 22.2 0.0 26 18 8
6 6 S 33.3 33.3 — 9 9 0
6 7 o 28.6 25.0 50.0 14 12 2
6 8 o 13.0 9.4 18.2 54 32 22
6 9 S 23.9 23.9 — 46 46 0
6 10 o 0.0 0.0 0.0 8 3
6 11 o 0.0 0.0 — 2 0
7 1 O 45.5 40.0 100.0 11 10 1
7 2 o 43.1 43.1 — 58 58 0
7 3 o 58.7 58.8 58.3 46 34 12
7 4 o 48.6 48.6 — 72 72 0
7 5 S 72.2 70.9 81.8 97 86 11
7 6 S 60.5 63.9 42.9 43 36 7
7 7 S 65.4 68.2 50.0 26 22

7 8 o 37.7 35.9 39.5 77 39 38
8 1 O 37.5 37.5 — 16 16 0
8 2 S 84.3 80.0 86.1 51 15 36
8 3 O 50.0 30.0 57.7 36 10 26
8 4 O 36.8 10.0 42.6 57 10 47
8 5 O 55.0 50.0 66.7 40 28 12




250 Matgorzata Ozgo

>
Meridian  Population ) % Fused Number of five-banded
No. No. Habitat All Yellow Pink All Yellow Pink
8 6 S 4.0 0.0 16.7 25 19 6
8 7 O 0.0 0.0 — 5 5 0
8 8 S 90.0 100.0 88.9 10 1 9
8 9 O 75.0 50.0 100.0 4 2 2
8 10 O 27.8 20.7 57.1 36 29 7
9 1 S 63.3 63.6 62.5 30 22 8
9 2 S 37.0 30.6 50.0 73 49 24
9 3 O 28.8 25.6 35.0 59 39 20
9 4 S 27.9 29.3 20.0 68 58 10
9 5 O 474 474 — 19 19 0
9 6 O 54.8 25.0 65.2 31 8 23
9 7 S 48.8 48.7 50.0 43 39 4
9 8 S 55.2 50.0 80.0 29 24
9 9 O 52.0 51.1 60.0 50 45
10 1 O 46.5 45.5 50.0 71 55 16
10 2 S 28.1 27.1 33.3 57 48 9
10 3 S 77.5 77.8 76.6 40 27 13
10 4 (0] 46.8 51.4 42.5 77 37 40
10 5 S 58.8 59.2 58.1 102 71 31
10 6 (0] 63.9 63.9 — 36 36 0
10 7 O 60.9 61.5 60.0 46 26 20
10 8 O 59.2 59.2 — 49 49 0
10 9 S 63.3 60.3 67.3 120 68 52
10 10 S 57.7 56.9 61.5 78 65 13
10 11 S 76.5 71.4 84.6 34 21 13
11 1 O 33.3 25.0 40.0 9 4
11 3 O 42.9 50.0 16.7 28 22 6
11 4 S 50.0 50.0 50.0 32 22 10
11 5 S 4.2 4.8 0.0 24 21
11 6 S 38.2 38.5 37.5 34 26
11 7 S 36.4 40.0 0.0 11 10 1
11 8 S 83.9 84.8 82.6 56 33 23
11 9 S 63.0 54.2 72.7 46 24 22
11 10 O 39.0 36.0 43.8 41 25 16
11 11 O 33.3 40.0 0.0
11 12 O 50.0 50.0 —
11 13 O 78.6 78.6 — 14 14
15 2 S 36.7 23.1 40.4 60 13 47
15 4 O 25.6 22.2 33.3 39 27 12
15 7 S 50.7 46.0 64.7 67 50 17
15 8 O 27.5 24.7 80.0 102 97 5
15 9 S 64.2 54.8 77.3 53 31 22
15 10 O 4.9 4.9 61 61 0
15 11 (0] 7.4 0.0 10.5 27 8 19




& Cepaea nemoralis shell polymorphism 251

Meridian  Population ) % Fused Number of five-banded
No. No. Habitat All Yellow Pink All Yellow Pink
15 12 S 33.3 33.3 33.3 9 3 6
15 13 S 35.3 37.5 0.0 17 16 1
16 (0] 69.0 69.0 — 42 42 0
16 7 S 69.4 60.0 84.2 49 30 19

16 (0] 45.5 33.3 50.0 11 3
16 S 41.7 25.0 50.0 12 4
16 10 (0] 40.6 33.3 41.4 32 3 29
16 11 S 73.8 0.0 75.6 42 1 41
16 12 (0] 0.0 0.0 — 5 5 0
16 13 (0] 7.7 14.3 5.3 26 7 19
17 9 (0] 54.0 40.9 58.5 87 22 65
17 10 (0] 5.9 5.9 — 34 34
17 11 (0] 10.5 10.5 — 19 19
17 12 S 8.3 0.0 10.0 12 2 10
17 13 S 36.8 30.0 44.4 38 20 18
18 1 S 85.7 80.0 88.9 14 5
18 2 S 38.5 28.6 80.0 26 21
18 3 (0] 33.3 16.7 50.0 12 6 6
18 4 S 29.7 14.3 50.0 37 21 16
18 5 (0] 9.1 4.2 22.2 33 24 9
18 6 S 52.3 71.4 50.0 65 7 58
18 7 O 65.0 50.0 87.5 20 12 8
18 8 S 43.9 41.2 45.8 41 17 24
18 9 O 27.8 25.0 33.3 18 12 6
18 10 O 24.0 14.8 47.6 75 54 21
18 11 S 62.7 59.8 69.4 118 82 36
18 12 O 35.8 35.6 37.5 53 45
18 13 0] 41.7 50.0 25.0 12 8
18 14 S 68.4 75.0 57.1 19 12
18 15 0] 78.6 75.0 80.0 14 4 10
19 1 S 35.7 35.7 — 28 28
19 2 O 8.0 8.0 — 25 25
19 3 (0] 16.7 16.7 — 54 54
19 4 S 100.0 100.0 — 2 2
19 5 O 44.7 26.1 62.5 47 23 24
19 6 (0] 31.0 21.1 50.0 29 19 10
19 7 O 45.5 25.0 100.0 11 8
19 8 S 66.7 71.1 25.0 42 38 4
19 9 O 14.6 9.1 16.2 48 11 37
19 10 O 17.9 16.7 50.0 56 54 2
19 11 S 51.9 20.0 59.1 27 5 22
19 12 O 15.8 19.2 8.3 38 26 12
19 13 S 15.1 14.3 16.7 53 35 18
19 14 S 20.0 20.0 — 30 30 0
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Meridian  Population ) % Fused Number of five-banded

No. No. Habitat All Yellow Pink All Yellow Pink
20 1 S 41.2 80.0 25.0 17 5 12
20 2 O 17.4 0.0 26.7 23 8 15
20 3 S 51.3 50.0 51.6 39 8 31
20 4 (0] 52.6 57.1 50.0 19 7 12
20 5 S 40.5 33.3 44.0 37 12 25
20 6 S 50.0 33.3 57.1 10 7
20 7 O 20.0 0.0 37.5 15
20 8 O 48.5 46.9 100.0 33 32
20 9 S 57.1 42.9 64.3 21 7 14
20 10 O 46.7 37.5 57.1 30 16 14
20 11 S 0.0 0.0 0.0 29 17 12
20 12 S 421 33.3 57.1 19 12 7
20 13 S 52.0 100.0 50.0 25 1 24
20 14 S 12.5 0.0 14.3 8 1 7
21 1 S 23.5 12.5 33.3 17
21 2 S 50.0 42.9 60.0 12 5
21 3 O 15.6 21.1 7.7 32 19 13
21 4 O 3.7 6.7 0.0 27 15 12
21 5 O 39.2 31.3 52.6 51 32 19
21 6 S 25.0 18.8 33.3 28 16 12
21 7 S 42.9 50.0 33.3 7 4
21 8 O 35.7 26.3 55.6 28 19
21 9 S 37.2 31.8 42.9 43 22 21
21 10 O 10.0 0.0 18.8 30 14 16
22 1 S 33.3 — 33.3 3 0 3
22 2 O 15.4 8.3 100.0 13 12 1
22 3 O 47.8 33.3 63.6 23 12 11
22 4 S 52.7 58.3 51.9 93 12 81
22 5 O 16.9 25.6 0.0 59 39 20
22 6 S 53.4 47.1 55.4 73 17 56
22 7 S 34.0 0.0 36.4 47 44
22 9 S 66.7 50.0 100.0 2 1
22 10 O 50.0 0.0 100.0 1 1
22 11 S 58.0 66.7 53.1 50 18 32
22 12 O 70.0 71.4 69.8 50 7 43
22 13 O 10.0 0.0 16.7 10 4
22 14 S 64.7 63.6 66.7 17 11
22 15 S 45.9 421 50.0 37 19 18
23 3 O 70.0 — 70.0 10 0 10
23 4 S 58.3 — 58.3 12 0 12
23 5 S 74.1 50.0 76.0 27 2 25
23 6 O 50.0 0.0 60.0 6 1
23 7 O 26.7 22.2 33.3 15 9 6
23 8 S 81.0 33.3 88.9 21 3 18
23 9 S 75.0 — 75.0 8 0 8
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Appendix 5. Proportion of shell surface covered with bands (%B) in five-banded shells in plots 12-17. Habitat: O — open, S
— shaded
Meridian ~ Population Habitat % B N five-banded

No. No. All Yellow Pink All Yellow Pink
12 1 S 51.2 51.0 51.3 61 67 36
12 2 o 44.9 43.7 46.8 20 12

12 4 O 33.6 33.7 32.9 49 41 8
12 5 o 53.0 50.6 58.4 16 11

12 6 S 50.3 51.9 48.9 36 17 19
12 7 o 44.5 41.1 48.5 15 7
12 9 S 54.7 55.2 54.5 15 11
12 10 S 49.3 49.8 48.2 31 22

13 2 o 38.5 38.1 38.9 10

13 3 S 45.5 48.6 46.5 5

13 5 O 52.6 50.3 54.8 35 17 18
13 6 S 56.0 52.8 58.3 48 20 28
13 7 O 44.5 43.1 44.6 38 2 36
13 8 S 52.9 54.0 48.6 15 12 3
13 9 S 51.9 47.5 54.2 23 6 15
13 10 S 42.1 46.4 40.5 18 5 13
14 1 S 44.8 43.7 45.1 43 8 35
14 2 S 46.3 49.7 44.7 16 5 11
14 3 o 42.0 40.7 42.4 35 9 26
14 5 S 41.9 42.3 40.9 19 14

14 6 o 41.8 - 41.8 9 0

14 7 o 42.8 43.3 42.6 45 14 31
14 8 S 47.7 48.0 47.1 24 15 9
14 9 O 38.9 39.1 37.8 17 15 2
15 4 O 47.0 42.8 47.9 107 69 38
15 5 S 44.6 45.1 44.1 9 5 4
15 6 S 52.7 52.7 - 34 34 0
16 2 S 47.8 47.8 - 4 4 0
16 3 S 49.6 49.2 51.4 25 20 5
16 4 S 49.3 49.2 49.7 29 22 7
16 5 o 46.1 42.0 48.8 40 16 24
17 1 o 43.4 43.2 55.9 57 56 1
17 2 o 44.1 44.8 42.7 71 48 23
17 3 S 45.7 46.1 44.6 7 5

17 4 S 50.0 48.5 59.1 29 25

17 5 S 55.3 55.4 55.2 32 45 37
17 6 o 50.0 48.2 50.9 67 22 45
17 7 S 46.5 45.2 48.5 26 16 10
17 8 o 52.2 52.2 - 34 34 0






