Downloaded from rstb.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL |
OF SOCIETY

Climatic Selection in Cepaea nemoralis (L.) in the Pyrenees
R. W. Arnold

Phil. Trans. R. Soc. Lond. B 1968 253, 549-593
doi: 10.1098/rstb.1968.0011

B

Email alerting service Receive free email alerts when new articles cite this article - sign up in the box at the top
right-hand corner of the article or click here

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
O

To subscribe to Phil. Trans. R. Soc. Lond. B go to: http://rstb.royalsocietypublishing.org/subscriptions

This journal is © 1968 The Royal Society


http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;253/789/549&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/253/789/549.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

[549]

STUDIES ON CEPAEA
VII. CLIMATIC SELECTION IN CEPAEA NEMORALIS (L.)
IN THE PYRENEES

By R. W. ARNOLD
Department of Zoology, University of Manchester

(Communicated by P. M. Sheppard, F.R.S.—Received 9 May 1967)

[Plates 34 and 35]
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In order to investigate the effects of climate on the shell colour and banding polymorphism of
Cepaea nemoralis, surveys were carried out, in 1962 and 1963, in two extensive valley complexes in
the Pyrenees; populations were sampled over a wide altitudinal range, such that considerable
differences in the climatic environment were apparent, both within and between the valley
complexes. The valleys selected for study were that of the Garonne in the central Pyrenees and on
the north side of the watershed, and that of the Segre and its major tributary, the Valira, nearer
the Mediterranean and on the southern side.

The unbanded phenotype exhibits a parallel frequency distribution in colonies sampled near the
rivers in both regions. It is at higher frequencies at high altitudes, and also in the lower parts of
the valleys sampled, intermediate altitudes having populations which are predominantly five-
banded. There is, however, a marked difference between the two regions in the extent of the
changes between the intermediate-altitude banding zones and the lower and upper zones ; unbanded
reaches much higher frequencies regularly in the upper zones of the Garonne compared with those
in the Segre-Valira, whereas it is the latter region which exhibits really high frequencies in the
lower zone.

The distribution of frequencies of the yellow morph in the Garonne resembles that of unbanded;
only intermediate-altitude populations have appreciable frequencies of pink, other populations
having high or very high frequencies of yellow. In the Segre-Valira, there are some parallels in
frequency distribution, but yellow is at a high overall frequency almost everywhere.
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The species is polymorphic for lip colour in the Pyrenees, and the results agree with Lamotte’s
for other Pyrenean valleys; the white-lipped morph is rare or infrequent in the foothills, and
reaches high frequencies in the higher parts of the mountains.

The relative constancy of morph frequencies over considerable distances, and their regular
distribution between valleys and between the two regions (for example) show that selection is
operating. It is argued that the colour and banding zones are area effects as there is no evidence
for variation with habitat in districts where this can be tested by comparing open habitat samples
with samples taken from woods, despite the occurrence of visual predation; and certain morph
frequencies characterize quite clearly geographical areas rather than habitats.

The broad correlation between morph frequencies—particularly banding morph frequencies—
and altitude in the upper parts of the valleys suggested that some climatic aspects might be
acting selectively. Comparison of samples made from hill slopes with those made by the rivers
shows that the former tend to have less extreme morph frequencies; thus, at similar altitudes,
hillside populations have lower frequencies of unbanded and of white-lip, and tend to have lower
frequencies of yellow. This indicates that the factors favouring these morphs at higher altitudes
do not act at the same strength on the hill slopes as in the valleys. It seems likely, from the accepted
generalization that hill slopes are usually more temperate than valley bottoms, that cold air and
concomitant low temperatures favour unbanded, yellow, and white-lip. Consideration of aspect
of the valleys, and of certain colonies exceptional for banding frequencies concur with this:
north-facing valleys and occluded situations tend to have populations with higher frequencies
of unbanded than south-facing ones and sunny open localities. A comparison of morph frequencies
in the Garonne and Segre-Valira regions with their climates also supports this interpretation for
colour and banding.

Similarly, the increase in {requencies of unbanded and of yellow at lower altitudes in the
Garonne, and the very marked rise in frequency of unbanded in the Segre-Valira suggests that
these two morphs are also favoured in conditions which tend to be warm and dry. The extent
of the changes agrees, for the lower Segre-Valira, unlike the lower surveyed reaches of the Garonne,
is essentially mediterranean in climate, and the frequency of unbanded is overall much higher
there. -

Other field evidence, both from the Pyrenees and elsewhere, is in broad agreement with yellow
and unbanded being favoured in more extreme climatic conditions, and most of the artificial
resistance experiments performed with Cepaca accord in that these two morphs survive better
when subjected to severe temperatures.

The results are discussed with relevance to morph frequency distributions elsewhere; it is
suggested that area effects in unbanded and yellow may occur when climate becomes sufficiently
extreme, and some evidence is presented that this may be so on high country in the English
counties of Staffordshire and Cumberland. It is also suggested that if the strength of visual
selection is relaxed in open country, as recent work indicates, then area effects in pink and five-
banded may occur in mild conditions; some evidence is produced in support of this idea.

The clines in banding in the lower valleys are stepped; banding morph frequencies change
apparently suddenly from one relatively stable frequency to another in both regions, without
relation to topographical features which might cause climatic disjunction in the vicinity of the step.
It is tentatively suggested that co-adaptive selection may interact with climatic selection in the
intermediate and lower zones, to produce sharp steps in frequency with stability despite change
in altitude and climate on either side.

I. INTRODUCTION

The kind of selection known to influence the balance of the shell colour and banding
polymorphism of Cepaea nemoralis that has been identified with reasonable certainty is
visual selection by predators (Cain & Sheppard 1950, 1954; Sheppard 1951; Currey,
Arnold & Carter 1964 ; Arnold 1966). The discovery of area effects (Cain & Currey 1963 4)
opened up the possibility that other selective factors affecting the polymorphism might
more easily be identified, for Cain & Currey concluded that area effects are caused by
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physiological selection acting on pleiotropic effects of the colour and banding genes and
overriding the action of selection due to visual predators.

Subsequent investigations on area effects and the factors causing them have concen-
trated on describing the distribution of morph frequencies in different regions in England
partly in an attempt to elucidate the action of different climates on the polymorphism,
and also on attempting to find associations between topography and morph frequency,
for it seemed reasonable to consider that climatic differences between areas could be
causing different area effects (Cain & Currey 1963 a, b; Carter 1965; Arnold 1966).

No selective agent causing an area effect has hitherto been discovered, however,
although there is some evidence that certain climatic conditions may be responsible for
area effects in brown (Cain & Currey 1963 a; Carter 1965).

Since it was desirable to discover how climate might affect the polymorphism, two
intensive surveys were carried out in high mountainous country where a wide range of
climatic conditions could be encountered. This paper presents evidence that area effects
may at least in some circumstances be caused by climate, and conclusions are made on
the action of climate as a selective agent.

II. CHOIGE AND DESCRIPTION OF REGIONS
(1) Choice

I chose to work in the Pyrenees, for C. nemoralis is abundant and widespread in distri-
bution, and with an altitudinal range from the lowland plains to at least 1440 m (Lamotte
1951). The rock formations are largely calcareous schists and limestones, and it seemed
from Lamotte’s data that populations could be sampled to the altitudinal limit of the
species. Further, the pronounced climatic differences between the north and south sides
of the range could allow the comparison of observations in distant and climatically
different regions.

Two valley systems were selected for the surveys; their positions are shown in figure 1.
The valley of the Garonne, on the north side of the watershed and in the central and
highest part of the Pyrenees, was surveyed between St Gaudens in the foothills and the
source of the river in the Spanish Valle de Aran. The Segre-Valira region is on the
southern side and lies nearer the Mediterranean; samples were made between a small
town called Pons on the River Segre and the headwaters in Andorra of a major tributary
of the Segre, the River Valira. Each region consists of an upper valley complex of a main
valley with its tributary valleys (the Valle de Aran and Andorra) and a lower main valley
leading out of the mountains. Figures 2 and 3 illustrate the parts of each region surveyed,
and the positions of the samples. Samples were made over an altitudinal range of about
1500 m in both regions, and gross differences in environmental conditions, ranging from
mediterranean to subalpine in type, were evident both within and between the sampling
regions.

(2) The Garonne region

Between St Gaudens and Montréjeau (the west—east northern section of the river,
figure 2), the Garonne fringes the northern limit of the Pyrenees, and runs in a wide
plain through the foothills. Its valley enters limestone mountains near Montréjeau, and

70 Vor. 253. B.
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continues southwards into the mountains with the river in a cultivated plain seldom less
than 1 km wide as far as the junction of the Luchon valley (figure 2) near St Béat. There,
the rock changes from limestone to calcareous schist. The mountain slopes are covered in
dense oak (Quercus petraca (Mattuschka) Liebl. and Q. pubescens Willd.) forest with poplar,
alder, and ash (Populus sp., Alnus sp., and Fraxinus excelsior L.) in the plain. South of
St Béat, the valley narrows, and it remains narrow until the Valle de Aran, where the

3 Toulouse

R.Agour
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[ 42

Barcelona

0 100km

Ficure 1. The eastern half of the Pyrences, showing the regions selected for study. The Garonne
is on the left, and the Segre-Valira region is on the right. Land over 2000 m is shown black.

Garonne flows in a broad glaciated valley running mainly east-west for 26 km, after
which the main valley turns south as the valley of the Garona de Ruda. Nine important
tributaries join the Garonne in its course through the Valle de Aran; they are usually
narrow-and steep-sided, and oriented in a north—south direction.

There are no deciduous woods in the main valley of the Valle de Aran. Extensive
spruce (Pucea abies (L.)) forests are found on the western and southern slopes, and oak
scrub is frequent. Hazel (Corylus avellana L.) is abundant in hedgerows, and it often forms
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554 R. W. ARNOLD

extensive scrubby groves. The floor of the main valley is intensively cultivated, and there
are many small villages both in the valley and on the mountain sides. The most frequent
riverside trees are ash, sallows (Salix spp.), hawthorn (Crataegus monogyna Jacq.), and hazel.
Above about 1200 m, birch (Betula sp.), rowan (Sorbus aucuparia L.), and Scots pine
(Pinus sylvestris L.) become important in the flora. The tree line ends at about 2100 m.

Segre, Valira
1-17

~4

Saleria 4
Valira

18-29

1I0km

0 10km
I V|

Ficure 3. The Segre-Valira region, with the lower valley on the left
and Andorra on the right. Symbols as in figure 2.

Two of the tributary valleys, the Garonne de Joué and the Barrados, are well wooded,
with spruce and beech (Fagus sylvatica 1..) mixed or in pure stands. Two others (the
Valarties and the Aiguamoch) have extensive spruce forests above 1400 m. The other
tributary rivers pass through grass fields for most or all of the lengths collected, and the
riversides have varying amounts of light cover from shrubs or trees. Above 1700 m, there
is mountain grassland, often with juniper (Juniperus spp.), Cistus, Vaccinium spp., and
heaths. Box (Buxus sempervirens L.) is sometimes frequent on the slopes of some of the
tributary valleys.

The Valle de Aran is almost completely enclosed by mountains of schists and granite
over 2500 m high, with Pico de Aneto, the highest in the Pyrenees, forming part of the
massif making the south-west corner of the valley. The upper reaches of the valley are
shown in figure 18, plate 34.

(8) The Segre-Valira region
Unlike the Garonne region, the Segre-Valira reaches to a climatic zone that is mediter-
ranean in type. Olives grow south of Segre-Valira 6 (figure 3) and the general facies of
the vegetation by the river is xerophytic south of that point. Evergreen oak (Q. ilex L.)
and a species of Pinus are the dominant trees on the hill slopes, and lavender (Lavandula sp.),
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rosemary (Rosmarinus officinalis L.) and thorny papilionaceous scrub are abundant away
from the immediate vicinity of the rivers. Such vegetation characterizes the first
40 km of the Segre valley north of Pons. The river runs in a wide plain for the first 20 km
between sandstone hills, and then the valley narrows in limestone country for 30 km.
A wide sandstone plain extending to the north of the confluence of the Valira with the
Segre (figure 3) follows, after which the mountains of Andorra start. The vegetation
there is broadly similar to that of the Valle de Aran, except that box is noticeably com-
moner. The rock formations are the same, and mountains over 2500 m high almost
encircle the upper valley complex. The main valley of the Valira in Andorra contrasts
with that of the Garonne in the Valle de Aran in that it is very steep sided, with cultivation
much more restricted to the valley floor. The tributary valleys, radiating from the main
valley, are narrow until a height of about 1200 m when they broaden into typical glaciated
valleys.

III. METHODS
(1) Collecting and habitats

The upper valley complexes were surveyed in 1962, and the lower valleys in the
following year. The Garonne region was worked first and more thoroughly in each year,
and the Segre-Valira was used to some extent as a control to test conclusions from the
Garonne. Samples were made at approximately 1 km intervals along the main river in
the Valle de Aran, and at lesser intervals in the eight tributaries surveyed. Considerably
fewer samples were taken from Andorra, and only 17 samples were collected over 60 km
in the Segre-Valira lower valley.

Transects along the rivers formed the basis of the surveys, for they enabled large
distances to be covered easily, and ensured as far as possible sampling with uniform
change in climatic conditions. They were taken either very close to a river, or nearly
level with it. The majority were taken from similar open habitats, which were scored
according to the dominant vegetation type in the habitat. It was usually not possible to
take samples from well-defined habitat-types (Cain & Sheppard 1954) for, except at high
altitudes, the meadows by the rivers are herb-rich, and there is generally a tree or shrub
component present. A habitat scored as rough herbage had, for example more than
509, broad-leaved vegetation, with long grass and perhaps trees like sallow and ash as
the other components.

A few riverside samples were taken from exceptional habitats, namely, ‘scrub’ and
woodland. Scrub is a category containing habitats with indeterminate background
features where there is more than 5/10 cover from low woody vegetation, but where
cover from trees is either absent or limited. For example, Garonne 32 and Malo 1 were
taken from dense hazel scrub, and those scrub samples from the Saliente and Valarties
are from dense sallow groves bordering the rivers.

Two riverside samples (Barrados 4 and 5) in the tributary valleys of the Valle de Aran
were taken from deciduous woods with predominantly brown backgrounds fringing the
river. In Andorra, five riverside samples were made from small woods in the tributary
valleys. Valira del Norte 2, Arinsal 1, and Pal 1 were taken from open birch with hazel
and box shrub layers; the habitat of Valira del Norte 4 was a young ash and poplar wood,
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with hazel, box and sallow; and Arinsal 6 was from the fringe of a pine and spruce forest,
with juniper, box and heather present. All had brown backgrounds.

Six woodland samples, not part of the main survey, were made in the lower Garonne
valley in order to test for variation of populations with habitat there. They were taken
between 150 and 1000 m from the nearest riverside sample, with which they were paired.
Three (Garonne 6', 7" and 8') were from the oak and ash forests on the valley sides, and
three from ash woods in the flood plain. All except one (Garonne 7’) had backgrounds
more than half brownish with exposed earth and leaf litter.

A number of samples in both regions were taken from the mountain slopes in order to
test whether the topographical positions of populations in relation to those near the
river affected morph frequencies. These hillside samples were almost all taken between
50 and 300 m above the valley bottom. Altitudinal series of samples from open hill slopes
were made at two points in the Valle de Aran, from a high bluff called Peyra Blanca, and
from a mountainside that I have called Aran Hill, east of the Malo valley (figure 2).
All the hillside samples came from habitats very similar to those near the river.

(2) Scoring

Samples were scored for condition (live, dead-whole, and broken-predated), for shell
colour and banding, following the procedures adopted by Cain & Sheppard (1954), and
for shell lip colour. In many populations, the latter was found to vary from completely
white through violet and brown to the blackish brown characteristic of English populations.
Only snails with no trace of dark pigment on the lip were scored as white-lipped, all others
being assigned to the class dark-lipped. This is probably sound genetically for there is
good evidence that the white-lipped condition is recessive to dark-lipped (Cook 1966}
Cain, Sheppard & King 1968) and it is likely that the intermediate dark-lipped
shells are heterozygous (Professor A.J. Cain, personal communication). Agreement of
the frequencies of intermediate lip-colours in those samples tested from the surveys is
fairly close to the expected frequencies of heterozygotes, calculated from the Hardy-
Weinberg formula. Information on the samples is given in tables 3 and 4* ; only adult snails
are included. The gene-nomenclature system used is that agreed on at the conference on
polymorphic snails held at York in January 1967 (Cain et al., this volume, p. 395).

IV. REsuLts
(1) The distribution of species

C. nemoralis is widely distributed, and often abundant (even near the altitudinal edge
of range), over most parts of the surveyed regions. It was found rare or absent in beech-
woods in the Garonne de Joué and Barrados, and I never saw it in spruce forests (unlike
Cepaea hortensis (Miill.)) ; it also appeared to be of sporadic occurrence in the lower Garonne
hill slope forests. It was often very difficult to find in dry places in the lower Segre-Valira.
The altitudes of all localities sampled, read from the maps used, are shown in tables 3
and 4, and it is noticeable that the altitudinal limit appears to vary considerably, for
sampling was always continued up the valleys until no further Cepaea could be found.
Altitudinal limits range between 1420 and 2100 m. The mean for nine rivers in the Valle

* Tables 3 and 4 are at the end of this paper (p. 587).
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de Aran is 1634 (+238) m, and 1738 (+89) m for seven rivers in Andorra. There is from
this no evidence that the mean altitudinal limit between the regions is different. The
variation in altitudinal limit in the Valle de Aran is striking, however, and inspection of
table 3 shows that this appears to be greater in tributaries on the north side of the main
valley (Barrados, Saliente, Ifiola and Malo), than in ones on the south side, in which the
highest sample, Garonne de Joué 5, was recorded at 1540 m.

The factors limiting the distribution of the species in the mountains may be several,
and complex. It seems likely, however, that they may be directly related to altitude
and climate, and the indication that the mean limit in Andorra may be greater (though
not significantly so) than in the Valle de Aran, and the higher limit in the south-facing
tributaries in the latter valley complex suggest that a cool climate is the restricting factor,
the more mediterranean region and the warmer, more insolated, valleys having populations
at higher altitudes.

C. hortensis is local in the Garonne. It was not found in riverside samples 1-13 in the
lower valley, but within this district it was found in woods (Garonne 8', 9, 10" and 13'),
suggesting that its lower altitudinal range is limited by increasing insolation and warmth.
Higher up the main valley it occurs in open habitats (Garonne 14-17, 20 and 48). It is
more frequent in the tributary valleys, and was found absent only in the Malo and
Ifiola. It was on two occasions recorded at an altitude greater than the highest C. nemoralis
record, in the Negro and Aiguamoch valleys. On the other hand, this species is often
abundant and widespread in most of the Segre-Valira region. It is of regular occurrence
in the main valley in the upper valley complex, and it is present in all the tributaries.
In the lower valley, it was found as far south as Segre-Valira 8, being absent in the seven
lowest localities sampled.

(2) The distribution of phenotype frequencies in riverside samples
(a) Banding

Unbanded, 00000, and five-banded, 12345, and minor variations, are the commonest
banding morphs in both regions. Only 16 of the 145 samples from the Garonne, and
eight (three of them from the Ensagents) of the 74 samples from the Segre-Valira have
a frequency of banded morphs with at least the upper two bands absent (largely 00300
and 00345) in excess of the frequency of unbanded shells.

Morphs of formula 00345 (and minor variations) are at low frequency generally in
the Garonne, and absent in many colonies (table 3); they are more frequent in the
Segre-Valira, and of general distribution (table 4). No regularities in distribution are
apparent.

Similarly, mid-banded, 00300, never reaches a high morph frequency in the Garonne,
and gene-frequency calculations show that its gene frequency is seldom high (B? is
epistatic to the expression of the mid-banded gene, M? Cain & Currey, 19634). Its
gene frequency is highest in populations in the lower main valley, and in the tributary
valleys in the Garonne region, but the range of frequencies is great and differences between
these districts and those at intermediate altitudes are not significant. There is no evidence
for a correlation between the gene frequencies of unbanded and mid-banded. It is absent
in the upper valley complex of the Segre-Valira; it occurs in only five samples in the
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Ficure 4. Frequencies of banded (black) and unbanded (white) in the lower Garonne samples.
The paired wood samples are not included. The 500 m contour is shown by a dotted line, and
stippling indicates land over 1000, 1500 and 2000 m. Kilometre scale.
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region, all south of Segre-Valira 18, and reaches its highest gene frequency in the two
lowest samples, Segre-Valira 1 and 2 (0-42 and 0-18 respectively).

Unbanded, on the other hand, shows a very clear distribution of morph frequencies
in both regions. Figures 4 and 5 illustrate the distribution of frequencies of this morph
in the lower Garonne and Valle de Aran respectively. Three frequency zones may be
distinguished:

(i) A lower zone, Garonne riverside samples 1-14, in which all samples have frequencies

‘a@ greater than 25 9, over the 32 km collected (figure 4).
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Ficure 5. Frequencies of banded (black) and unbanded (white) in the Valle de Aran samples.

Double circles represent hillside samples, the positions of most of which have been displaced

in the diagram for clarity. The 1000 m contour is shown by a dotted line, and stippling indicates
land over 1500, 2000 and 2500 m. Kilometre scale.
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(ii) An intermediate zone, from Garonne 15 to Garonne 44 in the main valley,
characterized by lower frequencies. Only three of the 29 samples in the zone have unbanded
frequencies in excess of 25 %,. This zone is approximately 28 km in length. The difference
in frequencies between the two zones is significant (median test, ¥} = 17:19, P <
0-001).

(iii) Upper zones, in which frequencies exceed 259,, and in which they are often
very high (figure 5). A cline to fixation or near fixation of B? takes place in Garonne 45-50.
The majority of the samples from the tributaries may be included in the upper zones, for
in most of them, unbanded rapidly reaches a high morph frequency after a short distance
from the main valley in which it takes intermediate morph frequencies. B> may be absent
in parts of two of the tributaries—the top three samples in the Saliente taken over 1§ km,
and the top four in the Negro, over 2 km, consist only of unbanded shells. The highest
samples of four of the nine valleys surveyed in the Valle de Aran are completely unbanded,
and of the other five, four have top samples with more than 809, unbanded shells. The
exception will be discussed below. There is, therefore, a broad relation between the
frequency of unbanded and altitude in the upper valley complex of the Garonne.

A parallel distribution is found in the Segre-Valira.

(i) The lower zone (figure 6), Segre-Valira 1 to 6, has frequencies of unbanded very
much higher than those in the lower zone of the Garonne region. All six have frequencies
greater than 70 9, over 40 km.

(i) The intermediate zone is comprised by most of the rest of the region, and frequencies
are below 309, in the majority of samples (figures 6 and 7).

(iii) An upper zone, where frequencies are in excess of 309, is usually, although not
always, found at the heads of the Andorran valleys (figure 7). Thus, neither the valleys
of the Valira nor Pal exhibit upper zones (although in the latter valley, the top sample,
Pal 5, has 20 9%, unbanded shells, whereas the two riverside samples below it have none).
All the other valleys have some samples in which unbanded predominates, always, with
one exception, above 1500 m. The exception—Valira del Norte 2—is unbanded at
1150 m, and will be considered later.

(b) Ground colour

The brown morph was not encountered. The majority of the yellows, especially at
higher altitudes, were dark yellow. All kinds of pink were found, the commonest being
pale pink; many of the latter looked at first inspection like faint pinks, for over parts of the
shell—particularly in those pinks of banding formula 12345—the pigment was often very
diluted.

Zonation of colour morph frequencies follows closely that of the banding morph
frequencies in the Garonne. There is a lower zone of high yellow frequency (figure 8), an
intermediate zone in the main Garonne valley in which pink may reach moderate
frequencies, and an upper zone in the higher reaches of the Garonne and in the tributary
valleys in the Valle de Aran with high and very high frequencies of yellow (figure 9).
The difference between the lower and intermediate zone frequencies is significant (median
test, x7 = 8:68, P < 0-01). Although the colour frequency zones correspond well with
the banding zones, the changes in frequencies of both colour and banding taking place
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Ficure 8. Frequencies of pink (black) and yellow (white) in the lower
Garonne samples. Contours and scale as in figure 4.
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at the same locality in the lower Garonne, there are a number of colonies which have
anomalous frequencies; thus, both the Garonne de Joué and Barrados valleys have
colonies at high altitudes (samples 4 and 5 respectively) which exhibit relatively high
frequencies of pink; similarly, Valarties 8 has only 64-3 (+9°1) 9%, yellow, although the
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Ficure 9. Frequencies of pink (black) and yellow (white) in the Valle de Aran
samples. Symbols, contours, and scale as in figure 5.

three samples both below and above it contain only yellows. None of these exceptions are
amenable to the kind of explanation which will reasonably account for unusual banding
morph frequencies, to be discussed later.

Pink is at low frequency almost everywhere in the Segre-Valira region (figures 10 and
11). It tends to be more frequent in the middle parts of the Segre-Valira main valley
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though, as in the Garonne main valley. Ten of the twenty-nine riverside samples from
the Segre-Valira are monomorphic for yellow, and of these, four are among the lowest
seven samples, and five in the highest seven. A median test on the lowest and highest
fourteen samples combined compared with the middle fourteen samples shows that the
former have significantly higher frequencies of yellow (y} = 7-00, P < 0-01). Yellow is
usually at high frequency in the tributaries, but, as in the Garonne, there are anomalous
colonies. The two highest samples in the Arinsal valley (Arinsal 5 and 6) have the highest
frequencies of pink in the region, with less than 609, yellow shells; and the colony with
the next highest frequency of pink in the region is a hillside sample at 1800 m in the
Ensagents valley. Although similarities between the distributions of colour morph fre-
quencies may be seen in the two regions, they are by no means as marked as those for
banding.

(¢) Lip colour

The locus P, which determines the pigmentation of the bands and lip, is linked to the
ground colour (C) and banding (B) loci (Cain ef al. 1968). There is in nearly all samples
from the Pyrenees strong linkage disequilibrium, such that the majority of the yellows
are white-lipped and the majority of the pinks dark-lipped. Calculation of the cross-

product ratio:
yellow dark-lip _ pink white-lip

yellow white-lip * pink dark-lip

for all samples for which it is possible to determine whether the ratio is greater or less
than one (in some samples one ground colour or lip colour class is absent) indicates an
excess of the classes yellow white-lip and pink dark-lip in 100 of the 105 Garonne samples
and 39 of the 45 Segre-Valira samples (the probabilities of obtaining these results by
chance are in both cases less than 0-001). There are also associations between lip colour
and banding. In the Garonne, 82 of the 110 samples amenable to this analysis indicate
an excess of banded dark-lipped and unbanded white-lipped shells (P < 0-001), whereas
Segre-Valira samples show the reverse association: 34 of the 52 workable samples have
an excess of banded white-lipped shells and unbanded dark-lipped shells (for which
P < 0-05). Inspection of tables 3 and 4 shows that the primary association in the majority
of samples is between ground colour and lip colour, and for this reason, the frequency of
white-lip has been expressed as its frequency within yellow. This frequency is shown
in figures 12 and 13 for colonies in the two regions.

Populations in both lower valleys have low frequencies of white-lip in yellow, with
higher frequencies in the upper valley complexes. Populations appear to be monomorphic
for it near the upper limits of the Barrados, Saliente, Negro and some of the valleys in
Andorra. The Garonne de Joué is unusual in exhibiting low frequencies along most of
its length, and it is probably of significance that it is the lowest surveyed tributary in the
Garonne. Colonies in one district in the Segre-Valira may be monomorphic for white-lip
itself: all of the twelve samples at the heads of the adjacent Valira and Ensagents valleys
(Segre-Valira 23-29, Ensagents 1-4, and the Ensagents hillside sample) have no dark-
lipped shells (both in yellow and pink).

These surveys corroborate the findings of Lamotte (1959) for two French Pyrenean

72 VoL. 253. B.
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valleys. He states that white-lipped C. nemoralis are not present in the plains to the north
of the Pyrenees, and shows that they appear in populations in the foothills to rise to
frequencies of between 20 and 859, in the higher valleys. He illustrates the frequencies
of white-lip in the valleys of the Adour and Neste d’Aure, to the west of the Garonne
(figure 1 in this paper). These surveys further show that white-lip in yellow may regularly
reach very high frequencies near the altitudinal edge of range of the species, if not fixation
of the allele P4, for CY also tends towards fixation there.
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Ficure 13. Frequencies of white-lip in yéllow (white) and dark-lip in yellow (black)
in all Segre-Valira samples. Double circles represent hillside samples.

(8) The nature of the selective forces

The relative constancy of morph frequencies within zones (illustrated in the scatter
diagrams, figures 14 and 15) over large distances, the clines, the similar distribution of
morph frequencies between valleys and the two regions, and the linkage disequilibria, are
good evidence that selection is operating; random processes, whether in the past or near-
present, can have played little or no part in determining the phenotypic composition of
colonies.

Where morph frequencies do not correspond with those expected if visual selection
were effective, and in situations where selection of some kind can be inferred, area effects
are said to operate. Cain & Currey (1963 a) defined them as ‘the predominance of a few
morphs irrespective of habitat and background characterizing areas vastly larger than
that of a panmictic population’. The term embodies no implication as to the type of
selection acting.

72-2
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There was much evidence of predation on Cepaea at all altitudes except below Segre-
Valira 17; for example, Garonne 9’, 27, 40 and 49 and Saliente 3 and 9 consist almost
entirely of shells broken at thrush anvils. In the Segre-Valira, 25 of the samples show
evidence of thrush predation. Many of the predated shells were freshly broken, and there
was no epiphragm trace on most of them; there seems little reason to doubt therefore
that predation had occurred in many cases while the snails were active, and consequently
it had been selective. The breeding range of the song-thrush, one of the principal visual
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FicURE 14. Scatter diagram for all samples taken in the Garonne main valley except paired wood
samples. Thick circles: lower zone samples. Thin circles: intermediate zone samples. Broken
circles: the highest eight samples, Garonne 43-50. Habitat symbols. Grass: vertical line; rough
herbage: horizontal line; hedgerow: cross; scrub: open circle.

predators of adult Cepaea, extends as far as north Spain (Peterson, Mountfort & Hollom
1966). I recorded it on six occasions in the Valle de Aran at altitudes up to 2000 m, but
it certainly was not a common species there; I did not record it in the lower Garonne, nor
in the Segre-Valira region. Because of the presence of at least one visual predator and
evidence of its predation, it is necessary to examine to what extent, if any, the morph
frequencies found in the valleys could be controlled by visual selection, or whether they
are controlled by area effect-type selection.

The areas of high frequency of unbanded in the Valle de Aran and at the heads of the
Andorran valleys can be regarded as area effects; for morph frequencies either change
without respect to change in background features, as grassy habitats predominate in the
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higher regions of some of the tributaries against which it is likely that unbanded shells
are less cryptic than banded shells, or they change irrespective of background constancy;
thus, a change in frequency of unbanded from 0 to 1009, takes place in the highest
Garonne samples, in which all the habitats are rough herbage, and frequencies range
from 96 to 96:89, in the Ifiola valley, where all the samples were taken from grass
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Ficure 15. Scatter diagram for all samples taken in the Segre-Valira main valley. The
percentage unbanded point of each sample is shown. Symbols as in figure 14.

habitats. Furthermore, the areas of high or constant frequency may be very large in
comparison with the panmictic unit of about 30 yards diameter (Lamotte 1951; Murray
1962) ; unbanded is at very high frequency in all samples taken in and near the Malo
valley and the head of the Garonne valley (figure 5), an area of at least 10 km?, and in
many of the tributary valleys, high frequencies characterize more than 1 km of riverside.
The same argument applies to the upper zones in Andorra, although the frequencies are
less extreme, and the areas smaller in extent.

Samples from the lower zones of the two regions are shown in figures 14 and 15 as thick
circles. The very high frequency of effectively unbanded (and especially unbanded)
morphs in the Segre-Valira lower zone indicates that a strong area effect for unbanded
is operating over at least the 40 km between Segre-Valira 1 and 6. Lower Garonne
samples 1 to 14 are significantly more effectively unbanded than those in the inter-
mediate zone (median test, ¥} = 17-19, P < 0-:001) due to an increase in the frequency
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of unbanded. On the whole, though, they are appropriate visually to the habitats in
which the snails were living. The six woodland samples taken in the lower zone permit
a direct test of the effectiveness of visual selection. These samples are shown in figure 16
paired with the nearest open habitat samples. All the woodland samples have high
frequencies of yellow, and it is unlikely that the relatively high frequencies of effectively
unbanded shells in these samples is due to visual selection, for yellow effectively unbanded
is probably at a greater visual disadvantage than yellow five-banded (Cain & Sheppard
1954 ; Arnold 1966). Visual selection appears to exert little or no effect on morph frequencies
in the lower Garonne.
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: C0
_ 5o
2
2
5. 50 5
e
I 1 I | T 1 1 T I
0 50 100

% effectively unbanded

Ficure 16. Scatter diagram for all wood samples paired with the nearest open habitat samples.
Habitat symbols. Mixed deciduous wood: horizontal black hemisphere; oakwood: vertical black
hemisphere; coniferous wood: three-quarter black circle. Open habitat symbols as in figure 14.
Pairing. 1, Lower Garonne; 2, Barrados 3 and 4; 3, Barrados 5 and 6; 4, Arinsal 1 and 2;
5, Arinsal 5 and 6; 6, Valira del Norte 4 and 5; 7, Valira del Norte 2 and 3.

A direct test for the efficacy of visual selection in influencing morph frequencies can
be made in only a few localities in the upper valley complexes and intermediate morph
frequency zones. Neither wood sample from the Barrados in the Valle de Aran has morph
frequencies that are appropriate to the brown backgrounds encountered there (figure 16;
compare Cain & Currey 19634, p. 18) and the same is true of the five wood samples taken
from Andorra. It is evident that there is no variation of populations with habitat, and
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that those populations in woods resemble fairly closely in morph frequency those living
in nearby open habitats.

The absence of suitable woods in the main Garonne valley in the Valle de Aran,
and in the main valley of the Valira in Andorra, where populations on the whole resemble
their backgrounds (they tend to be moderately or very yellow, and very five-banded,
figures 14 and 15) means that it is difficult to test conclusively whether visual selection
controls morph frequencies there. In both regions, the range of colour and banding
frequencies is not great, however, despite the considerable diversity of open habitat types
in which the populations were living. Comparison of the families of open habitat points in
the intermediate zones in figures 14 and 15 with that for the Oxford region (Cain & Currey
1963 4, p. 18) shows that the spread of morph frequencies in the intermediate zone valley
samples in the Pyrenees is considerably less. Yet, as far as direct comparison is possible, the
range of open habitat types is similar in the two districts under consideration, and they are
of comparable magnitude in geographical extent: colonies were sampled within a radius
of 16 km of Oxford, and the zones in the Pyrenees are large. Cain & Sheppard (1954)
pointed out that a range of frequencies was to be expected in open habitats if visual
selection were effective, for open habitats taken as a class are heterogeneous—i.e. visual
selection will favour different morph frequency optima so that populations will be
visually adjusted closely to each habitat. (Recently, though, experimental evidence
(Arnold, in preparation) allows another interpretation: that the strength of visual selection
may be greatly reduced in some types of open habitats compared with woods and that
this effect, therefore, could cause morph frequencies in such habitats to respond to
physiological, area effect-type, selection more so than those in woods.) The relative
closeness of the scatters (figures 14 and 15) for the Pyrenean intermediate morph frequency
zones combined with the evidence from the few wood samples taken indicates that visual
selection may well not be responsible for the resemblance to background features found
in the zones, but that area effects favouring five-banded and sometimes moderate fre-
quencies of pink are operating. There is good reason to believe that area effects operate
generally on colour in districts not so far considered in this context for similar reasons.
In the Valle de Aran, colonies in the upper reaches of five of the tributaries may be
monomorphic for yellow; the highest six samples from the Saliente, the highest five from
the Negro, the highest three from the Valarties, the highest two from the Ifiola, and
all the Malo samples contain no pinks. Although the yellow morph is probably visually
more cryptic, both the change in frequency between the main Garonne intermediate
zone and the tributaries, and the evidence that the allele for yellow is often at fixation
in the upper zones, argue that area effects are operating for colour as well as banding,
there as in the intermediate and lower zones.

It can be concluded, therefore, that the upper and lower banding zones in both regions
are area effects, and that there is evidence that the intermediate banding zones are also
area effects. Likewise, areas rather than habitats are characterized by colour morph
frequencies. Visual selection appears thus to play little or no part in influencing morph
frequencies in either of the two regions, and explanations for the morph frequencies found
must be sought elsewhere.
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(4) Climatic selection in the upper valleys

That there is in the upper valley complexes a broad correlation between morph
frequencies and altitude immediately suggests that climatic factors associated with altitude
may be the selective agents, perhaps acting indirectly. Two sets of data and observations
strengthen the suggestion, and permit a hypothesis to be formulated as to which climatic
aspect favours unbanded, yellow, and white-lip at higher altitudes.

(a) Morph frequencies on the hillsides

Each hillside sample was paired with a nearby (usually the nearest, but sometimes
this would have meant double pairing) riverside sample below it. The pairing is shown
in tables 3 and 4. Morph frequencies in the two situations were then compared, first taking
three districts separately. These are the main valley in the Valle de Aran (thirteen pairs),
the tributaries in the Valle de Aran (nine pairs), and the upper valley complex in Andorra
(five pairs). The results are summarized in table 1. The numbers in each are small, and
since there is no significant heterogeneity between districts for any of the three compared
morph frequencies, the data have been combined in the table.

TABLE 1. COMPARISON OF MORPH FREQUENCIES IN RIVERSIDE
AND HILLSIDE PAIRED SAMPLES

Pairs which have the same frequency (at 0 or 100%,) of any one character have been omitted.

Banding more unbanded less unbanded total
riverside samples are: 21 5 26
¥ =865 0001 <P < 001
Colour ... more yellow less yellow total
riverside samples are: 10 15 25

X3 =064 030 < P < 050
more white-lipped  less white-lipped
Lip colour ... in yellow in yellow total
riverside samples are: 16 6 22

X2 =368 005 <P <010

The hillside samples have significantly lower frequencies of unbanded than the riverside
samples; this is so both for samples taken along the Garonne (exact probability = 0-020),
and for samples taken in the tributaries (exact probability = 0-039) in the Valle de Aran.

There is no evidence that colour morph frequencies differ in the two types of sample.
All three districts are consistent in that the hillside samples have lower frequencies of
white-lip in yellow than the riverside samples, and when the results are combined, the
59, level of significance is almost reached (table 1; the exact probability is 0-052). These
frequency differences are not related to habitat differences: 10 of the riverside samples
and 12 of the hillside samples came from grass, and the rest from hedgerows, rough
herbage, and scrub.

The same trend for unbanded and for white-lip in yellow is found when the hillside
transects Peyra Blanca and Aran Hill are compared with those samples from the
nearest tributary valleys to them (see figure 2). Banding morph frequencies are com-
pared in samples matched as nearly as possible altitude-for-altitude between those
taken on the open slopes of Peyra Blanca and those from the nearest river valley, the
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Ifiola less than 1 km to the west, in figure 17. Included in the Peyra Blanca profile is
Garonne 44, and in that for the Ifiola, Garonne 43. The top four samples on Peyra Blanca
and all the Ifiola samples were from grass, although Juniperus, Helleborus and Vaccinium
were frequent in both districts at higher altitudes. The scatter diagrams in figure 17
compare the visual characters of the samples (effectively unbanded morphs other than
unbanded were rare; a total of seven individuals only were found).
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Ficure 17. Profiles of the Ifiola valley and Peyra Blanca hillside, with the frequencies of banded
(black) and unbanded (white) shells shown for each sample. The scatter diagrams show
percentage yellow and percentage unbanded for the samples. Habitat symbols as in figure 14.
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Unbanded is at low frequency until about 1800 m on Peyra Blanca, whereas in the
Ifiola valley, a high frequency of unbanded is reached at 1440 m, an altitude considerably
lower than that on the hillside. The contrast between Peyra Blanca and the Malo valley,
to the east, for banding is much greater (figure 5). The area effect for unbanded intensifies
there, and in the middle of it is the Aran Hill transect; above about 1800 m, samples are
monomorphic for unbanded. The lowest two samples, however, at 1540 m and 1680 m
(Aran Hill 1 and 2) are both more banded than Malo 1 and 2, which are roughly at the
same altitude. Again, there is evidence that colonies on the hillsides remain banded to
greater altitudes than those in the valleys.

TaBLE 2. ComPARISON OF INor.A AND PEYRA Branca, aNp Maro anp Aran Hivr,
MATCHED ALTITUDE-FOR-ALTITUDE AS NEARLY AS POSSIBLY

No., number of samples; %Y, % yellow; 9%Wh-1; 9, white-lip in yellow;
Alt., altitude in metres; %U, 9%, unbanded.

River Ifiola Peyra Blanca hillside
No.  Alt. %Y  %U 9%Wh-1 No. Al %Y %U 9%Wh-1
1 1280 73 10 92 1 1260 60 2 90
2 1440 88 68 94 2 1380 80 6 85
3 1500 96 44 96 3 1500 66 2 88
— — — — — 4 1600 90 5 94
4 1780 100 97 100 5 1760 77 3 89
5 1840 100 84 97 6 1800 85 217 100
— — — — — 7 1900 76 43 100
— — — — — 8 1940 100 73 100
River Malo Aran Hill
No. Al %Y %U %Wh-1 No.  Alt. %Y  %U %Wh-1
1 1540 100 81 81 1 1540 98 72 98
2 1700 100 97 92 2 1680 97 79 88
— — — — — 3 1760 160 100 94
— — — -— — 4 1820 100 100 89
3 1900 100 100 85 5 1900 97 100 75
4 2100 100 100 67 — — — — —

Morph frequencies are compared altitude-for-altitude between samples taken in the
Ifiola valley and those on the Peyra Blanca hillside, and between Malo valley samples
and those from the Aran Hill transect, in table 2.

In one pair, the frequencies of unbanded are the same, and this case has been ignored;
in the other seven pairs, the hillside sample has without exception a lower frequency of
unbanded (exact test, P = 0-016). Hillside samples have higher frequencies of pink in
all eight cases (for which the exact probability is 0-008), and six of the eight hillside
samples exhibit lower frequencies of white-lip in yellow (a trend which is not significant,
P = 0-289, but which is in the same direction as that for the other hillside-riverside
pairs, table 1).

These comparisons indicate that the selective factors favouring unbanded, probably
yellow, and white-lip in the upper valley complexes do not act at the same strength
altitude-for-altitude: the topographical position of a colony is important in modifying
the strength of the selection.


http://rstb.royalsocietypublishing.org/

-a8e[[Ia 1501 91} JO 1YSLL Ay} 03 A9[[eA B[OU] 9 0) IIULIIUD I} PUL DINUD JYSI Iej 1e IPIS[[1Y edue[q eikog ‘(pa1ndsqo
Apaed) oouenius As[rea o[eJ oY) [ UBIY 9Ie ‘wolioq 9y} je Sunders GYSM 2yl uQ *(ouyord sty ur 1ySIs Jo M0 ‘AS[[eA sonIe[RA
9} 01 J0UBIIUO O} SI 3T SUI[qUIasIL A[SO[D) MU I 1e ST A3[eA YOOWENSIy 9y} 0) dULNUI YT, "YPI[ Y3 U0 A9[[eA sanae[eA oY) Jo
9pIS WIS 9} JO IOp[Noys oY) Aq paimosqo Apaed st Aofrea urewr Y, *o4n3o1d YY) JO 3T Y} SPIBMO) JUUOIRY) ) JO A9[[eA urew 9y} se
SONUNU0D PuE ‘PUNOISIIOJ OY} UL ST BPNY 9P BUOILD) 9y} JO AI[[BA I, "IPAL UMOP ISIM-LIOU-1SIM SUBOO] ‘URIY 9P I[[eA YT, 81 TANOI]

ing p. 576)

(Fac

il. Trans. B, volume 253 plate 34

o
=)
1=
c
0
o
>
<3
>
b
Q
(8]
o
A}
<
>
o
g
2
12
2
£
S
=
e
[
S
IS
ke
c
=
S)
a)

>,_lm:UOm mzo_hwmmzﬁ_h | o (7 ALIIDOS mzo_huummzﬁ;
q<>OMmIHH<u_:ﬁ_om9_:m A<>Odm$hd<u_:n_omo=:n_



http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

*$9182INJIq AJ[[BA Y] YIIYM PUNOIE ‘0)TRJUOJA 9P OJIJ ST 9JUE)SIP oY) U] “JOALI SIIB[EA O}
Aq suonendod 1040 mOpERYS ® S15BD A3[[BA SATMIR[R A 9] JO IPIS UIANsIM oY) Ing ‘ourysuns ur are suonendod suuosesr) “£3[[ea suuorer)
9} WO SpIEMYINOS SULyoo[ ‘9961 Jdquardag $z uo ‘Quiy, uedadoiny [eNUI) ‘Y 0z'9T 1€ AI[[BA SIANIE[EA U} 0} DUBHUI Y], "¢ TANOL]

Phil. Trans. B, volume 253, plate 35

Arnold

at Fa o
€ ALIIDOS i venval be ALIID0OS o oovsavar
L TVAOY TH L IvDIHJOSOTIHd L TVAOY dH.L 1vDIHdOSOTIHd


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

STUDIES ON CEPAEA. VII 577

(b) Aspect

The distribution of morph frequencies—particularly frequencies of unbanded—in the
Valle de Aran relates quite well to aspect and to the orientation of valleys. Populations
in the north—south running tributary valleys generally have higher frequencies of unbanded
and yellow than those in the main east-west running valley. In the main valley, a frequency
of unbanded exceeding 709, is not reached until above 1360 m, whereas this frequency
is exceeded at lower altitudes in the Garonne de Joué, Barrados, Negro and Valarties
(the confluences of the Malo and Aiguamoch valleys with the Garonne are higher than
1360 m). The two tributary valleys which do not accord with this, the Saliente and the
Ifiola, open to the south, and this may explain their exception. The main valley is broad
and open; the tributaries, particularly the Barrados and the entrance to the Valarties,
tend to be narrow and steep-sided (figure 18, plate 34). Thus, the river in the Barrados
runs almost throughout its length in a steep gorge, and it is likely that because of the
occluded position of the riverside, it is cooler than in the more open valleys like the
Ifiola, Saliente, and main valley. Of all the upper valleys, the Barrados is the one which
has the highest frequencies of unbanded at the lowest altitudes—above 70 9, in all colonies
above 960 m (figure 5). Figures 9 and 12 show that the same considerations apply broadly
to ground colour and lip colour.

The change in frequency of unbanded in the Valarties is particularly abrupt (figure 5);
frequencies change from about 109, at the Garonne confluence to 809, a kilometre
away inside the Valarties valley. Observations made at the valley entrance in early
September showed that the entrance to this valley was in shadow at about 17.00 h
Central European Time, confirming that it received less sunlight than the main valley
populations nearby, probably about 3 h per day less in September, a result of the shadowing
effect of the steep and high sides of the entrance to the valley (figure 19, plate 35).

The Valarties valley is unusual in that it bifurcates approximately equally in its higher
reaches around a mountain, one arm leading eastwards as the River Rencules; this is
the only tributary of a tributary river of any substantial size in the Valle de Aran, and
it was the only one designated as ‘River’ on the field-map used. At the point of dichotomy,
the valley is open and relatively wide. One of the effects of this opening of the hitherto
narrow valley is that the riverside will receive more sunlight and be warmer than that at
lower levels. Banding (though not colour, and dubiously, lip-colour) frequencies appear
to adjust at this point, for the valley is also unusual in that in the upper reaches, a reversion
to a lower frequency of unbanded takes place in populations found there, frequencies
lower than might be expected when compared with colonies at similar altitudes but in
other tributaries. Valarties 8, at 1370 m, and Valarties 9, at 1420 m, have frequencies of
unbanded of 40-7 (+9-5) 9%, and 25-0 (4-8:8) 9, respectively.

There are two samples in Andorra which are exceptional in having frequencies of
unbanded usually found at much higher altitudes. Valira del Norte 1 and 2, with
46-2 (4-9-8) 9%, and 689 (+4-9) %, unbanded respectively (frequencies which are sig-
nificantly different at the 59, level from the lower frequencies in their nearest samples,
Valira del Norte 3 and Segre-Valira 23) at 1125 and 1150 m, were both taken from the
bottom of a very steep gorge about 50 m across and with sides about 200 m high. The
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gorge is oriented north—south, and opens into a broad valley just above Valira del Norte 3.
As with with Barrados and the entrance to the Valarties, unbanded again seems to be
favoured in positions that are occluded due to local topographical features.

(¢) The selective agent

Three climatic features change fairly regularly with increase in altitude: the degree
of insolation increases, the amount of precipitation increases (although it may decrease
again above a certain altitude), and air temperature decreases, the lapse rate being
approximately 1 °C per 200 m, although this varies from place to place (Kendrew 1949).

It is highly unlikely that increased insolation is responsible for the area effects in the
upper valley complexes, for the changes in morph frequency occur at widely different
altitudes; as shown in section IV-4a, hillside populations have more conservative morph
frequencies than those below them in the valleys, changes in morph frequency occurring
at higher altitudes on the hillsides than in the valleys. Peyra Blanca at 1800 m is likely
to experience greater insolation than the floor of the Negro valley at 1120 m, where
populations are unbanded and yellow. Further, many populations in Andorra have
lower unbanded frequencies at higher altitudes than those in the Valle de Aran.

The effects of decreasing temperature and increasing rainfall with increase in altitude
are less easy to separate. At Pic du Midi, however, 60 km west-north-west of the Valle de
Aran, there is a precipitation inversion varying with season from 1250 m to 1850 m
(Kendrew 1949); Cepaea is found above 1850 m occasionally in the Valle de Aran, and
there is no indication that populations become less unbanded either above that height,
or, with the exception of the Valarties already discussed, at any of the heads of the
valleys.

The distribution of morph frequencies in the upper valley complexes agrees very well,
however, with what may be inferred about temperature from considerations of altitude,
aspect, and general topography. It is a general rule that hillsides, with convex surfaces,
experience less extreme conditions than concave valley bottoms. The air on hillsides is
more liable to disturbance than air in valleys, such that warm air does not tend to
accumulate as it does in valleys, and, during the night, cold air moves into the valleys
from the hill slopes, causing the former to be liable to lower night temperatures (Geiger
1959); and a farmer in the Valle de Aran, when I asked him why a number of the villages
were perched high up on the hill slopes, replied that they were warmer, especially in
winter. Night inversions are a regular feature of hilly country in Britain. That riverside
populations tend to be more unbanded, more white-lipped, and possibly more yellow,
than hillside populations suggests that low night temperatures resulting from the accumu-
lation of cold air by the riverside might be important as the selective agent favouring
these morphs. Conditions on hillsides, milder altitude-for-altitude, would not restrict the
polymorphism until greater altitudes are reached; the data are in agreement.

The aspect and shape of the valleys, and the conjectured effect on climate, add further
support to this. The aspect of land masses has a profound effect on modifying local climate
(Geiger 1959; Miller 1943); it is the valleys that face south that are likely to be warmer
than the north-facing ones, and it is these which on the whole have more conservative
morph frequencies (with the exception of the Barrados, which, as noted, is exceptionally
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steep-sided and gorge-like). Further, the broad east-west main valley in the Valle de
Aran has populations that are more polymorphic than those in the tributaries, altitude-
for-altitude, which run north-south and which are likely to receive less sunlight for
this reason.

The effects of increased altitude, and the influence of local topography on air movements
and on the amount of sunlight received, may be part of one over-all effect; that at certain
times of year, low temperatures exert a selective effect on the polymorphism. It may be
that the time of disappearance of winter snow in spring is critical (and if this were so, then
precipitation effects would be closely associated with temperature effects), the snow
perhaps lying longer at higher altitudes in valley bottoms, and in localities in which
a reduced amount of sunlight is received.

A comparison between the climates of the Valle de Aran and Andorra supports the
hypothesis. Andorra is both warmer in summer (the 23 °C July isotherm crosses it), and
drier (800 to 1000 mm of total precipitation, with 100 to 150 rain days per year) than
the Valle de Aran (21 to 22 °C, 1000 to 1200 mm, 150 to 200 rain days). The climatic
data are from the Atlas de France. Populations in Andorra do not exhibit such high
frequencies of unbanded at high altitudes, which, ex Aypothesi, is expected. This argument
does not apply conclusively to lip-colour, nor to colour morph frequencies, though.

(58) Climatic selection in the lower valleys

The lower morph frequency zones in the lower valleys of both regions resemble one
another in that compared with the intermediate zones, they are more unbanded and
tend to be more yellow (significantly so in the case of the Garonne), but they differ in the
magnitude of the change in unbanded frequency. The Segre-Valira lower zone samples
have significantly higher frequencies both of unbanded and of yellow than those in the
Garonne lower zone (P < 0-05 in both cases). That the same change takes place in both
regions implies that similar selective forces are responsible; and the difference in the
magnitude of the changes indicates that the intensity of selection is different in the two
lower zones. Both clines in unbanded are stepped.

The lower valleys are likely to experience higher temperatures than the upper valleys as
a result of their lower altitudes, and they are drier. The difference is far more pronounced,
though, in the Segre valley which runs south towards the River Ebro. The flora is
essentially mediterranean in type, and land-snail species like Eobania vermiculata (Mill.),
Pseudotachea splendida (Drap.), and Rumina decollata (L.) occur, species not found in Andorra,
nor in any part of the Garonne region surveyed. It is the drier of the two lower valleys,
receiving 600 to 700 mm of precipitation per year, compared with 800 to 1000 mm in the
lower Garonne (data from the Atlas de France).

Comparison of environmental conditions and the direction and magnitude of the
changes in morph frequency are consistent with the hypothesis that unbanded and yellow
are favoured by warm and dry conditions, again probably acting selectively at certain
limiting times. of year, in this case in the summer.

The argument can only partly be applied to lip colour; for although there is a pro-
gressive decrease in the frequency of white-lip in yellow with decreasing altitude in both
regions, suggesting that it is at a disadvantage in associated conditions, it remains at
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a higher frequency in the lower valley of the Segre-Valira (figures 12 and 13). Comparison
of the frequencies of white-lip in yellow between populations living between 400 and
600 m in both regions (Segre-Valira 2-11, Garonne 1-18) shows that frequencies are
significantly higher in the Segre-Valira (median test, y3 = 7-62, P < 0-01).

There are indications that two other banding morphs may be favoured in warm and
dry conditions. The mid-banded gene, M?, reaches higher frequencies in the main Garonne
valley in the lower colour and banding zones than in the intermediate zones—five of the
lower zone samples have frequencies of M? higher than any of the intermediate zone
samples; the range of frequencies in both zones is great, however, and there is no evidence
for an overall difference (median test, y3 = 0-11, P > 0:05). It is present in the Segre-
Valira in only five samples, all below 800 m. In three, Segre-Valira 15-17, it is at very
low frequency, but it reaches moderate frequencies in the two lowest samples, Segre-
Valira 1 and 2. Secondly, the punctate banding morph, in which the dark banding
pigment is not at equal intensity along the bands, is found only in the lowest Garonne
sample, Garonne 1, and in eight samples between Segre-Valira 1 and 11, five of them in
the lower zone (tables 3 and 4); it is absent in the other samples.

(6) Results on climatic selection

The evidence indicates that unbanded and yellow morphs are favoured whenever
some aspects of the climatic environment, particularly temperature, are relatively severe
for at least some time during the year, and, conversely, that banded (especially five-
banded) and pink are favoured or less disadvantageous respectively in milder climates;
the results further demonstrate that area effects can be caused by climatic selection.

The clearest correlation between the distribution of a morph frequency and inferred
climatic conditions is that with banding, and it seems likely that climatic selection at
least near the altitudinal edge of range exerts a direct effect on the polymorphism, for
the clines are smooth, and the adjustment of morph frequencies to the local climatic
environment is close. The surveys in the lower valleys, where the clines are stepped
without obvious relation to features which might cause sharp discontinuities in climate,
indicate that other factors such as co-adaptive selection may also influence the banding
morph frequencies there.

The correlation between climate and colour morph frequencies is less close; no ex-
planations on climatic grounds can be advanced for colonies exhibiting anomalous
frequencies in the zones, and results obtained from the hillside samples are ambiguous.
It is possible that climatic selection on colour is indirect—climate acting through an
environmental concomitant, for example—or that colour is more subject than banding
to other forms of more local selection; these would account for the less clear pattern of
colour morph frequencies.

White-lip is clearly favoured by some aspect of the Pyrenean mountain environment,
probably low temperatures and high rainfall. The hillside results support a climatic
interpretation for its frequency distribution, although comparisons between its frequencies
in the two lower valleys show that the explanation advanced may be too simple.
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V. Discussion

Lamotte (1951) gives the frequencies of unbanded for colonies sampled in four major
Pyrenean valleys on the north side of the watershed, and notes (pp. 146 to 148) that
unbanded tends to be at higher frequencies both at altitudes below 450 m and above
1000 m. He points out, however, that this tendency is feeble in these valleys, and subject
to considerable variation both within and between valleys. He concludes that climatic
selection is affecting the phenotypic composition of the populations there, but that this
selection is comparatively unimportant compared with other evolutionary effects.

The wide range of frequencies of unbanded in Lamotte’s valleys contrasts somewhat with
the relatively narrow range in the Garonne and Segre-Valira; zones of banding morph
frequencies are certainly not as clear-cut. The difference could be explained if samples were
not taken from uniform positions, but from various topographical positions in the valleys,
for it has been shown above that the strength of climatic selection varies with position.

Alternatively, morph frequencies may not be at equilibrium; the valley which he
studied most intensively, the Ariége, is probably one of the most disturbed by human
activity, and evolutionary factors like gene-flow, founder effect, and forms of selection
associated with intensive human activity may well be more important there than in
valleys where disturbance has been less severe.

Nevertheless, his data are broadly consistent with mine, both in that there is evidence
that unbanded is more frequent at either ends of the surveyed parts of the valleys, and
also in that comparison of its morph frequencies between valleys conforms with the
Garonne and Segre-Valira situation, populations in the east being more banded at
higher altitudes. July isotherms cross the Pyrenees from north to south, temperatures
increasing towards the Mediterranean. Similarly, annual rainfall decreases eastwards
(Atlas de France). Thus, valleys in the east are warmer for much of the year, and drier.
At the lower altitudinal limit of his collecting in the Pyrenees, it is populations in the
Ariége valley, the one nearest the Mediterranean, which exhibit the highest frequencies
of unbanded (39 %,) between 300 and 450 m (Lamotte 1951, p. 147); and in his samples
taken above 1000 m, unbanded is at its highest mean frequency (559,) in the Adour
valley, the most western of his four valleys. The Ari¢ge has the second lowest mean fre-
quency in samples above that height. His highest sample was taken from the Ariége
at about 1400 m, an altitude below which comparatively few populations sampled by
me in the Pyrenees exhibit high frequencies of unbanded; this may explain the paucity
of samples with really high frequencies in his surveys. There is, hence, some agreement
with the hypothesis that higher frequencies will be found in the lower parts of the valleys
in the warmer and drier regions, and that they will be found at higher altitudes in the
cooler, and perhaps wetter, valleys.

Lamotte (1951) considers that insolation favours unbanded at higher altitudes as well
as at low ones, the incidence of cloud cover, he points out, being greater in the more
banded parts of the valleys. Both his data and mine for any one region and for riverside
samples only would agree with this; however, as argued here in section I'V-4, the evidence
from topographical considerations favours a different interpretation, for hillside populations
are more banded at higher altitudes than riverside ones, and not less so, as would be
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expected if insolation favoured unbanded. Further, Lamotte’s data themselves indicate
that populations in the easternmost valleys are more banded than those in the most
western at high altitudes, and not less so, as again would be expected if insolation were
the factor favouring unbanded at higher altitudes.

The idea that unbanded snails are favoured in insolated places is an old one—for
example, Taylor (1914) and Haviland & Pitt (1919) thought that this was so. Schnetter
(1950) working, though, with C. hortensis, reported a change to a higher frequency of
unbanded after the destruction of cover in the habitat by bombing. Lamotte (1951)
indicates that unbanded C. nemoralis were more frequent in sunny localities in three
regions in France, but commented that his evidence was not strong: in two regions,
Aquitaine and the Parisian region, the mean frequencies are not significantly different
from one another, while in the third (the Somme valley) all the sunny biotopes were in
one part of the valley, with the shaded ones elsewhere. As a result of extensive collecting
throughout France, he concluded (1951) that climatic factors play very little role in
influencing the polymorphism, for the correlation between various climatic aspects and
banding morph frequencies is low, and within any one climatic region, significant dif-
ferences could be observed between populations in districts in it. Nevertheless, as Cain &
Sheppard (1954) commented: ‘His published results (p. 141) do suggest a correlation
between the frequency of unbanded shells and temperatures in both July and January,
but these two factors may not be independent’.

In his 1959 paper Lamotte is more emphatic about the role of climate as a selective
agent. He considers that the clear and consistent differences between colour morph
frequencies in woods and open habitats in France is due to yellow being favoured by the
drier and more insolated conditions in the latter habitat-type, and he affirms that unbanded
snails are more frequent in districts in France with higher July temperatures; further, he
shows that although there is no correlation between colour morph frequencies and
summer temperatures, there is an obvious negative one between the frequency of yellow
and mean January temperature. Guerrucci-Henrion (1966) has recently demonstrated
in Brittany a convincing correlation between the amount of precipitation and colour
morph frequencies, yellow being significantly more frequent near the coast than inland,
where the amount of precipitation is much higher. She found no evidence for a correlation
between banding-morph frequencies and rainfall.

Taken together, the foregoing results and observations amount to a body of evidence
indicating that unbanded is favoured over banded in both sunny and warm environments,
and also possibly in cold climates, and that yellow may be favoured over pink in such
circumstances too. They agree well with results from the Pyrenees, and there appear to
be no areas of serious disagreement.

A number of workers have investigated the capacity of different morphs to survive
periods of unusually high or low temperatures, in an attempt to correlate differences
with the observed field distribution of morph frequencies. Boettger (1954) performed
a number of experiments in which snails of both species of Cepaca were subjected to
temperatures of up to 60 °C for short periods, and showed that yellow unbanded C.
hortensis had a higher survival rate than yellow banded ones; he used far fewer C. nemoralis
in the experiments, and differences in survival were not apparent. Sedlmair (1956)
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confirmed Boettger’s result for C. hortensis, using conditions that approximate to those
that might obtain in the field—snails were exposed in cloth bags out of doors in summer
for a month; with C. nemoralis, she found a higher survival rate in pink, though. She
showed that yellow unbanded C. hortensis and yellow C. nemoralis preferred warmer and
drier resting places than yellow five-banded C. hortensis and pink C. nemoralis when live
snails were permitted to choose their resting places in humidity and temperature gradients.

Lamotte (1959) performed similar experiments to Boettger’s, but using C. nemoralis only;
exposure to an electric light bulb for 40 h at 35 °C resulted in more yellow and unbanded
snails surviving than pink and five-banded snails. He also subjected C. nemoralis to a cold
régime, (3 h at —8 °C), and again found that yellow and unbanded snails survived better.
Carter (1965) raised young C. nemoralis for about 6 months at temperatures of 32, 20 and
2 °C, and concluded that yellow five-banded and yellow mid-banded snails were more
resistant to extreme temperatures than pink five-banded ones.

As Lamotte (1959) commented, the experimental results are fragmentary, but they
agree quite well with what would be expected from the field distribution of the morphs,
with yellow and unbanded frequent in insolated and warm places and pink and banded
snails frequent in sheltered environments. Yellow and unbanded morphs survive low
temperatures better also: that is, they appear to be the more resistant morphs. They appear
to be found at higher frequencies in districts that tend towards having extreme tempera-
tures. In the Pyrenees, climate may well control morph frequencies in populations, but
elsewhere, a complex of selective factors may override climatic selection (for example, in
lowland England, where visual selection controls morph frequencies generally).

The Pyrenees results suggest that when certain climatic factors become sufficiently
extreme, area effects in unbanded and yellow will be found; and they further suggest
that if the strength of visual selection is relaxed in regions where area effects occur, as
recent observations and experiments indicate (Arnold 1966, and in preparation), area
effects in five-banded and in pink may be expected in climatic conditions that are com-
paratively mild.

High frequencies of unbanded rarely occur in England (except in woods, a result of
visual selection), and no strong area effects in unbanded have been described in southern
England, where mid-banded and five-banded are responsible for area effects in banding
in the regions so far surveyed. Where area effects in unbanded might be expected is in
the north on high country; for conditions there at certain times of the year may approxi-
mate to those obtaining in the Pyrenees at higher altitudes, and thus may exert a similar
restricting effect on the polymorphism. Trees do not grow in Britain above about 620 m
(Manley 1952), the altitudinal limit being set by the length of growing period, limited by
low temperatures over part of the year. Hence, populations of C. nemoralis are likely to
experience cool conditions at very much lower altitudes than in the Pyrenees.

In 1964, I made one sample of thirty-one adult snails from the limestone uplands of
Staffordshire at 275 m. Twenty-eight of them were unbanded and twenty-nine were
yellow (table 5). One unbanded yellow had a white-lip. The only other sample at the
time known to come from the same district was made by Dr D. A. West at Hall Dale.
The sample is large, and consists only of unbanded shells; it does, however, have a
relatively high frequency of brown, a colour morph which is usually unbanded. White-lip

74 Vor. 253. B
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also is present (table 5). I am grateful to Professor A. J. Cain for drawing my attention
to this sample. Recent extensive collecting on the high limestone of the regions shows that
populations with high frequencies of unbanded are fairly common, and that white-lipped
individuals occur (J. J. D. Greenwood, personal communication). A survey that Professor
Cain and I have commenced to test the idea on the high limestone near Cross Fell in
CGumberland, over 150 km north of the localities from which the above two samples
were taken, indicates that at least unbanded may be more frequent at higher altitudes.
Of the five samples so far made, the highest (at 535 m) has the highest frequency of
unbanded (69 9,), consists only of yellow shells, and white-lip is present (table 5). These
surveys show that climatic area effects in banding may well occur outside the Pyrenees.

TABLE 5. OTHER SAMPLES REFERRED TO IN THE TEXT

yellow
— A S pink habitat
locality and 0 3 5 0 and
map . A N A N . A A N altitude
references wh.l. d.l. whl dl whl dl whl dl total remarks (m)
near Ilam, 1 25 — 3 — —_ — 2 31 EU 5, brown, G 275
Staffordshire. absent
SK. 127496
Meickle Awfell, 4 14 — 1 — 7 — — 26 EU 5, brown, G 535
Cumberland. brown absent
NY. 629381 0
—
wh.l. d.L
Hall Dale, 23 95 — — — — 17 216 351 EU 5, pink, G 275
Staffordshire. absent
SK. 132539

Note: None of the samples contains pink or brown banded shells.

Area effects in banding on chalk along the south coast of England tend to be for
five-banded. Thus, Carter’s (1965) work on the Purbeck Hills, and Arnold’s (1966) on the
eastern South Downs suggest that area effects in mid-banded are rare, in contrast to the
situation in south-central England (Cain & Currey 19634, b; Carter 1965). It may be
that the milder and more humid conditions near the coast favour predominantly five-
banded area effects on chalk (Arnold 1966). Lamotte’s (1954) data for the frequencies
of the banding morphs in various regions in France indicate that five-banded is com-
paratively frequent in the departments of Nord and Pas-de-Calais, both predominantly
calcareous and near the sea, as I pointed out (1966).

With respect to colour, both Carter (1965) and Arnold (1966) found very high frequencies
of yellow in the highest parts of regions where area effects are operating, on the Berkshire
Downs and South Downs respectively, and Professor Cain has told me that the same is
true for the Marlborough Downs, suggesting that yellow is favoured in the most exposed
conditions on chalk in England. Also, the only strong area effect for pink so far described
is on the South Downs (Arnold 1966), one of the most temperate chalk regions surveyed,
as -pointed out above. The demonstration that yellow is favoured over pink in more
extreme climates in the Pyrenees suggests that climatic selection may affect colour
morph frequencies in England, although very much more evidence will be needed
before this can be substantiated.
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The extent of the area effects in the Pyrenees is often very large—much larger than
ones so far described on chalk. Thus, the intermediate zones, for example, are 28 and
40 km long in the Garonne and Segre-Valira regions respectively, and the lower zone in
the Segre-Valira is at least 40 km long. Yet stability in morph frequencies (especially in
banding) is maintained despite altitudinal ranges of 700 and 1200 m in the intermediate
zones, ranges in which climate is likely to alter considerably. In both regions, the clines
between the intermediate and lower zone morph frequencies are stepped, suggesting
that selective factors other than straightforward selection by climate are operating.
Clarke (1966) has recently advanced a theory that may explain how stepped clines for
one or more genes could be produced by a gradually changing environment through
selection on modifiers of the gene being studied—i.e. co-adaptation of this kind may
produce a stepped cline. Although the scale of distance is vastly greater in the Pyrenees
than in English regions so studied, a parallel may be drawn with the change from mid-
banded to five-banded area effects at the Barbury Gap on the Marlborough Downs
(Cain & Currey 1963 a), where it is also exceedingly difficult to recognize any obvious
difference in the environment between the two areas; the selective factors responsible for
the area effects are not, however, known here. Further work has been undertaken in the
vicinity of both stepped clines in the Pyrenees, the data from which are as yet unanalysed
(Arnold, in progress).

The distribution of white-lip appears to follow regions where rainfall is relatively
high, or where temperatures are seldom elevated. Thus, besides being found at high
frequency in the high Pyrenees, it is found in some populations on the west coast of
Ireland (Cook & Peake 1960), in Derbyshire and Staffordshire, on the Yorkshire limestone
Cook (1966), in North Cornwall (Arnold 1966), and I have found it in North Wales. It
appears to be exceedingly rare in southern England, and in northern France (Lamotte 1951).

To Professor A.J. Cain, my supervisor when this work was performed, I owe a debt
of gratitude for encouragement and advice both during the course of the work and
during the preparation of the paper, when his suggestions for improvement of it were
invaluable. I was supported by a grant from the States of Guernsey, and I should like
to express my thanks to them for a special travel grant which made the 1962 visit possible.

I wish to thank Professor J. W. S. Pringle, F.R.S., for allowing me research facilities in
his department at Oxford; Professor Maxime Lamotte, for discussion in 1962 and 1963;
and Mrs Beryl Cavanagh for her care in typing the final draft of the paper.
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EXPLANATION OF TABLES 3, 4 AND 5
(1) 0, 3, 5, E.U.5: phenotypes of banding formulae 00000,00300,12345, and 00345, and minor
variants of them, respectively.
(2) wh.l.: white-lip; d.L.: dark-lip; hyal.: hyalozonate.
(3) The presence of C. hortensis is recorded.

(4) Habitats: G: grass; RH: rough herbage; H: hedgerow; S: scrub; OW: oakwood; MDW:
mixed deciduous wood; CW: coniferous wood. Altitudes are given in metres.

(5) In table 4, first column—R: riverside sample; HS: hillside sample.

(6) Pairing of samples: wood-riverside pairs are indicated in table 3 by the same sample numbers,
the wood sample being shown by a prime. Hillside samples from the Valle de Aran are listed
separately at the end of table 3, and where they are paired, the corresponding riverside sample
is shown. Hillside samples from Andorra are listed with the riverside samples in table 4, and the
riverside samples with which they are paired shown.
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Ficure 18. The Valle de Aran, looking west-north-west down river. The valley of the Garona de Ruda is in the foreground, and continues
as the main valley of the Garonne towards the left of the picture. The main valley 1s partly obscured by the shoulder of the eastern side
of the Valarties valley on the left. The entrance to the Aiguamoch valley 1s at left centre (closely resembling it 1s the entrance to the
Valarties valley, out of sight in this picture). On the right, starting at the bottom, are Aran Hill, the Malo valley entrance (partly
obscured), Peyra Blanca hillside at far right centre, and the entrance to the Inola valley to the right of the first village.
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Ficure 19. The entrance to the Valarties valley at 16.20 h, Central European Time, on 24 September 1966, looking southwards from the
Garonne valley. Garonne populations are in sunshine, but the western side of the Valarties valley casts a shadow over populations by
the Valarties river. In the distance is Pico de Montarto, around which the valley bifurcates.
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