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ALTITUDINAL GRADIENTS
AND SHELL MORPHOLOGY IN ABIDA SECALE:
ECOPHENOTYPIC VARIATION AND SUBSPECIES

BAs KOKSHOORN
& MERIN M. Bos






INTRODUCTION

It is well known in land snails and other organisms, including humans, that the
more extreme conditions at higher altitudes as compared to the lowlands may
induce an ecological and evolutionary response (see for example: Buria & Stahel,
1983; Berner et al., 2004; Beall, 2006; Dillon et al., 2006). The temperatures are lower,
the atmospheric pressure is lower, negatively influencing the oxygen percentage in
the air, and the season available for growth and reproduction is shorter. Usually
there is also a difference between north- versus south-facing slopes. The adaptation
to such a relatively hostile environment may be both ecophenotypic and genetical-
ly induced (Berven, 1982; Baur & Rabout, 1988; Cuauhtémoc et al., 2006).

High-altitude populations in land snails have been studied by several authors.
Clinal variation has been observed in life history traits (Baur & Baur, 1998), body
size and shell shape (Hausdorf, 2003; Gittenberger, 1991; Gittenberger et al., 2003),
as well as species diversity (Tattersfield et al., 2001). Some species are exclusively
adapted to high-altitudes, like for example the eastern Pyrenean helicid snail
Arianta canigonensis (Boubée, 1833), which is not known from below 2200 m altitude
(A]. de Winter, personal observation), or the helicid Alpine snail Cylindrus obtusus
(Draparnaud, 1805), which is usually found (far) above 1500 m altitude in Austria
(Klemm, 1973). Other species or species groups occur along a large altitudinal
range, sometimes reaching from sea level to mountain summits. A species from that
category is Abida secale (Draparnaud, 1801).

Abida secale occurs throughout Europe, from England in the west, Belgium and
southern Germany in the north, and Slovakia in the east. The southern part of its
distribution includes northern Italy, France and northeastern Spain (Gittenberger,
1973; Kerney, 1963; Kerney et al., 1983). The morphological differentiation is small
over the largest part of its range. An exception to this uniformity is found in the
southwestern part of the species’ range. In a small part of SE. France and NE. Spain
the species shows an extreme morphological differentiation. This has led to the
description of three subspecies from the French part of the Pyrenees, one from
Andorra, and an astonishing eleven from the province of Catalunya, Spain
(Kokshoorn & Gittenberger [chapter 8, p. 123]).

The geographical distribution of Abida secale and its morphologically defined
subspecies is rather well known, but sofar hardly any attention has been paid to
variation in shell morphology along altitudinal gradients. A striking case where alti-
tudinal variation has been documented concerns the Comabona Mtn in the Sierra
del Cadi, south of Andorra. Here we find in the valleys two clearly distinguishable
subspecies of A. secale, viz. A. s. brongersmai at the northern side and A. s. brauniop-
sis in the south. From high altitudes here, i.e. the Collado de Tancalaporta at 2000 m,
two additional subspecies have been described, viz. A. s. cadica (Westerlund, 1902)
and A. s. cadiensis Gittenberger, 1973. These two taxa are readily distinguishable and
their alleged sympatric occurrence led Gittenberger (1973) to locate the ends of an
“Abida secale ringspecies’ at high altitudes in the Sierra del Cadi. This hypothesis was
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Fig. 1. Map of the study area. The Tournon mountain (TOU) lies outside the map area. Mercator projection

based on the observation that the subspecies in the valleys around the mountain
range are interconnected by intermediates. From the Collado de Tancalaporta two
forms without intermediates are represented in collections, thus suggesting a case
of intraspecific isolation in conformity with the ringspecies model. This hypothesis
could neither be confirmed nor convincingly falsified by Kokshoorn & Gittenberger
[chapter 6]. During fieldwork near the Collado de Tancalaporta, neither a truly sym-
patric and syntopic occurrence, nor intermediate forms have been observed. On the
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one hand, populations of both forms come as close as hundreds of meters, but an
overlap was not observed. On the other hand, our molecular data suggest that there
is, or recently has been, gene flow between A. s. cadica and A. s. cadiensis and not a rel-
atively large genetic distance, supposed to have accumulated over a series of ring-like
interconnected populations. Fieldwork has also made clear that high-altitude forms of
Abida secale occur in several other mountain ranges in the area. These forms are simi-
lar to A. s. cadiensis and A. s. cadica (Kokshoorn & Gittenberger [chapter 8]).

We investigated the morphological variation along altitudinal transects. Using
six morphometric parameters, the relation of these characters to altitude and geog-
raphy (north- versus south-side and geographical distribution) was analysed.

MATERIAL AND METHODS
STUDY SITES

Snails were collected along four altitudinal transects on both the northern and
the southern side of the Comabona (CMB) and the Pedro dels Quattre Battles (PQB)
in the Sierra del Cadi and the Sierra Moixero. Material from high altitudes at five
mountains elsewhere was examined for comparison, i.e. from the Alt de la Capa in
Andorra, the Pedraforca and the Torre del Cadi in the Sierra del Cadi, the Tossa
Pelada in the Sierra del Comte, southwest of the Sierra del Cadi, and the Tournon in
the French Alps (fig. 1). The sample from the Tournon was kindly provided by Mr.
O. Gargominy, Paris, France. Samples and collection numbers are given in table 1.

The altitudinal transects were dived in categories (altitude zones or AltZone).
AltZone 1 (the foot of the mountain) ranges from 900 — 1,500 m, AltZone 2 from
1,501 — 1,700 m, AltZone 3 from 1,701 — 2,200 m and AltZone 4 from 2,201 — 2,500 m
alt. The summit (AltZone 5) was defined as >2,501 m alt.

MORPHOLOGICAL MEASUREMENTS

To characterize the general morphology of the shells, six parameters were select-
ed that are commonly used to distinguish subspecies in Abida secale, viz. shell height
(SH), width of the body whorl (SW), apertural height (AH) and width (AW), “pro-
trusion’ of the aperture (P) and the number of whorls (W). The ‘protrusion” was
measured at a 90° angle to the shell’s axis, from the body whortl to the frontal edge
of the aperture. The number of whorls was counted as illustrated in Kerney &
Cameron (1979: 13). Shells were measured using a ‘Wild M5©’ stereo microscope
and an ocular with a scale. All measurements were converted to millimeters. Only
undamaged shells were measured, so that for all shells all six characters are avail-
able.

STATISTICAL ANALYSES

The inter-correlation between the six morphological characters was tested with
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Mtn |Transect Data AltZone 1 | AltZone 2 | AltZone 3 |AltZone 4| Summit

CMB North |n 18 13 37 41
ShellHeight (SH) 8.82+0.14 | 8.94+0.16 | 7.76+0.09 | 6.55+0.07
ShellWidth (SW) 2.71+0.03 | 2.88+0.04 | 2.62+0.03 | 2.46x0.02

ApertureHeight (AH) 2.65+0.03 | 2.61+0.04 | 2.47+0.03 | 1.99+0.02
ApertureWidth (AW) 2.04+0.03 | 1.91+0.05| 1.93+0.02 | 1.71+0.02

Protrusion (P) 2.64+0.03 | 3.23+0.06 | 2.54+0.02 | 2.37+0.02
Whorls (W) 9.31+0.09| 9.77+0.12| 8.48+0.10| 7.93+0.06
Factor -0.87+0.08 | -1.26+0.11 | -0.26+0.06 | 0.65+0.05

South |n 6 11 14 10 20
ShellHeight (SH) 9.62+0.29 | 10.23+0.38 | 8.77+0.29| 6.66+0.12 | 6.1+0.09
ShellWidth (SW) 2.63+0.04| 2.73+0.03 | 2.67+0.04 | 2.38+0.02 | 2.29+0.02

ApertureHeight (AH) 2.77+0.08 | 2.74+0.05| 2.54+0.08 | 1.91+0.03 | 1.85+0.03
ApertureWidth (AW) 2.03+0.03| 2.05+0.04| 2.03+0.05| 1.66+0.02 | 1.62+0.02

Protrusion (P) 2.92+0.06 3.2+0.08 | 3.05+0.05| 2.31+0.03 | 2.18+0.03
Whorls (W) 10.170.23 | 10.47+0.19| 9.59+0.17 | 8.75+0.13 | 8.12+0.10
Factor -1.26x0.11 | -1.61+0.16 | -1.02+0.19 | 0.67+0.05| 1.06+0.07
PQB North |n 13 16 18
ShellHeight (SH) 11.14+0.18 8.45+0.11 | 6.59+0.08
ShellWidth (SW) 3.13+0.04 2.89+0.04 | 2.53+0.02
ApertureHeight (AH) 3.23+0.04 2.71+0.03 | 2.06+0.03
ApertureWidth (AW) 2.42+0.04 2.05+0.02 | 1.74+0.03
Protrusion (P) 2.97+0.03 2.72+0.06 | 2.33+0.03
Whorls (W) 10.110.09 8.58+0.06 | 8.02+0.07
Factor -2.44+0.08 -0.9+0.09 | 0.54+0.08
South |n 12 20 49 21
ShellHeight (SH) 7.67+0.12 8.2+0.12 | 6.35+0.07 | 6.02+0.07
ShellWidth (SW) 2.34+0.04 2.4+0.02 | 2.46+0.02 | 2.40+0.02
ApertureHeight (AH) | 2.19+0.03 2.28+0.03 | 2.02+0.02 | 1.91x0.02
ApertureWidth (AW) 1.75+0.02 1.79+0.02 | 1.70+0.01 | 1.63+0.01
Protrusion (P) 2.13+0.05 2.25+0.02 | 2.27+0.02 | 2.18+0.02
Whorls (W) 9.13+0.09 9.58+0.10 | 7.91+0.07 | 7.53+0.08
Factor 0.36+0.07 0.03+0.08 | 0.73+0.05| 1.05+0.05

Table 2. The six measurements of A. secale shells collected from the Comabona (CMB) and Pedro dels
Quattre Battles (PQB) Mountains in Northern Spain, averaged per AltZone and for the summits + 1 SE.

Table 1. Samples used in this study.
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SH SW AH AW P w Factor
Shell Height (SH) 1.00 0.65 0.91 0.81 0.71 0.89 -0.95
Shell Width (SW) 1.00 0.77 0.79 0.85 0.39 -0.82
Aperture Height (AH) 1.00 0.90 0.75 0.71 -0.95
Aperture Width (AW) 1.00 0.77 0.60 -091
Protrusion (P) 1.00 0.51 -0.85
Whorls (W) 1.00 -0.78
Factor 1.00

Table 3. The correlation matrix with Spearman rank R-values between the six measurements of A. secale
shells collected from CMB and PQB in Northern Spain. Because all correlations were significant at the p-
level of 0.001, a factor was calculated using Factor Analyses. This factor explained 79.6% of all variance
and is included in the correlation matrix.
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Effect SS Degr. of
Freedom

Shell Height
Mountain Random 11.95 1.00 0.52 0.49
Transect Random 102.56 2.00 0.89 0.48
AltZone Random 378.63 3.00 9.70 0.00
Mountain*Transect* AltZone Random 103.57 9.00 37.14 0.00
Error 93.89 303.00
Shell Width
Mountain Random 0.05 1.00 0.05 0.82
Transect Random 4.62 2.00 2.70 0.14
AltZone Random 4.08 3.00 2.72 0.11
Mountain*Transect* AltZone Random 3.98 9.00 29.18 0.00
Error 4.59 303.00
Aperture Height
Mountain Random 0.42 1.00 0.23 0.64
Transect Random 9.23 2.00 1.27 0.37
AltZone Random 23.43 3.00 8.60 0.01
Mountain*Transect* AltZone Random 7.22 9.00 36.20 0.00
Error 6.72 303.00
Aperture Width
Mountain Random 0.15 1.00 0.22 0.65
Transect Random 2.71 2.00 1.42 0.32
AltZone Random 5.32 3.00 4.42 0.04
Mountain*Transect*AltZone Random 3.20 9.00 28.26 0.00
Error 3.81 303.00
Protrusion
Mountain Random 4.68 1.00 2.72 0.13
Transect Random 4.39 2.00 0.84 0.48
AltZone Random 14.14 3.00 3.89 0.05
Mountain*Transect*AltZone Random 9.62 9.00 50.66 0.00
Error 6.39 303.00
Whorls
Mountain Random 8.76 1.00 1.09 0.33
Transect Random 41.61 2.00 1.00 0.44
AltZone Random 138.84 3.00 11.07 0.00
Mountain*Transect*AltZone Random 33.38 9.00 18.28 0.00
Error 61.48 303.00
Factor
Mountain Random 8.75 1.00 0.66 0.44
Transect Random 57.34 2.00 1.15 0.39
AltZone Random 153.98 3.00 6.83 0.01
Mountain*Transect* AltZone Random 59.73 9.00 52.63 0.00
Error 38.21 303.00

Table 4. Results from the General Linear Models to test the effects of altitude on six measurements of A.

secale shells collected from two mountains in Northern Spain, with the factor that explained 79.6% of the

variation among these variables. Type I hierarchical variance reduction was used with “Mountain”

entered first, followed by “Transect”, “AltZone” and the interaction effect between these categorical pre-

dictors.
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Figure 2. Example of clinal variation observed across the altitudinal gradients, here for Shell Height (SH).

Spearman Rank correlations. Subsequently, factor analyses were used to combine
inter-correlated variables into a single factor. This factor represents a certain amount of
the variability of the data. To test for the effect of altitude on each of the morphological
measurements and factor, General Linear Models (GLMs) with Type I hierarchical
variance reduction were used. The categorical predictor “Mountain” was tested first,
followed by “Transect” and “AltZone”. In addition, the interaction effect between these
three categorical predictors was included (“Mountain”*“Transect”*“AltZone”) to test
whether effects of altitude differed between transects and mountains. To quantify the
width of morphological variation within altitudinal zones, the Coefficient of Variation
(CoV), i.e. the standard deviation divided by the mean, was calculated for each of the
six measurements. The relation between altitude and CoV was tested with one-way
ANOVA's. All analyses were carried out using Statistica 6.0 (©StatSoft).
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Figure 3. Graph with the results from the general linear model with subsequent Tukey HSD (unequal n)
posthoc tests for the factor between the seven summits and between foot and summit for the PEDRO
DELS QUATTRE BATTLES and COMABONA mountain. The factor itself explains 79.6% of the variation
in the 6 measurements.

a and b: Significant differences between foot and summit within one mountain

x, y and z: Significant differences between summits

p.q and r: Significant differences between feet.

RESULTS

In total 372 shells were measured (table 2). The measured characters were signif-
icantly correlated at the p<0.001 level (table 3). Because of this correlation between
the six measured characters it was decided to calculate a factor. This factor explains
79.6% of all variation in the data and was negatively correlated to each of the 6
measurements (table 3).

Except for shell width and protrusion of the aperture, all measurements were
significantly correlated with altitude (table 4), with the largest values in the valleys
and the smallest at the highest localities (i.e. fig. 2). However, for all measurements
there was a significant interaction effect between the three categorical predictors
(i.e. mountain, transect and altitude zone) in that the differences were largest
between the two subspecies (A. secale margaridae and A. secale lilietensis) at the foot
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Fg11) P

Shell Height 1.02 0.44
Shell Width 2.29 0.12
Aperture Height 1.27 0.34
Aperture Width 1.95 0.17 Table 5. ANOVA results to test for the effects of AltZone

_ on the value of the Coefficient of Variation for each of the
Protrusion 2.28 0.13 six measurements of shells collected on the Comabona
Whorls 071 0.60 and Pedro dels Quattre Battles Mts in northern Spain.

of the Pedro dels Quattre Battles. Between 2,200 and 2,500 m altitude (AltZone 4),
and between the two summits, none of the measurements differed significantly.
Moreover, there were no differences in measurements of the shells collected from
the summits at the two mountains. The Coefficient of Variation (CoV) did not differ
between the altitudinal zones (table 5), i.e. there is no difference in the variability of
the measured characters between the altitudinal zones.

Samples taken from the summits of both the Pedro dels Quattre Battles and the
Comabona together differed significantly from the samples from the other 5 moun-
tains (fig. 3). There we see that the samples from the Alt de la Capa (Andorra),
Pedraforca (Spain) and Tournon (France) do not differ significantly (in the meas-
ured characters), and neither do those from the Port del Comte and Torre del Cadi
(Spain).

DiscussION

We observed a strong convergence between the measurements of the samples
from AltZone 3 (i.e. between 1,701 — 2,200 m alt.) in transects 1 and 2 on the Pedro
dels Quattre Battles (fig. 2). This might be explained by the presence of the Coll de
Pal, just east of the summit. This mountain pass, situated at c. 2,100 m altitude, may
enable contact, i.e. gene flow, between the two series of populations from the north
and the south flank of the mountain. This might explain the rapid morphological
convergence between both transects at such relatively low altitude as compared to
the Comabona mtn.

The CoV, used to compare morphological variability across altitudinal zones,
does not support a scenario with increasing altitude as an increasingly strong selec-
tive force acting on shell morphology. It is evident that altitude influences shell mor-
phology in these snails. Shell height, aperture height and width and the number of
whorls all decrease with increasing altitude. However, selection appears to be
relaxed. The variation width (in the measured characters) does not decrease with
increasing altitude, as would be expected if increasing altitude would increase selec-
tive pressure. This absence of strict selection might explain the absence of a signifi-
cant correlation between altitude and shell height as was demonstrated by Uribe et
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Figure 4. Maximum extent of glaciers (white) during the Last Glacial Maximum.
Map data derived from Ehlers & Gibbard, 2004. The map has no projection.

al. (2007). Our data support a significant correlation between the measurements and
the altitudinal zones. Our sampling points are rather far apart (altitudinally, not
geographically, table 1). In the study by Uribe et al. the sampling points are much
closer together. Because other factors than altitude, like differences in microhabitat
and genetic determination as well as random variation, will strongly influence shell
shape in local populations (i.e. Kokshoorn & Gittenberger [Chapter 8, p. 123]), this
will be of more influence on the statistical results when the samples are taken at
close proximity.

We know from the fossil record that Abida secale secale was already present in cen-
tral Europe about 60,000 years bp (Moine et al, 2005). However, the presence of the
species at high altitudes in the Alps is most likely of Holocene origin. We assume
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that if A. secale would have survived the extensive glaciations of the Last Glacial
Maximum (LGM: c. 18,000 years ago) amidst the ice on nunataks in the Alps, this
should have left morphological traces. However, there is hardly any morphological
variation (beside size differences) between populations at the foot of the mountains
and those on the summits. The situation in the central Pyrenees is not comparable
to that in the Alps. In the Pyrenees, and especially in the pre-Pyrenees like the Sierra
del Cadji, the glacier extent was limited (Ehlers & Gibbard, 2004) (fig. 4). Allthough
it is unlikely that a suitable habitat would continuously have been available at high
altitudes in the Cadi/Moixero mountains during the LGM (Hartevelt, 1970: 232),
there could still have been a reasonable amount of altitudinal variation in habitat.
Climatic conditions that now apply to the habitat of A. secale above 2,000 m altitude,
would have been present at that time at much lower altitudes. Even now climatic
conditions are strongly influenced by the complex geology of the area. The shel-
tered Gresolet valley east of the Pedraforca for instance, harbours typical high-alti-
tude species and forms (i.e. Pyrenaearia sp.) at a mere 1,600 m (pers. obs.). Hence,
there is no reason to accept that the high-altitude forms that we encounter at pres-
ent in the centre of morphological diversity originated from lowland populations
only after the LGM, as is most probably the case in the Alps. In the Pyrenees, the
altitudinal clines had more time to differentiate, as compared to the situation the
Alps. With more time being available, more conspicuous contrasts could develop.

WHAT’S IN A NAME?

The value of infraspecific taxonomic ranks has been a point of discussion for a
long time. Many infraspecific ranks have been used, i.e. forma, natio, variety, race,
etc. The more general use of the subspecies category came with the introduction of
Mayr’s biological species concept (Mayr, 1942). Its acceptance by the International
Commission on Zoological Nomenclature (ICZN) in 1960 was instrumental in pro-
liferating its use, despite strong opposition (i.e. Wilson & Brown, 1957). Mayr (1942)
defined subspecies as genetically distinct, geographically separate populations,
belonging to the same species and, therefore, interbreeding freely in contact-zones
(Wilson & Brown, 1953).

The original description of A. s. cadiensis was based on few samples.
Nevertheless, there was already material available from two different mountain
ranges. In the type series (Gittenberger, 1973: 112) there are 4 shells from “Port de
Comte siidlich vom Tossa Pelada, 2100 m ... (RMNH 54960)”. These are apparently
from the Sierra de Port del Comte, situated southwest of the Sierra del Cadi, where
the Tossa Pelada is a peak of 2,373 m high, and not from the Sierra del Cadi itself (as
was stated by Gittenberger, 1973). So the original type series suggests a disjunct dis-
tribution for A. s. cadiensis. The fact that the shells from the two mountain ranges dif-
fer in size (fig. 3) and somewhat in general shell shape, was either overlooked or
neglected. However, it does illustrate that these shells are very similar.
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With much more material from high altitudes available for study now, we could
demonstrate that despite a more general similarity, there may be differences in the
measured characters between specimens from summits in different mountain
ranges (fig. 3). Apart from that, shells from high altitudes in different mountain
chains, even when not differing in size, differ from each other in other characters,
like sculpture and/or general shape, apertural dentition and/or shape, which are not
used in this study (Kokshoorn & Gittenberger, [chapter 8, pp. 123-140]). This fact is
illustrated, for instance, by the absence of significant differences in the measured
characters between the subspecies at the foot of the Comabona mtn. Although A. s.
brongersmai (northern flank) and A. s. brauniopsis (southern flank) are clearly differ-
ent in their morphology (i.e. Kokshoorn & Gittenberger, [chapter 8, pp. 131-133, pls.
4-5]), the measured characters do not show significant differences (fig. 2 and 3).

These additional characters, which may be overlooked at first sight, strongly
suggest that the forms occurring at high altitudes in different mountain chains, have
different sister-group taxa in the valleys. This view is strongly supported by the
intermediate populations that are known for several of the taxa that are here dis-
cussed.

There is clearly a geographical component in the distributional pattern of the
high-altitude taxa. These taxa have different sister-groups and, as a consequence,
their own unique evolutionary histories. Therefore, classifying all of them as a sin-
gle taxon cannot be an option, because that would result in an unnatural entity.
Uniting the high-altitude forms with their associated closest relatives in the valleys
would imply that extremely variable taxa are created, distributed from the valleys
to the summits. The descriptions of these taxa would have to be broadened to such
an extent that they can hardly be differentiated anymore. More serious than this
practical problem, is the fact that doing so would imply that these geographically
restricted, genetically determined forms are neglected in zoological nomenclature,
while they form a key aspect of the enigmatic centre of diversity in A. secale. A com-
parable diversity in forms from high altitudes is found nowhere else in the large
range of A. secale. We therefore see no satisfying solution other than to introduce
four new subspecific taxa in A. secale (see chapter 8, pp. 134-140). This will bring the
total number of subspecies in this species to 17, all but one restricted the extreme
south of the species’ distribution.

REFERENCES

BAUR, A., & B. BAUR, 1998. Altitudinal variation in size and compostion of eggs in the land snail Arianta
arbustorum. — Canadian Journal of Zoology 76(11): 2067-2074.

BAUR, B., & C. RABOUD, 1988. Life history of the land snail Arianta arbustorum along an altitudinal
gradiént. — Journal of Animal Ecology 57: 71-87.

BEALL, C.M., 2006. Andean, Tibetan, and Ethiopian patterns of adaptation to high-altitude hypoxia. —
Integrative and Comparative Biology 46(1): 18-24.

Chapter 7 - Altitudinal gradients and shell morphology in Abida secale 113



BERNER, D., C. KORNER, & W.U. BLANCKENHORN, 2004. Grasshopper populations across 2000 m of
altitude: is there life history adaptation? — Ecography 27(6): 733-740.

BERVEN, K.A., 1982. The genetic basis of altitudinal variation in thewood frog Rana sylvatica. . An exper-
imental analysis of life history traits. — Evolution 36(5): 962-983.

BURIA, H., & W. STAHEL, 1983. Altitudinal variation in Arianta arbustorum (Mollusca, Pulmonata) in
the Swiss Alps. — Genetica 62(2): 95-108.

CUAUHTEMOC, S.-R.,, R.R. GUZMAN-REYNA, & G.E. REHFELDT, 2006. Altitudinal genetic variation
among Pinus oocarpa populations in Michoacan, Mexico: Implications for seed zoning, conservation,
tree breeding and global warming. — Forest Ecology and Management 229(1-3): 340-350.

DILLON, M.E., M.R. FRAZIER, & R. DUDLEY, 2006. Into thin air: Physiology and evolution of alpine
insects. — Integrative and Comparative Biology 46(1): 49-61.

EHLERS, J., & P.L. GIBBARD (eds), 2004. Quaternary glaciations: Extent and Chronology, Part 1: Europe.
— Developments in Quaternary Science Series 2, Elsevier, Amsterdam.

GITTENBERGER, E., 1991. Altitudinal variation and adaptive zones in Arianta arbustorum: A new look at
a widespread species. — Journal of Molluscan Studies 57: 99-109.

GITTENBERGER, E., W.H. PIEL, & D.S.J. GROENENBERG, 2003. The Pleistocene glaciations and the
evolutionary history of the polytypic snail species Arianta arbustorum (Gastropoda, Pulmonata,
Helicidae). — Molecular Phylogenetics and Evolution 30(1): 64-73.

HARTEVELT, J.J.A., 1970. Geology of the Upper Segre and Valira valleys, Central Pyrenees, Andorra/Spain.
-- Leidse Geologische Mededelingen 45: 167-236.

HAUSDORE, B., 2003. Latitudinal and altitudinal body size variation among north-west European land
snail species. — Global Ecology and Biogeography 12(5): 389-394.

KERNEY, M.P. 1963. Late-glacial deposits on the Chalk of South-east England. — Philosophical
Transactions of the Royal Society of London B, 246: 203-254.

KERNEY, M.P, & R.A.D. CAMERON, 1979. A field guide to the land snails of Britain and north-west
Europe: 1-288. London.

KERNEY, M.P, R.A.D. CAMERON, & J.H. JUNGBLUTH, 1979. Die Landschnecken Nord- und
Mitteleuropas: 1-384. Hamburg, Berlin.

KLEMM, W, 1973. Die Verbreitung der rezenten Land-Gehduse-Schnecken in Osterreich. —
Denkschriften der Osterreichischen Akademie der Wissenschaften, Math. nat. KI. 117: 1-503.

MAYR, E., 1942. Systematics and the origin of species from the viewpoint of a zoologist. — Columbia
University Press, New York, 1-334.

MOINE, O., D.-D. ROUSSEAU, & P. ANTOINE, 2005. Terrestrial molluscan records of Weichselian Lower
to Middle Pleniglacial climatic changes from the Nussloch Loess series (Rhine Valley, Germany): The
impact of local factors. — Boreas 34: 363-380.

TATTERSFIELD, P.,, C.M. WARUI, M.B. SEDDON, & J.W. KIRINGE, 2001. Land-snail faunas of afromon-
tane forests of Mount Kenya, Kenya: ecology, diversity and distribution patterns. — Journal of
Biogeography 28(7): 843-861.

URIBE, F, E. HERNANDEZ, J. NEBOT, A. OROZCO, V. BROS, & J. CADEVALL, 2007. Variacién del
tamano de la concha en tres especies de caracoles terrestres (Chondrinidae, Hygromiidae) respecto
al gradiente altitudinalen los Pireneos. — Iberus 25(2): 63-71.

WILSON, E.O., & W.L. BROWN Jr., 1953. The subspecies concept and its taxonomic application. —
Systematic Zoology 2(3): 97-111.





