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Abstract.— Trochulus striolatus is a land snail showing great morphometric variation in
its shell, which is the basis for recognition of its subspecies. However, this variability can
result from an influence of environment. To verify the possible effect of bioclimatic and
spatial variables on the shell size and shape, we studied many samples collected from four
biotic zones (lowland, submontane, montane and subalpine). Many of its shell features
appeared significantly negatively correlated with a precipitation parameter and altitude,
whereas positively correlated with temperature parameters. The shells were smaller at
higher altitudes and in colder environment with greater precipitation. The reduced growth
period can be an adaptive response to the shorter growing season in mountainous regions
compared to lowland areas, where the longer season permits a longer growth resulting 
in larger mean adult body size. This conforms to the converse Bergmann’s cline. The
synergetic interactions between seasonality, temperature and moisture best explain the
size variation in T. striolatus resulting from the influence of local environmental and/or
climate factors. Therefore, there is no sufficient justification for subspecies recognition and
the subspecific epithets for T. striolatus should be discarded.

Ë
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INTRODUCTION

Land snails with their restricted mobility and par-
ticular habitat requirements (Cowie 1984, Baur 1993,
Pfenninger et al. 1996) appear to be ideal organisms to
study phenotypic evolution (Pfenninger and Magnin
2001) and their differentiation over space and time.

They often display a wide variation of shell shape,
colour, banding pattern and other visible traits. The
phenotypic appearance is influenced by a complex of
factors such as phylogenetic history, gene-flow, envi-
ronment and developmental processes (Cook and 
Cain 1980, Baur 1984, 1988, Goodfriend 1986), and may
reflect adaptation to local conditions (Chiba 2009).
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Many surveys of qualitative shell characters, such as
shell colour and banding, have been carried out on dif-
ferent species and correlations with environment were
examined (e.g. Lewis 1977, Heller 1981, Heller and
Gadot 1987, Hazel and Johnson 1990, Honěk 1993).
However, quantitative variation, which causes much
uncertainty about the evolutionary and taxonomical
relevance, has not been sufficiently explored. Intra-
specific variation in body size is particularly intriguing
because it suggests strong associations between an
organism’s size and its environment. For example, sev-
eral studies have found that shell size exhibited sub-
stantial variation depending on altitude, and thus also
on thermal differences among habitats (Burla and Sta-
hel 1983, Baur and Raboud 1988, Sulikowska-Drozd
2001, 2011), while others revealed shell differences
according to other environmental variables (Laza-
ridou-Dimitriadou et al. 1994, Mulvey et al. 1996, Pfen-
ninger and Magnin 2001).

Trochulus striolatus (C. Pfeiffer, 1828) is a euryo -
ecious species which inhabits a wide range of habitats:
from lowlands, most often adjoining rivers, to rocky
alpine sites (Duda et al. 2014). It is found in human-
affected forests and nettle patches as well as in damp
and shaded natural forests or on tall grasses in open
areas (Proćków et al. 2014). T. striolatus is common
in the British Isles, north of France and Switzerland,
southern Germany, southern part of the Netherlands,
Austria (except its southern part), reaching south-
western Slovakia and north-western Hungary (Proć -
ków 2009). Its wide shell size and shape variation
(Naggs 1985, Proćków 2009, Proćków et al. 2014) has
most likely led to recognition of several separate spe -
cies or subspecies in the past (Locard 1894, Erhmann
1933), and subsequent difficulties in their identification
(Perrin et al. 1984, Naggs 1985, Forcart 1965, Welter-
Schultes 2012).

A large flat form regarded as typical was found in
Germany, Switzerland (Falkner et al. 2001), as well 
as eastern and south-eastern England (Ellis 1969).
A smaller form, often with a higher spire, described as
T. s. abludens (Locard, 1888), is regarded to be re -
stricted to the north-west of Europe including Ireland
and France (Ellis 1969, Moorkens and Speight 2001,
Falkner et al. 2002, Cucherat and Demuynck 2006).
However, it is unclear whether the invasive and highly
variable populations found now across the British Isles
can be unambiguously distinguished from forms found
elsewhere in Europe (Anderson 2005). The other sub-
species are: T. s. danubialis (Clessin, 1874) found 
in the Danube valley, T. s. juvavensis (Geyer, 1914)
known from Höllengebirge in Austria and T. s. austri-
acus (Mahler, 1952) from mount Schlenken. Generally,
their shells are variable in size but with a higher spire
and narrower umbilicus than the typical form. Aside
from the differences in the shell shape, some taxa are

anatomically very similar in terms of proportions of
genital morphology (Proćków 2009), though, a slight
differentiation in the cross-section of the penis between
the subspecies has been recently detected (Duda et al.
2014). Nevertheless, it seems that the genital morphol-
ogy among the Trochulus species is less discrimina -
tory (Proćków et al. 2013b, 2014) than in other pul-
monates. Additionally, genetic investigations reveal no
clear separation of T. striolatus subspecies (Krucken-
hauser et al. 2014), regardless of the monophyly of the
species (Kruckenhauser et al. 2014, Proćków et al.
2014, 2017). It suggests that the variation of these mor-
phologically variable forms can result from an influ-
ence of environmental factors.

Therefore, we assessed the potential effect of 
climate factors and altitude on shell morphology of 
T. strio latus. The obtained results were discussed 
in context of the taxonomic status of T. striolatus
subspecies.

MATERIALS AND METHODS

Sampling and morphological characterization
of populations

The material, encompassing the entire distribution
range of T. striolatus, consisted of 1251 individuals
from 56 localities (Fig. 1), and included field-collected
snails as well as those coming from the following muse-
um collections: 
MNHN – Muséum National d’Histoire Naturelle, Paris,

France; 
NBCN – Naturalis Biodiversity Center, Leiden, the

Netherlands;
SNM – Slovak National Museum, Bratislava, Slovakia.

We assigned specimens to subspecies based on 
the geographic distribution of the intraspecific taxa
(Geyer 1914, Ellis 1969, Moorkens and Speight 2001,
Falkner et al. 2002, Cucherat and Demuynck 2006).
Two syntypes of the Locard’s collection (coll. Locard 
G. p. 243, MNHN), labelled as ‘Helix abludens,
Boulogne’, and five paratypes of Rusnov’s collection
(R/105/5, NHMW), labelled as ‘T. striolata juvaven-
sis, Schafberges im Salzkammergut, Ob. Oest.’, 
were examined. None of the type specimens of other
taxa is extant. Thus, topotypical material was used in
these cases. We did not investigate austriacus sub-
species because its material was not available. The
detailed information about samplings is shown in
Appendix 1.

To analyse body size variation eight measurements
were taken from the adult shells (reflected lip) using 
a calibrated eyepiece in a stereomicroscope with accu-
racy 0.1 mm: 
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H – shell height, 
W – shell width, 

bwH – body whorl height, 
h – aperture height, 
w – aperture width, 
U – umbilicus major diameter (i.e. the longest diam-

eter parallel to the shell diameter, D), 
u – umbilicus minor diameter (i.e. perpendicular to

umbilicus major diameter),
D – shell diameter. 
The whorls (whl) were counted according to Ehr -

mann’s (1933) method. Since the systematic measure-
ment error (with 1% error probability) does not com-
promise results (Duda et al. 2011), the specimens were
measured once by the same person (MP) in standard -
ised views (Proćków 2009). Besides, the following 
co ef ficients of shell proportions were calculated:
height/width ratio (H/W), relative height of body whorl
= body whorl height/shell height ratio (bwH/H), umbili-
cus relative diameter = umbilicus major diameter/shell
diameter ratio (U/D), ratio of umbilicus minor to its
major diameter (u/U), aperture height/width ratio
(h/w). The measurement data and shell volume, calcu-
lated with the formula: shell volume = 0.312 × [(shell
breadth)2 × shell height] – 0.038 (Baur 1994), were
subjected to a Principal Component Analysis (PCA).

Data analysis

To determine significance of the differences in the
shell size between the populations, Kruskal-Wallis non-
parametric analysis of variance (ANOVA) was per-
formed using both shell volume and the first principal
component (PC1) as the dependent variables, and the
population as the independent variable. However,
because results obtained in both analyses did not 
differ, we only present those based on shell volume.
The intra-population variation was calculated with the
coefficient of variation (CV%) of all the morphometric
characters. 

To study a potential influence of climate and geo-
graphic conditions on shell morphology, we gathered
information about long-term climate conditions of par-
ticular sampling sites from WorldClim (Global Climate
Data, http://www.worldclim.org, Hijmans et al. 2005)
and used with a resolution of 30 arc-s. Altitude, longi-
tude and latitude were either recorded on site using 
a handheld GPS unit or determined via Falling Rain
Genomics, Inc. (1996–2010). Altogether 22 variables
were included in the study: all 19 bioclimatic variables
(Table 1) as well as spatial location of specimens, 
i.e. latitude, longitude and altitude. To reduce the 
number of these parameters, we performed Principal
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Figure 1. Distribution of T. striolatus (modified from Kerney et al. 1983) and sites of specimens’ collection according to biotic zones.



Component Analysis (PCA) using a correlation matrix
and used the first two principal components in further
studies. Moreover, we selected the variables that
showed the largest contribution to the principal compo-
nents, i.e. the absolute value of correlation coefficient
> 0.9. We also computed pair-wise Spearman’s
correlation coefficients (ρ) involving these variables to
further reduce the number of correlated parameters.
We assumed the pairwise absolute correlation cut-off
0.9 and applied re-evaluation the average correlations
at each step of the elimination. Based on this result, we
selected three bioclimatic parameters (BIO1, BIO6 and
BIO18) and altitude as the least correlated (Table 1).
Spearman’s correlation coefficients were also calculat-
ed to assess a relationship between the principal com-
ponents for environmental features, individual environ-
mental/geographic factors and shell variables includ-
ing two first principal components for morphometric
features. Moreover, using the Mantel test, we estimat-
ed the significance of correlation between two matri-
ces, one describing pairwise absolute differences
between shell measurements of particular specimens
and the second one, including geographical distance
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between the sites, where the specimens were found.
The geographical distances were calculated as ortho-
dromic distances based on geographical latitudes and
longitudes of the sites assuming the mean earth ra-
dius 6371 km. The Benjamini-Hochberg method for 
correction of the obtained p-values was applied to con-
trol the false discovery rate considering tests for all
variables.

To further estimate and model relationships of shell
morphometric features with environmental conditions
(described by three selected bioclimatic variables) and
altitude, and their combinations expressed by principal
components, we carried out various linear regression
analyses. At first, each of the shell characters was
regressed onto each of environmental and altitude 
variables using linear and non-linear (two-order poly-
nomial) functions, 

f(x) = b0 + b1x and f(x) = b0 + b1x + b2x2, 
respectively. The models were compared using

Akaike’s Information Criterion (AIC) and the one with
the smaller AIC value was selected as better fitted.
Moreover, we applied the automated stepwise model
simplification procedure based on AIC on the polyno-
mial function to check, if the more complex model can
be simplified to the linear one. According to Cabanne 
et al. (2014), the comparison of these models can show,
if observed variation follows a continuous or step cline.
In the first case, we should expect that the linear func-
tion will be better fitted to the data, whereas in the sec-
ond case, the polynomial function should show a better
goodness of fit.

Similarly, as other authors (Legendre and Legendre
1998, Ruggiero and Kitzberger 2004, Botes et al. 2006,
Cardini et al. 2007), we also performed a trend surface
analysis to determine the best-fitted combination of
two spatial variables (geographic coordinates) that
contribute significantly to explaining the variation in
each of shell morphometric features. These relation-
ships were modelled by a two-order (cubic) polynomial
function:

f(x,y) = b0 + b1x + b2y + b3x2 + b4xy + 
b5y 2 + b6x3 + b7x2y + b8xy2 + b9y3,

where x and y are longitude and latitude, respec-
tively. The model was subjected to a stepwise simplifi-
cation based on AIC to remove non-significant terms
and then was compared with simple linear models: 

f(x,y) = b0 + b1x + b2y . 
Similar approach we performed for two principal

components derived from bioclimatic/spatial para-
meters.

Furthermore, to evaluate the significance of com-
bined effects influenced by bioclimatic and spatial pre-
dictors on shell characteristics and estimate the pro-
portion of variance explained by the models with these

Table 1. Description of bioclimatic variables used in the study. The
parameters left after data reduction based on pair-wise correlations

are indicated in bold.

Acronym Description

BIO1 Annual mean temperature

BIO2 Mean diurnal range 

[mean of monthly (max–min temp.)]

BIO3 Isothermality (BIO2/BIO7)*100

BIO4 Temperature seasonality

(standard deviation*100)

BIO5 Max temperature of warmest month

BIO5 Max temperature of warmest month

BIO6 Min temperature of coldest month

BIO8 Mean temperature of wettest quarter

BIO9 Mean temperature of driest quarter

BIO10 Mean temperature of warmest quarter

BIO11 Mean temperature of coldest quarter

BIO12 Annual precipitation

BIO13 Precipitation of wettest month

BIO14 Precipitation of driest month

BIO15 Precipitation seasonality

(coefficient of variation)

BIO16 Precipitation of wettest quarter

BIO17 Precipitation of driest quarter

BIO18 Precipitation of warmest quarter

BIO19 Precipitation of coldest quarter



components, we used multivariate regression analysis.
We considered three sets of independent variable com-
ponents: only spatial (i.e. altitude, latitude and longi-
tude), only environmental (i.e. three selected bioclimat-
ic variables) and spatially structured environmental
(three selected bioclimatic variables and altitude).
Each of these sets was modelled by three functions: 
a simple linear model, a linear model including pair-
wise interactions (and also three-way interaction in the
case of spatial variables), and a model considering in
addition to the previous one, quadratic terms for all
variables. The models were simplified by AIC-based
stepwise procedure and finally the best-fitted model
was selected according to AIC value. To easy compare
AIC values, we computed AIC weight, which is ex -
pressed by AICw = exp((AICmin - AICi)/2), where AICmin
is the minimum of compared AIC values and AICi is AIC
of a given model. The parameter can be interpreted as
conditional probability for a given model (Burnham
and Anderson 2002). Obtained p-values of determina-
tion coefficient R2 for all models were corrected by the
Benjamini-Hochberg method. In the re gression analy-
ses, we also considered the adjusted R2, which gives
the percentage of variation explained by only those
independent variables that in fact affect the dependent
variable.

The statistical analyses were carried out in R pack-
age 3.1.1. (R Core Team, 2014, R: A Language and Envi-
ronment for Statistical Computing, R Foundation for
Statistical Computing, http://www.R-project.org) and
Statistica 10 (Stat Soft, Inc. 1984–2011). The elimina-
tion of correlated bioclimatic/spatial parameters was
made by find Correlation from caret package in R. The
Mantel test was calculated by mantel.rtest function
from ade4 package also in R assuming 100 permuta-
tions. The automated stepwise model simplification
procedure based on AIC was carried out using step
function implemented in R package.

RESULTS

Shell size variation within and among 
populations

The inter-population shell variation of T. striola-
tus is conspicuous. The mean shell width (W) for the 56
populations ranged from 9.0 mm (Scharflingerpass) to
13.0 mm (Heidelberg) and the mean shell height (H)
from 5.5 mm (Schafberg) to 7.6 mm (Cambridge). The
mean shell volume ranged from 134 mm3 (Scharflinger-
pass) to 395 mm3 (Heidelberg), which indicated that the
mean volume in the smallest-sized population was
almost three times smaller than the mean size of the
largest-sized population. When the populations from
the highest altitudes (i.e. those with the extremely

small shells) were excluded from the comparison, the
snails from Gosheim had the smallest mean shell vol-
ume (220 mm3), which was still over one-third smaller
than the largest value. At the same time, the shell vol-
ume appeared to be the most variable character within
the populations and within the biotic zones, as indicat-
ed by the coefficient of variation (CV%), which ranged
from 9.2% (Schafberg) to 28.6% (Box Hill) and from
22.9% (submontane zone) to 30.2% (subalpine zone).
Two more characters and one ratio, i.e. umbilicus
major and minor diameters (U, u) as well as umbilicus
relative diameter (U/D), had CV values spanning from
8.2% to 22.2% for the populations and from 13.1% to
20.9% for the biotic groups. The variability coefficients
of the remaining characters were smaller and ranged
from 1% to 17%. For the biotic groups CV values of
these characters varied from 3% to 11%. For details,
see Appendix 2. 

Analysis of shell volume as the dependent variable
and population as the independent variable suggested
that the populations distinctly differed in this parame-
ter (Fig. 2). The groups of populations from different
elevations, i.e. lowland, submontane, montane and sub -
alpine, differed significantly from each other (Kruskal-
Wallis test: χ2 = 155.95, P < 0.001). Post hoc Kruskal-
Wallis test on shell volume significantly separated sub-
species: juvavensis from striolatus and both from
abludens and danubialis (Fig. 3). Similar results
were obtained for h, bwH and PC1, whereas W, w, D
and bwH/H separated all subspecies (P < 0.05, Fig. 3).
All features except U and u separated danubialis
and juvavensis (P < 0.05). Only U/D and h/w were 
not significant in the differentiation of abludens from
juvavensis (P > 0.05). In recognition between strio-
latus and abludens the following traits were not sig-
nificant (P > 0.05): U, u, u/U and h/w. The variables
such as H, u/U and h/w could not significantly separate
striolatus and danubialis, whereas whl, H/W, h/w
and PC2 - striolatus and juvavensis (P > 0.05, Fig.
3). The shell volume constituted also the highest load-
ing on PC1 of all studied shell variables. The PCA of the
shell measurements showed that the specimens from
different regions could not be distinguished and, thus,
classified as separate subspecies (Appendix 3). Exam-
ples of differences in the shell size and shape between
populations from various localities and biotic zones are
shown in Fig. 4 and topotype specimens of Trochulus
subspecies in Fig. 5.

We also found a significant (P < 0.001) negative
relationship between shell shape (expressed as PC2
and H/W) and umbilicus major diameter (ρ = -0.769
and ρ = -0.502, respectively), which means that more
globular shells had narrower umbilicus. Similar
relationship (ρ = -0.487, P < 0.001) was between shell
height/width ratio (H/W) and relative umbilicus diame-
ter (U/D).
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Figure 2. Means and variation in shell volume for populations of T. striolatus divided according to altitude and subspecies. Open symbols indicate 
respective topotype specimens.

Correlations of shell morphology with biocli-
matic parameters and spatial distribution

All shell parameters were significantly correlated
(P < 0.05) with at least several bioclimatic and spatial
variables although values of correlation coefficients
were not extremely large. We presented results only
for three bioclimatic variables and altitude, which
appeared the least correlated and showed the largest
contribution in PCA analysis (Table 2). Considering
cases with larger values of Spearman’s correlation
coefficient, e.g. ρ > 0.25 or ρ < -0.25, interesting types
of relationships can be identified. The precipitation
parameter, i.e. BIO18 was negatively correlated with
shell width (W), volume and diameter (D), body whorl
height (bwH), aperture height (h) and width (w) as well
as PC1. On the other hand, the minimum temperature
of coldest month (BIO6) and annual mean temperature
(BIO1) were positively correlated with h and w, where-
as whl showed negative correlation. The BIO6 was
additionally positively correlated with W, D, bwH,
bwH/H, volume and PC1, with the assumed threshold 
ρ > 0.25. Relatively small coefficients (and many

insignificant) were also present for relationships
involved umbilicus measures (U, u), PC2 as well as
shell ratios H/W, U/D, u/U and h/w.

Moreover, Spearman’s correlation coefficients 
< -0.25 were found for relationships of altitude with W,
H, bwH, D, h, w, volume and PC1 (Table 2). The larg-
est coefficients were for aperture height (h) and 
width (w) with altitude (ρ = -0.428). Accordingly, the
largest shells were found in populations from lower
altitudes, and the smallest from subalpine sites (Fig.
6A–C).

To further avoid the interdependence between the
bioclimatic/spatial parameters, we also considered
their first two principal components explaining 50.6%
(PC1_B) and 37.2% (PC2_B) of variance, respectively.
With the first component, the most positively correlat-
ed were temperature measures BIO11 (0.936), BIO1
(0.935) and BIO6 (0.934), whereas negatively, precipi-
tation parameters BIO18 (-0.967), BIO16 (-0.845) and
BIO13 (-0.839) as well as altitude (-0.946). On the other
hand, the temperature measures BIO5 (0.899), BIO8
(0.839) and BIO4 (0.837) were positively correlat-
ed with the second component. The precipitation of
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Figure 3. Shell shape (expressed as H/W, U/D and bwH/H) and volume in subspecies of T. striolatus. Letters ‘a–d’ indicate significant differences 
by Kruskal-Wallis test with P < 0.05.

coldest quarter, BIO19 had a negative coefficient 
(-0.833) with PC2_B. Morphometric features, aperture
height (h) and width (w) showed the largest positive
cor rel ation with the PC1_B (ρ = 0.446 and ρ = 0.418,
respectively) (Table 2). The positive correlation co-
efficients (from 0.325 to 0.363) were also shown in bwH,
D, W and shell volume with the first principal compo-
nent for morphometric parameters PC1. The nega-
tive correlation between PC1_B and whl was revealed
(ρ = -0.266), whereas it was positively correlated 
(ρ = 0.259) with PC2_B. The largest negative correl -
ation (ρ = -0.266) with PC2_B was shown by bwH/H.

In support of these results, the Mantel test 
showed significant correlations (P < 0.04) between
matrices of differences between specimens for 10 
shell measurements including PC1 and geographical
distance between the sites, where the specimens 
were collected. The largest correlation coefficients
referred to aperture height and width (0.16 and 0.12, 
P = 0.019).

Environmental characteristics of sites

PCA of the sites (Fig. 7) showed an environmental
gradient (axis 1) from subalpine habitats at high 
altitudes in Austria and Germany characterized by 
a great amount of precipitation (e.g. BIO18) to marine-
influenced lowland localities in the UK, the Nether-
lands and France with relatively high mean annual 
and winter temperature (BIO1, BIO11), as well as in
Ireland with a highly isothermal environment (BIO3).
The second important gradient (axis 2) separated 
the German, Austrian and Slovakian lowlands and 
submontane habitats mainly from the Irish ones. 
When the taxonomic description of sites were plotted
on the PCA (Fig. 7), it became clear that the sites 
inhabited by the T. s. abludens and T. s. danu-
bialis subspecies were situated among those occu-
pied by T. striolatus s. str. On the contrary, 
T. s. juvavensis sites were well-separated from the
others.
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Figure 4. Specimens of T. striolatus from: A – Cambridge, UK (lowland); B – Gosheim, Germany (montane); C – Marquise, France (lowland); 
D – Cahir, Ireland (lowland); E – Donauwörth, Germany (submontane); F – Aichtal, Germany (submontane).
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Cline variation of shell morphology with biocli-
matic and spatial parameters

In order to test, if the observed relationships of shell
features with bioclimatic and spatial parameters show
a continuous or step character, we compared linear
and non-linear (two-order polynomial) models describ-
ing these relationships and used the procedure of 
automated stepwise model simplification on the poly-
nomial function. Results of the two types of model
selection were very similar. In only three cases from 68,

the first approach preferred the linear model to the
nonlinear one, whereas the second approach proposed
a simplified function Y ~ intercept + X2. Since, the 
second approach is more general, we focused on 
the description only its results. Table 3 and Fig. 
8 present the best-fitted models with adjusted R2

larger than 0.25 that were selected according to 
the stepwise model simplification procedure on the
polynomial function, whereas all models selected
according to this procedure are included in Appen-
dix 4.

Figure 5. Topotype specimens of T. striolatus subspecies. A – T. s. striolatus, Heidelberg (Ref. no. 403377, NBCN); B – T. s. danubialis, Dillingen
a. d. Donau (Ref. no. 403381, NBCN); C – T. s. abludens, Boulogne-sur-Mer (Ref. no. coll. Locard G. p. 243, MNHN); D – T. s. juvavensis, Schafberg. 
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Figure 6. Relationship of altitude with (A) aperture height, (B)
aperture width and (C) shell volume for T. striolatus. Circles and
whiskers indicate an average and standard deviation of the given shell
measure for the particular altitude. The best-fitted function found 
by an automated stepwise model simplification based on AIC on the 
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Among the studied relationships, only 4 were not
statistically significant (P > 0.05). In 8 significant cas-
es, the linear relationship was favoured and a non-lin-
ear function in 56. Interestingly, the top models with
the largest adjusted R2 (> 0.25) included aperture
height and width in relation to precipitation of warmest
quarter (BIO18), minimum temperature of coldest
month (BIO6) and altitude (Table 3, Fig. 8). Moreover,
among the models, there were relationships of shell
diameter and width as well as PC1 with BIO6. The lin-
ear relationships were found for the two aperture
parameters related with altitude indicating a continu-
ous cline. The other relationships were best described
by a non-linear function, which suggests a step charac-
ter of these relationships.

When the bioclimatic and spatial parameters were
reduced to two principal components, their relation-
ship with shell morphometric was also in most cases

better described by non-linear models than linear ones
(Fig. 8). Only three of 34 dependencies involving U/D, 
H and h/w with one of the principal components pre-
ferred the linear model in both model selection ap -
proaches (see Appendix 5 for the results of the step-
wise model simplification procedure). Similarly to the
results based on the individual bioclimatic/spatial
parameters, the largest adjusted R2 (about 0.3) was
shown by aperture height (h) and width (w) in depend-
ence on the first component PC1_B (Table 3).

Contribution of bioclimatic and spatial vari-
ables in explanation of shell morphology

In order to estimate the influence of combined
effects by bioclimatic and spatial parameters on shell
morphological characteristics, we carried out multi-
variate regression analysis. We considered five sets of

Figure 7. Principal component analysis (PCA) of environmental variables for sites of T. striolatus. Correlation of variables with PCA axes is
indicated by dashed vectors. Abbreviations: AU – Austria subalpine, FR – France; GER_l – Germany lowland, GER_m – Germany montane, GER_sm
– Germany submontane, IRL – Ireland, LA – Lower Austria lowland, NL – the Netherlands, SK_l – Slovakia lowland, SK_sm – Slovakia submontane,
UK – the United Kingdom. Colours indicate type of habitat: green – lowlands, yellow – submontane, orange – montane, brown – subalpine. Symbols 

denote subspecies of T. striolatus found in the sites.
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independent bioclimatic/spatial variables and tested
several types of functions (see Material and methods
for details). Table 4 summarizes the best-fitted models
selected according to the stepwise model simplification
procedure. Coefficients of the models are presented 
in Appendices 6–10. The adjusted R2 coefficients were
significant for all the models with P < 0.0003. 

In all five approaches, the adjusted R2 larger than
0.25 was reported for shell width (W), body whorl
height (bwH), aperture height (h), aperture width (w),
shell diameter (D) and the first principal component for
morphological features (PC1). Such R2 also showed
shell volume for the models based on spatial variables,
uncorrelated bioclimatic variables and altitude as well
as two principal components for bioclimatic/spatial
data. The largest proportion of variance was explained
for h (the adjusted R2 = 0.42) under the model includ-
ing BIO1, BIO6, BIO18 and altitude. When all 19 biocli-
matic and three spatial variables were implemented in
the models, the adjusted R2 exceeded 0.5 for W, h, w, D
and PC1 (data not shown).

All the models with R2 > 0.25 including both biocli-
matic and spatial variables characterized by the
largest AICw, i.e. were better fitted than models involv-
ing only spatial or bioclimatic variables. It means that
the variation in shell features is at best explained when
bioclimatic parameters together with spatial variables
are considered. Almost all best models contained after
parameter reduction still quadratic and cubic terms,
which indicates non-linear relationships between 
shell morphometry and environmental conditions. In
all cases but one, the models also included interaction
terms between their variables suggesting complexity of
these relationships.

DISCUSSION

Associations between the environment and
morphological variability within T. striolatus

The study of morphometric parameters of the shells
jointly shows that there is a considerable multivariate
inter-population variation. The data indicate signifi-
cant differences between the populations from various
biotic zones across the entire distribution range of 
T. striolatus (Fig. 2). Given this finding and genetic
evidence for a gene flow among populations (Proćków
et al. 2014), it seems quite likely that the morphologi-
cal variation results at least partially from environ-
mental influences. Ten of seventeen features repre-
senting shell size (e.g. shell volume and PC1) and shape
(bwH/H) exhibit moderate but significant relationship
with bioclimatic factors considered in this study. After
selection of bioclimatic variables explaining the most
variation in studied localities and least correlated, we
obtained annual mean temperature (BIO1), minimum
temperature of coldest month (BIO6) and precipitation
of warmest quarter (BIO18). This choice seems reason-
able because BIO1 well describes the general condition
during the whole year. BIO6 is likely a limiting factor
for growth and survival of snails. Since snails are most
active during warm periods with high precipitation,
BIO18 is also an appropriate parameter. The strongest
response to the environmental and spatial conditions is
demonstrated for height and width of aperture. Given
the strong correlation between these two measures
and shell volume (ρ = 0.789 and ρ = 0.855 with 
P < 0.001, respectively), it may be assumed that the
aperture size is also a good estimator of body size.

Relationship Selected model R2 Adj. R2 AICw

h ~ BIO6 Y ~ int + X + X2 0.3147 0.3136 1.000

h ~ PC1_B Y ~ int + X + X2 0.3104 0.3092 0.808

w ~ BIO6 Y ~ int + X + X2 0.3028 0.3017 1.000

w ~ PC1_B Y ~ int + X + X2 0.3025 0.3014 0.988

w ~ BIO18 Y ~ int + X2 0.2927 0.2921 1.000

h ~ BIO18 Y ~ int + X2 0.2909 0.2904 0.998

D ~ BIO6 Y ~ int + X2 0.2601 0.2596 1.000

w ~ altitude Y ~ int + X 0.2589 0.2583 1.000

W ~ BIO6 Y ~ int + X2 0.2585 0.2579 1.000

h ~ altitude Y ~ int + X 0.2556 0.2550 1.000

PC1 ~ BIO6 Y ~ int + X2 0.2530 0.2524 1.000

Table 3. Characteristics of the best-fitted models describing relationships between shell morphometric variables and selected environmental/
spatial parameters as well as their two principal components (PC1_B and PC2_B). Only relationships with adjusted R2 > 0.25 were presented. The
models were selected according to the automated stepwise model simplification procedure based on AIC on the polynomial function and compared

with the simple linear model. The data were sorted according to adjusted R2. The data for all relationships are presented in Appendices 4–5.
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Variation in shell size and shape in land snails was
investigated many times and mechanisms underlying
this variation were attributed to selection in different
environments (Engelhard and Silk 1994, Welter-
Schultes 2000b, Chiba 2009), whereas in other land-
snail species the influence of population history was
implicated (Gould and Woodruff 1990, Davison and
Clarke 2000). In an extensive literature review, Good-
friend (1986) noted some individualistic responses in

body size of land snails along altitudinal, moisture,
temperature/insolation, and calcium availability gra-
dients. In ten of twelve taxa, he documented positive
correlations between shell size and moisture. Similar
results were obtained for Cochlicopa lubrica (Arm-
bruster 2001). Our study, however, reveals an opposite
pattern; snails from sites with higher precipitation and
simultaneously with lower temperatures, tend to be
smaller. The more intensive precipitation and lower

Figure 8. Selected relationships with the largest adjusted R2 values between aperture height (h) or aperture width (w) and bioclimatic variables
as well as two principal components based on the bioclimatic/spatial parameters. The red line indicates fitted linear function whereas the blue one
means function found by an automated stepwise model simplification based on AIC on the polynomial function. Relationships for all parameter 

combinations are presented in Appendices 4 and 5.



212 M. PROĆKÓW, E. KUŹNIK-KOWALSKA and P. MACKIEWICZ

T
ab

le
 4

. C
ha

ra
ct

er
is

ti
cs

 o
f t

he
 b

es
t-

fit
te

d 
m

od
el

s 
de

sc
ri

bi
ng

 r
el

at
io

ns
hi

ps
 b

et
w

ee
n 

sh
el

l m
or

ph
om

et
ri

c 
de

pe
nd

en
t v

ar
ia

bl
es

 a
nd

 fi
ve

 c
om

bi
na

ti
on

s 
of

 b
io

cl
im

at
ic

/s
pa

ti
al

 in
de

pe
nd

en
t v

ar
ia

bl
es

. T
he

m
od

el
s 

w
er

e 
se

le
ct

ed
 a

cc
or

di
ng

 to
 th

e 
au

to
m

at
ed

 s
te

pw
is

e 
m

od
el

 s
im

pl
ifi

ca
ti

on
 p

ro
ce

du
re

 b
as

ed
 o

n 
A

IC
. T

he
 r

el
at

io
ns

hi
ps

 in
vo

lv
in

g 
on

ly
 lo

ng
it

ud
e 

an
d 

la
ti

tu
de

 a
nd

 tw
o 

pr
in

ci
pa

l c
om

po
ne

nt
s 

fo
r

bi
oc

lim
at

ic
/s

pa
ti

al
 d

at
a 

(P
C

1_
B

 a
nd

 P
C

2_
B

) 
 w

er
e 

m
od

el
le

d 
by

 a
 t

w
o-

or
de

r 
(c

ub
ic

) 
po

ly
no

m
ia

l f
un

ct
io

n.
 F

or
 a

ll 
sh

el
l v

ar
ia

bl
es

, n
on

lin
ea

r 
m

od
el

 (
no

nl
in

) 
w

as
 fa

vo
ur

ed
 o

ve
r 

th
e 

lin
ea

r 
on

e.
 I

n 
th

e
ot

he
r 

th
re

e 
ca

se
s,

 t
he

 r
el

at
io

ns
hi

ps
 w

er
e 

m
od

el
le

d 
by

: a
 s

im
pl

e 
lin

ea
r 

m
od

el
 (

lin
),

 a
 li

ne
ar

 m
od

el
 in

cl
ud

in
g 

pa
ir

w
is

e 
in

te
ra

ct
io

ns
 a

nd
 a

ls
o 

th
re

e-
w

ay
 in

te
ra

ct
io

n 
in

 t
he

 c
as

e 
of

 s
pa

ti
al

 v
ar

ia
bl

es
(i

nt
er

),
 a

s 
w

el
l a

s 
a 

m
od

el
 c

on
si

de
ri

ng
 in

 a
dd

it
io

n 
to

 t
he

 p
re

vi
ou

s 
on

e,
 q

ua
dr

at
ic

 t
er

m
s 

fo
r 

al
l v

ar
ia

bl
es

 (
fu

ll)
. A

IC
 w

ei
gh

ts
 (

A
IC

w
) 

w
er

e 
ca

lc
ul

at
ed

 f
or

 e
ac

h 
of

 f
iv

e 
be

st
-f

it
te

d 
m

od
el

s 
fo

r 
a 

gi
ve

n
sh

el
l v

ar
ia

bl
e.

 T
he

 la
rg

es
t 

va
lu

es
 o

f a
dj

us
te

d 
R

2
an

d 
A

IC
w

 w
er

e 
bo

ld
ed

 fo
r 

th
e 

gi
ve

n 
sh

el
l v

ar
ia

bl
e.

In
d
e
p
e
n
d
e
n
t 

v
a
ri
a
b
le

s
D

e
p
e
n
d
e
n
t

lo
n
g
it
u
d
e
 a

n
d
 l
a
ti
tu

d
e

lo
n
g
it
u
d
e
, 

la
ti
tu

d
e
, 

a
lt
it
u
d
e

B
IO

1
, 

B
IO

6
, 

B
IO

1
8

B
IO

1
, 

B
IO

6
, 

B
IO

1
8

, 
a

lt
it
u

d
e

P
C

1
_

B
, 

P
C

2
_

B
v
a
ri
a
b
le

s
M

o
d
e
l

A
d
j.
 R

2
A

IC
w

M
o
d
e
l

A
d
j.
 R

2
A

IC
w

M
o
d
e
l

A
d
j.
 R

2
A

IC
w

M
o
d
e
l

A
d

j.
 R

2
A

IC
w

M
o

d
e

l
A

d
j.
 R

2
A

IC
w

W
n
o
n
lin

0
.3

0
5
.5

E
-1

6
fu

ll
0
.3

1
3
.7

E
-1

4
fu

ll
0
.3

2
2
.8

E
-1

0
fu

ll
0

.3
4

0
.1

1
0

fu
ll

0
.3

4
0

.8
9

0

H
n
o
n
lin

0
.1

9
6
.8

E
-2

0
fu

ll
0
.2

4
0
.7

5
6

fu
ll

0
.1

9
4
.7

E
-1

9
fu

ll
0

.2
4

0
.2

4
4

fu
ll

0
.1

8
4

.5
E

-2
2

b
w

H
n
o

n
lin

0
.2

7
2
.8

E
-2

0
fu

ll
0
.3

0
2
.2

E
-0

7
fu

ll
0
.2

7
4
.6

E
-1

9
fu

ll
0

.3
2

1
.0

0
0

fu
ll

0
.2

7
9

.1
E

-2
1

h
n
o

n
lin

0
.3

4
1
.8

E
-3

2
in

te
r

0
.3

7
3
.5

E
-2

3
fu

ll
0
.3

7
7
.2

E
-2

0
fu

ll
0

.4
2

1
.0

0
0

fu
ll

0
.3

6
3

.3
E

-2
7

w
n
o
n
lin

0
.3

5
4
.0

E
-1

8
in

te
r

0
.3

7
6
.0

E
-0

7
fu

ll
0
.3

6
1
.0

E
-1

4
fu

ll
0

.3
9

1
.0

0
0

fu
ll

0
.3

6
6

.2
E

-1
1

D
n
o
n
lin

0
.3

1
7
.5

E
-1

8
fu

ll
0
.3

1
3
.1

E
-1

5
fu

ll
0
.3

2
2
.6

E
-1

1
fu

ll
0

.3
4

1
.8

E
-0

4
fu

ll
0

.3
5

1
.0

0
0

U
n
o
n
lin

0
.1

6
1
.0

0
0

fu
ll

0
.1

2
3
.4

E
-1

3
fu

ll
0
.1

0
2
.8

E
-1

7
fu

ll
0

.1
3

2
.9

E
-0

8
fu

ll
0

.1
3

7
.0

E
-0

9

u
n
o

n
lin

0
.1

8
1
.0

0
0

fu
ll

0
.1

5
7
.6

E
-1

2
fu

ll
0
.1

3
1
.8

E
-1

8
fu

ll
0

.1
6

5
.8

E
-0

9
fu

ll
0

.1
6

1
.0

E
-0

7

w
h
l

n
o

n
lin

0
.1

2
1
.6

E
-1

8
fu

ll
0
.1

6
1
.5

E
-0

4
fu

ll
0
.1

6
2
.3

E
-0

4
fu

ll
0

.1
8

1
.0

0
0

fu
ll

0
.1

6
1

.4
E

-0
6

H
/W

n
o
n
lin

0
.1

4
1
.0

0
0

fu
ll

0
.1

3
1
.2

E
-0

4
fu

ll
0
.0

7
1
.2

E
-2

2
fu

ll
0

.1
2

6
.4

E
-0

6
fu

ll
0

.0
8

2
.1

E
-1

7

U
/D

n
o
n
lin

0
.1

3
0
.8

0
4

fu
ll

0
.1

3
0
.1

8
2

fu
ll

0
.0

7
1
.5

E
-2

0
fu

ll
0

.1
3

0
.0

1
4

fu
ll

0
.0

7
2

.7
E

-2
1

u
/U

n
o

n
lin

0
.0

4
0
.0

0
6

fu
ll

0
.0

4
0
.0

1
3

in
te

r
0
.0

4
0
.2

6
1

fu
ll

0
.0

5
0

.7
0

8
fu

ll
0

.0
4

0
.0

1
2

b
w

H
/H

n
o
n
lin

0
.1

5
0
.9

7
2

fu
ll

0
.1

4
0
.0

2
4

fu
ll

0
.1

2
1
.0

E
-0

8
fu

ll
0

.1
4

0
.0

0
4

fu
ll

0
.1

3
2

.0
E

-0
4

h
/w

n
o

n
lin

0
.0

2
1
.5

E
-0

7
fu

ll
0
.0

3
8
.0

E
-0

5
fu

ll
0
.0

2
5
.4

E
-0

8
fu

ll
0

.0
2

1
.5

E
-0

7
fu

ll
0

.0
4

1
.0

0
0

v
o
lu

m
e

n
o
n
lin

0
.2

3
8
.3

E
-1

5
fu

ll
0
.2

6
4
.8

E
-0

5
fu

ll
0
.2

4
1
.6

E
-1

0
fu

ll
0

.2
7

1
.0

0
0

fu
ll

0
.2

6
0

.0
0

0

P
C

1
n
o

n
lin

0
.2

9
2
.9

E
-1

7
fu

ll
0
.3

1
2
.0

E
-1

1
fu

ll
0
.3

1
8
.4

E
-0

9
fu

ll
0

.3
3

1
.0

0
0

fu
ll

0
.3

2
0

.0
0

0

P
C

2
n
o

n
lin

0
.1

6
1
.0

0
0

fu
ll

0
.1

4
7
.5

E
-0

7
fu

ll
0
.0

6
2
.0

E
-2

9
fu

ll
0

.1
4

9
.0

E
-0

7
fu

ll
0

.0
7

0
.0

0
0



temperature may restrict activity of snails and their
growth. In agreement with that, we found that metric
features of shells collected from locations with higher
temperatures were larger. It is possible that T. strio-
latus reaches sexual maturity faster in wetter and
colder places in order to reproduce earlier, like some
other land-snail species (Berry 1963, Pfenninger and
Magnin 2001, Proćków et al. 2012). It results in small-
er size, because shell growth is limited after maturity.
It was suggested that the early reproduction could con-
stitute a selective advantage (Pfenninger and Magnin
2001) because winter mortality in juveniles was shown
to be size-dependent in Cornu aspersum (Madec et
al. 2000). As in the case of Candidula unifasciata,
further experiments are needed to determine whether
the size-precipitation correlation is due to phenotypic
plasticity in response to the prevailing conditions or
wheth er it has an adaptive significance (Pfenninger
and Magnin 2001). Interestingly, opposite trends were
shown by the number of whorls in this study. Shells
from sites with the larger temperatures had smaller
number of whorls. It may be related with some changes
in development of shells.

Furthermore, we found that adult T. striolatus at
high altitudes produced notably small shells in compar-
ison to conspecific populations from lower elevations
(Fig. 2, Fig. 5A, E, Fig. 6C). These results are consis-
tent with those obtained for a helicid Arianta arbus-
torum and clausiliids Vestia turgida and V. gulo
(Burla and Stahel 1983, Baur and Raboud 1988, Suli -
kowska-Drozd 2001, 2011), also occurring along eleva-
tion gradients. Since any data collected along altitudi-
nal gradients reflect a combined effect of regional
peculiarities and general altitude phenomena (Körner
2007), the interactions between temperature, precipita-
tion, and duration of growing season make likely the
presence of shell size correlations with elevation (see
also further discussion). In fact, we showed significant
and high correlations between altitude and almost all
bioclimatic parameters (data not shown). 

The so-called converse Bergmann’s rule was
demonstrated for many ectothermic species, including
invertebrates (reviewed in Blanckenhorn and Demont
2004). This rule says that body size decreases as 
latitude/altitude increases. Contrary to the original
Bergmann’s rule, the converse effect is mediated by
duration of growing season, as opposed to temperature
per se. The shorter seasons at higher latitudes/
altitudes progressively limit the time available for 
foraging, growth and development. Hence it results in 
a pattern of decreasing body size (Blanckenhorn and
Demont 2004). Accordingly, we observed a negative
correlation of temperature seasonality with shell 
metric features. Analogous seasonal time constraints,
caused by altitude, were recorded in some insects
(Blanckenhorn 1997, Fischer and Fiedler 2002, Chown

and Klok 2003). For particular species of terrestrial
molluscs, however, such a pattern is not sufficiently
documented. It was shown in only recently published
studies on land-snail species (Kotsakiozi et al. 2013,
Giokas et al. 2014) and other invertebrates (Puzin 
et al. 2014). Regional land snail faunas in north-west
Europe demonstrated neither latitudinal nor altitudi-
nal patterns in body size if phylogenetic effects are con-
trolled (Hausdorf 2003). Observations of land snails
across large extents (north-western Europe, eastern
North America, and New Zealand) revealed only weak
altitudinal variation in community body sizes which is
probably obscured by other strong local environmental
gradients such as precipitation (Nekola et al. 2013). 
It should be emphasised, that both Bergmann’s rule
and converse Bergmann’s rule are not mutually exclu-
sive because they are affected by different environmen-
tal factors (Blanckenhorn and Demont 2004). They are
often taxon-specific and partially depend on the study
design (Shelomi 2012). This pattern is also thought 
to be stronger at the intra-specific level than between
closely related species (Meiri 2011). The crucial effect
of body size, identified here, may be more important in
short-lived taxa with a predominantly annual life cycle
such as studied Trochulus species (Germain 1930,
Proćków et al. 2013a). For organisms terminating their
growth only over several months, the effects of end of
season time constraints will get pronounced, and may
hence strongly affect the overall growth strategy and
final body size of the species.

Our results of PCA showed that differences between
populations in some traits co-vary significantly with
long-term climatic factors and the geographic location
of their sampling sites. Snails found in climatically
milder sampling sites in the British Isles tend to have
larger shells (Fig. 4A, Fig. 7). This association allows
formulating assumptions that conform to the above dis-
cussion about the causes for this pattern. An oceanic
climate is generally characterized by warm (not hot)
summers and cool (not cold) winters, and a relatively
narrow annual temperature range. It lacks a dry sea-
son, as precipitation is more evenly dispersed through-
out the year (Meteorological Office 2013). Additionally,
relatively long growing season (e.g. approximately 252
days in UK, Meteorological Office 2013) is meaningful
because snails remain active for a longer part of the
year, than it is encountered in other places at a compa-
rable latitude (e.g. 180–200 days in Germany, Rötzer
and Chmielewski 2001), and may continue their growth
with limited periods of aestivation or hibernation
reaching larger shell sizes. This explanation is well
confirmed by our global analyses of all samples, which
revealed significant positive correlations between 
metric features and temperature parameters but nega-
tive correlations with temperature ranges. Some indi-
viduals of T. striolatus inhabiting the same area (i.e. 
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Bl – Blumberg and Sch – Schleitheim) significantly 
differed in shell morphometry but showed no differ -
ences in COI sequences (Proćków et al. 2014: Fig. 5c,
Fig. 14). It may indicate a great phenotypic plasticity in
response to the prevailing local conditions. Our current
studies showed that many shell size parameter is in
some way related with a bioclimatic variable and alti-
tude indicating that ultimate size of T. striolatus is
influenced quite a lot by environment. In other land-
snail species like vitrinids the larger size was a conse-
quence of increased life span depending on local
climate (Umiński 1975). Similarly, significant correla-
tions between environmental factors and shell trait
variables were found in C. unifasciata, showing that
in areas with a more Mediterranean climate shells
tended to be more depressed with smaller apertures
and coarser and wider spaced ribs (Pfenninger and
Magnin 2001). Finally, environmental variables such as
the increasing insolation and temperature instability
were suggested as possible important factors influenc-
ing the shell morphology in high mountain populations
of V. turgida (Sulikowska-Drozd 2001).

The second axis in PCA plot (Fig. 7) separated the
snails from low and very high altitudes (representing
two extreme shell sizes, Fig. 5A, D) from snails of sub-
montane and montane regions (intermediate shell-
sized, Fig. 4B, E, F), where climate conditions show
considerable variation (e.g. head vs. mouth of a valley,
Viazzo 1989). Thus, climate harshness related to alti-
tude does not influence species uniformly along the
gradient but discrete changes could be distinguished,
like in V. turgida, in which snails occurred above the
timberline tended to be smaller than those living at the
same altitude in forests (Sulikowska-Drozd 2001). Con-
trary to that, in our regression analyses including all
specimens, we found that the strongest relationships of
shell features (aperture width and height) with altitude
showed a linear and continuous rather than non-linear
and step-wise character. However, the most of other
relationships of shell features with environmental vari-
ables were non-linear. The overall shell variability,
especially at the population level, is affected by many
dif ferent spatial and climatic features including 
topographic complexity of the area and local microcli-
mate conditions. Most models including both bioclimat-
ic and spatial variables explained the largest propor-
tion of variance in the shell morphometrics and were
better fitted than models considering the parameters
separately.

There are also many other unmeasured environ-
mental or gene-by-environmental factors important for
determining shell sizes as it was reported for some
populations of Oreohelix cooperi (Anderson et al.
2007). In this study, we found shells from Gosheim 
to be smaller than those from the montane zone 
(Fig. 4). These dwarf forms were genetically confirmed

to represent T. striolatus (Proćków et al. 2017). Tro -
chu lus from “Heide von Gosheim bei Spaichingen” 
was mentioned by Geyer (1913: 101–106) but identified
as Helix suberecta. The latter, however, most likely
does not represent a separate species (Duda et al.
2014). Thus, our findings indicate that in this case 
an individualistic response to local environmental
and/or climate variables can apply. It is worth to men-
tion that the habitat in which we found the snails
(humid forest) differs from that given by Geyer (1913)
(heath land). Nevertheless, in both cases the snails
remained small.

Taxonomic implications

Typically, subspecies are considered distinctive,
geographically replacing forms of a species (O’Brien
and Mayr 1991). The recognition of diversity below the
species level enables deeper understanding intraspe-
cific variation, gives insights into the adaptability of
organisms and provides knowledge about the process
of speciation (Braby et al. 2012).

As a result of the current study, showing the clear
and significant influence of environment on morphome-
tric variation of T. striolatus shell, the legitimacy of
its division into subspecies is not confirmed, and for-
mal recognition of these subspecies is not justified.
Therefore, the following synonymy is proposed:

Trochulus striolatus (C. Pfeiffer 1828: 28), pl. VI, fig. 8. Locus typicus:
Germany: near Heidelberg, in gardens.

= Helix danubialis Clessin 1874: 184, pl. VIII, fig. 4. Locus typicus:
Germany: Bavaria: near Dillingen, woods on the border of the
Bavarian Danube.

= Helix abludens Locard 1888: 334. Locus typicus: Jersey; Ireland:
environs of Dublin; France: dep. Pas-de-Calais: Boulogne-sur-Mer.
Syntypes: MNHN.

= Helix (Hygromia, Fruticicola) montana var. juvavensis Geyer
1914: 276. Locus typicus: Austria: north slopes of Schafberg. Para -
types: NHMW.

The taxonomic status of austriacus subspecies
could not be verified due to its material unavailability.
Except for the original description (Mahler 1952), there
is no other study that describes this taxon. However,
taken into account our findings, we can suppose that
its morphology might be also the product of phenotypic
plasticity associated with the influence of environment.

When snail species are distinguished from each 
other by shell dimensions, the coefficient of variability
(CV%) is helpful to solve the taxonomic doubts (Welter-
Schultes 2000a, Örstan 2001). CV of about 3% to 8%
was usually obtained for shell height and diameter in
land snail samples consisting of a single species (Wel-
ter-Schultes 2000a, Örstan and Yildirim 2003). Subse-
quently, it was suggested that CV larger than 9% for an
unbiased and sufficiently large sample would strongly
indicate that the sample is a mixture of specimens of
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two sympatric species with different mean dimensions
(Örstan 2003). Shell volume as well as umbilicus major
and minor diameters appeared to be the most variable
traits within populations and biotic zones of T. striola-
tus (CV mostly exceeding 9%, Appendix 2). This find-
ing may be important in considering infra-specific clas-
sification of T. striolatus suggested by some authors
(Klemm 1974, Lisický 1991, Falkner et al. 2001). The
most often recognized subspecies within T. striolatus
is T. s. danubialis, whose distribution range has not
been precisely defined. It was recorded not only along
the Danube River but also in the southern part of the
Little Carpathians and Žilinská kotlina basin (Hudec
1964, Čejka 2000, Čejka et al. 2008). According to 
Schileyko (1978), the taxon should be given a separ-
ate species status. Originally T. s. danubialis was
described as having conical shell with a low spire
[“Gewinde kurz, wenig erhoben”] and a very narrow
umbilicus [“Nabel sehr eng”] (Clessin 1874: 184). How-
ever, inconsistent records of high-spired and narrow-
umbilicated (Ehrmann 1933) versus low-spired and
broad-umbilicated shells (Hudec 1964) of T. s. danu-
bialis were reported from different regions. Both vari-
ation of shell in size and shape as well as umbilical
structure have been attributed to environmental plas-
ticity in some subspecies of T. striolatus (Mahler
1952, Forcart 1965). This statement is supported by
our results showing that umbilicus diameter, umbilicus
relative diameter (U/D) and shell volume are extre-
mely variable characters within all populations of 
T. striolatus (Appendix 2). The relative height of spire
(bwH/H) was also found to be significantly influenced
by climate factors. Therefore, all these features consid-
ered as diagnostic so far, appear to be taxonomically
useless. In addition, intra-population shell size of T. s.
danubialis showed great variation and overlapped
other populations (Fig. 2). For example, its shell shape
is similar to those from Aichtal (Fig. 4E, F). Similarly,
the shells of topotypic material overlapped the varia-
tion of many other populations (Fig. 2). Our recent
investigations revealed that under constant laboratory
conditions the average shell shape of T. hispidus
changed significantly from flat with a wide umbilicus to
more globular or even elevated with a narrower
umbilicus (Proćków et al. in press), which indicates 
a great influence of environmental factors. In agree-
ment with that, we found significant correlations of
shell width and height as well as umbilicus major and
minor diameter with bioclimatic features. Their
strongest negative correlations were observed with the
precipitation variable (Table 2). We also demonstrated
the significant negative relationship between shell
shape (PC2 and H/W) and umbilicus diameter or 
relative umbilicus diameter (U/D), which indicates 
that more globular shells have narrower umbilicus. On
the other hand, among Helicinae, i.e. Levantina

spiriplana (Olivier, 1801) and Iberus gualtierianus
(L., 1758), changes in the relative width of the umbili-
cus were considered genetically based and used to
diagnose subspecies (Pfeiffer 1949, Falkner 1990). 
Generally, differences in shell shape and shell struc-
ture are usually heritable, genetically based, and phy-
logenetically meaningful, while intra-specific variation
in size is more often plastic and under the influence of
environment.

In the light of the results obtained in the current
study, T. s. danubialis has failed to meet the criteria
of subspecies status because it does not represent mor-
phologically and geographically distinct populations.
Admittedly, a slight morphological differentiation in
the cross-section of the penis between T. s. striolatus
and T. s. danubialis has been detected, however, 
it might be an artefact of a limited sampling dataset 
(n = 8, Duda et al. 2014). Moreover, as observed by
those authors, in danubialis and juvavensis, the
arrangement of the penial folds was the same as in 
T. his pidus, thus, very variable in T. striolatus.

Similarly, there is no evidence to support the valid-
ity of T. s. abludens as a diagnosable subspecies. We
found no taxonomically useful features due to the
immense variation of shell size and shape within and
between populations of this taxon. It should be also
noted that the diagnosis of this subspecies (based on
larger shell, more depressed spire and wider umbili-
cus) established by Falkner et al. (2002) disagrees
with Ellis’s (1969) diagnosis (assuming smaller shell
and often higher spire). Furthermore, none of these
descriptions corresponds to the original designation by
Locard (1888), i.e. medium sized, conical-subglobose
shell, high spire and quite large umbilicus (see speci-
men from Locard’s collection, Fig. 5C). Similar incon-
sistencies in sizes and shapes of shells were detected
in this study among the topotype specimens from
Boulogne-sur-Mer (Fig. 9), which display a very high
variation in traits regarded as diagnostic so far, i.e.
shell volume (CV = 25%), umbilicus diameter (15%)
and relative umbilicus diameter (U/D) (13%). Subse-
quently, we were unable to establish restricted geo-
graphic occurrence of this taxon.

Conspicuously small shells were observed in high-
land populations of T. striolatus from the Salzkam-
mergut mountain range of the Austrian Northern Lime-
stone Alps, including a mountain Schafberg, the type
locality of T. s. juvavensis (Fig. 1, Fig. 2, Fig. 3, Fig.
5D). Its restricted geographical range and the differen-
tiation in its shell size from the other subspecies con-
form to historical definitions of subspecies that rely on
geographically disparate phenotypes. However, we
also found significant differences based on the environ-
mental/spatial effects (e.g. altitude, precipitation sea-
sonality), suggesting that some of the morphological
variation may be associated with a cline or a particular
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Figure 9. Apertural and umbilical views of topotype specimens of T. s. abludens from Boulogne-sur-Mer (Ref. no. 297640, NBCN). 

habitat. More recent definitions regard subspecies as
evolving allopatric and phenotypically distinct popula-
tions that represent partially isolated lineages of 
a species. The subspecies should have at least one
fixed diagnosable character state. Moreover, according
to some researchers differences in these characters
should be correlated with evolutionary independence
conforming to population genetic structure (Braby et
al. 2012). This is incongruent with recent mitochond-

rial DNA data that did not show the clear separation of
three T. striolatus subspecies (Kruckenhauser et al.
2014). The identical mitochondrial COI sequences in
some individuals from the T. striolatus populations
with the significant differences in size (Proćków et al.
2014) may suggest that at least part of the variation is
environmentally dependent and has an effect on recog-
nition of the traditional taxonomic categories such as
subspecies. Quite opposite results were revealed for
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two Trochulus oreinos subspecies, in which the dis-
tribution of mitochondrial haplotypes clearly corre-
sponded to their distribution ranges in spite of difficul-
ties in their distinction at the morphological level
(Duda et al. 2011). This, however, can be well ex -
plained by their different evolutionary history (Duda et
al. 2014). Nevertheless, the interpretation of a single
gene data should be viewed with caution. Sometimes
molecular results lead to different conclusions like in
A. arbustorum. Arter (1990) using allozymes demon-
strated a gene flow along Alpine drainage systems
between lowland and high altitude populations of 
A. arbustorum. He also showed that recolonization
accompanied by clinal variation led to the origin of the
smaller form alpicola. It does not agree with phylogeo-
graphic studies of mtDNA (Haase et al. 2003, Gitten-
berger et al. 2004) that revealed a common lack of geo-
graphic pattern of variation: prominent differences
among closely situated populations and no differences
among regions. This may result from different scales of
investigations: local versus global.

Subspecies are considered important taxonomic
units for describing biodiversity and identifying early
stages of population divergence, and thus are impor-
tant for studies on both evolution and conservation
(Braby et al. 2012). However, at the current stage of
knowledge, it seems that T. s. juvavensis is not a valid
taxonomic entity because at least some of its morpho-
logical variation is clinal and may be associated with 
a particular environment (e.g. subalpine zone). Never-
theless, T. s. juvavensis may reflect an incipient stage
of differentiation from the whole population of T. stri-
olatus. It may be in the process of allopatric speciation
with still proceeding gene flow. These results also pro-
vide additional evidence for ongoing speciation and rel-
atively recent diversification within Trochulus (Proć -
ków et al. 2017) but recognition of many subspecies
within T. striolatus is not justified.
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