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Introduction

Alpine grasslands are unique habitats for a variety of 
plant and invertebrate species (Körner 1999, Nagy et al. 
2003, Viterbi et al. 2013). These grasslands have been main-
tained by traditional seasonal pastoral activities for many 
centuries (Messerli and Ives 1997). The high biodiversity of 
these grasslands is a result of repeated grazing, which allows 
the coexistence of numerous plant species through regular 
disturbance (Poschlod and Wallis De Vries, 2002). In the past 
decades, however, semi-natural grasslands have either been 
used more intensively or were abandoned, both resulting in 
a decline in the area of these habitats (Dullinger et al. 2003, 
Strijker 2005, Riedener et al. 2013) and in a decrease in plant 
species richness (Tasser and Tappeiner 2002, Niedrist et al. 
2009). In the European Alps, vegetation composition varies 
in response to broad-scale factors such as elevation, precipita-
tion, type of bedrock, and fine-scale factors, like slope aspect, 
inclination, and soil pH (Ellenberg 1996, Marini et al. 2007). 
In addition to these environmental factors, human influences 
are crucial for shaping the vegetation patterns of the alpine 
grasslands (Dainese et al. 2012). 

Compared to vascular plants, drivers of terrestrial gastro-
pod diversity in alpine grasslands have so far received little 
attention. Terrestrial gastropods are among the poorest ac-
tive dispersers in the animal kingdom (Baur 1986, Baur and 
Baur 1995, Giokas and Mylonas 2004), although some small-
sized species can be passively dispersed over large distances 
(Cameron et al. 2010). Numerous gastropod species have 
narrow habitat requirements and react sensitively to changes 
in environmental conditions and disturbances (Nekola 2010; 
Schilthuizen 2011), and are therefore considered as indicators 
of habitat quality and land-use intensity (Martin and Sommer 
2004a, Boschi and Baur 2008). Soil calcium content and 
moisture were the key factors explaining most of the variation 
in the community composition of land snails in hay meadows 
of the White Carpathians, Czech Republic (Dvorakova and 
Horsak 2012). At a regional scale, terrestrial gastropod diver-
sity of various habitats decreased with increasing elevation in 
Val Müstair in the Eastern Alps (Baur et al. 2014). Grazing 
intensity has been found to negatively affect land snail di-
versity and abundance in nutrient-poor calcareous grassland 
in the Swiss Jura mountains (Boschi and Baur 2007a,b), in 
Mediterranean uplands in France (Labaune and Magnin 
2002) and in alpine grasslands in the Southern Carpathians in 
Romania (Baur et al. 2007).
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The aim of our study was to investigate how environ-
mental variables (elevation, slope, soil pH, etc.) and an an-
thropogenic factor (grazing intensity) structure gastropod 
communities in alpine grasslands of Val Müstair in the Swiss 
Alps. In this alpine region, human land use has influenced the 
landscape for centuries (Bundi et al. 2009). Beside traditional 
analyses, focusing on species richness, abundance and the 
number of threatened species, we applied two novel method-
ological approaches to examine gastropod communities in the 
grasslands. First, we examined co-occurrence patterns (beta 
diversity and other community-level phenomena; Podani and 
Schmera 2011) and the community assembly (aggregated, 
random or segregated structure; Sanders et al. 2003). The 
combination of these analyses provides insight into the or-
ganization of the gastropod communities. Second, we exam-
ined how gastropod species traits are influenced by ecological 
variables and anthropogenic factors applying fourth-corner 
analysis (Legendre et al. 1997, Dray and Legendre 2008). In 
particular, we addressed the following questions: (1) Are the 
species richness and abundance of terrestrial gastropods in 
alpine grasslands affected by ecological variables and anthro-
pogenic impact? (2) Which of these factors influence threat-
ened gastropod species? (3) Does the gastropod community 
of alpine grasslands assemble randomly? (4) Are gastropod 
species traits influenced by environmental variables and/or 
anthropogenic factors? 

Material and methods

Study area

The Val Müstair (46o 36' N, 10o 25' E) constitutes the 
buffer and transition zone of the Biosphere Reserve Val 
Müstair Park Naziunal, which has been approved according 
to the Seville strategy by UNESCO in 2010. The core area 
consisting of the Swiss National Park was not considered 
in this study. The area of Val Müstair covers 198.5 km2 and 
spans an elevational range from 1215 to 3180 m a.s.l.

Val Müstair is characterized by continental Inner-Alpine 
conditions with a slight Mediterranean influence. The climate 
is mild with low precipitation. Mean annual temperature is 
5.3 oC in Sta. Maria at 1383 m and –0.3 oC in Buffalora at 
1968 m (MeteoSwiss 2013). The corresponding mean July 
temperatures are 14.5 oC and 9.9 oC. Mean annual precipi-
tation increases with elevation from 690 mm in Müstair at 
1248 m to 801 mm in Sta. Maria at 1383 m and to 902 mm in 
Buffalora at 1968 m (MeteoSwiss 2013).

The underlying bedrock consists of different types of 
gneiss, mainly occurring in the eastern part, verrucano 
(quartz and white micas) in the central part and dolomites in 
the southern and western parts of the investigation area. Soil 
developed on verrucano exhibits particular properties owing 
to the uniform mineralogy of this bedrock. These soils are 
very acid and nutrient-poor, feature a sandy-silty texture and 
have a low water holding capacity. Similarly, soils on gneiss 
are calcium-poor and acid. In contrast, soils on dolomite are 
calcium-rich and basic.

In 2010, 1592 permanent residents lived in the investiga-
tion area. Organic farming is widespread in the valley (80% 
of the farmers). Grasslands have been extensively managed 
for centuries, but became prone to different kinds of land-
use intensification, particularly since the construction of a 
wide-ranging sprinkler irrigation system in the valley bottom 
between 1970 and 1988 (Bundi et al. 2009). 37.4% of the 
area of Val Müstair is agricultural land (mainly pastures and 
meadows), 27.5% woodland (climatic timberline at 2300 m 
a.s.l.), 0.6% waters, 1.1% settlements (predominantly in the 
valley bottom), and 33.4% unproductive area (mainly rocks 
and scree slopes above the timberline).

Sampling and site characteristics

A total of 76 sites in alpine grassland spread across the 
entire valley were sampled in the years 2007–2010. We ap-
plied two methods to assess the species richness and relative 
abundance of terrestrial gastropods at each sampling site 
(Oggier et al. 1998). First, we visually searched for living 
snails and slugs and for empty shells on the ground and un-
der stones at each sampling site for a total of 60 minutes. 
Sampling was restricted to an area of approximately 20 m × 
20 m. Second, we collected soil samples including dead plant 
material (up to 2 cm depth) at 4–6 randomly chosen spots in 
each site (in total a volume of 1 L per site). For the extrac-
tion of snails, samples were washed out using a set of sieves 
(mesh sizes 5 and 0.5 mm) and later examined under a bin-
ocular microscope. The combination of the two methods al-
lows detection of both large-sized taxa that often occur at low 
density and micro-species that are cryptic and litter-dwelling 
(Tattersfield 1996).

Identification of gastropods followed Kerney et al. 
(1983), and the nomenclature of Turner et al. (1998) was 
applied. Besides terrestrial gastropods, we considered the 
basommatophoran snail Galba truncatula. This amphibious 
freshwater snail frequently occurs in wet grassland. 

At each sampling site, the following environmental vari-
ables were recorded: elevation (in metres above sea level), 
measured by a GPS receiver (Garmin, Geko 201, Romsey, 
U.K.) and checked against 1 : 25,000 topographical maps, 
geo graphical coordinates (measured with the GPS receiver), 
aspect (degrees from south using a compass), inclination 
(based on a trigonometric method, average of six measure-
ments), soil pH (average of six soil samples using the Hellige 
method; AVM Analyseverfahren, Freiburg, Germany), and 
the percentage area covered by rock and scree (estimated 
to the nearest 5% in each 20 m × 20 m plot). Wetness in a 
site was classified using the three categories low (dry habi-
tat, exposed to direct sun radiation), moderate (moist habi-
tat, shadowed, little direct sun radiation) and high (wetland 
or embankment of a river). We assessed grazing intensity at 
each sampling site using the following three classes: absent 
or low (no or little grazing, mainly by wildlife), moderate 
(moderate grazing by livestock) and high (intensive grazing 
by livestock).
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Soil temperature can infl uence the composition of terres-
trial gastropod communities (Baur and Baur 1993). A slope 
with afternoon sun is warmer than an equivalent slope with 
morning sun. As a proxy for soil temperature we calculated 
mean heat load for each sampling site using the model of 
McCune and Keon (2002). This model considers topographi-
cal variables (aspect, inclination) and latitude. Table 1 pro-
vides basic information on the environmental characters of 
sampling sites.

Gastropod characteristics

Data on habitat specifi city of gastropods (open-land: spe-
cies exclusively occurring in open habitat; forest: species 
mainly found in wooded areas; ubiquitous: species found in 
different types of habitat), humidity preference and their life-
history traits (adult shell size, age at sexual maturity, longev-
ity, egg size and clutch size) were obtained from Kerney et 
al. (1983), Falkner et al. (2001), Bengtsson and Baur (1993) 
and B. Baur (unpubl. data). Species considered as threatened 
are recorded on the Red List of Switzerland (Rüetschi et al. 
2012).

Data analyses

Environmental variables were not strongly intercorre-
lated (Pearson correlation, |r| < 0.3). Therefore, all environ-
mental variables were used as predictors in the analyses. 
Correspondence analyses (Podani 2000) were performed to 
explore community structure using either species presence/
absence or abundance data. The envfi t function of the vegan 
package (Oksanen et al. 2013) was applied to fi nd directions 
in the ordination space towards which environmental vectors 
change most rapidly. Permutation tests (n = 10,000) were 
used to select important environmental vectors.

Generalized linear models (GLM) with Poisson distri-
bution were used to examine how environmental variables 
(elevation, inclination, soil pH, square-root transformed rock 
cover, grazing intensity, wetness and arc-sine transformed 
heat load) infl uence gastropod species richness and the num-
ber of red-list species. Poisson distribution was required be-
cause response variables had only integer values with many 
zeros. We started with a full main-effect model, and selected 
the minimal adequate model (simplifi ed model; see Crawley 
2007) based on Akaike’s information criterion (AIC). We 
detected overdispersion in examining the relationship be-
tween environmental variables and gastropod abundance (see 
Schmidlin et al. 2012 for details) and therefore applied gener-
alized linear models (GLM) with quasi-Poisson distribution. 
As AIC is not defi ned for GLM with quasi-Poisson distribu-
tion (Crawley 2007), model selection was performed based 
on P-values.

We applied the SDR-simplex method (Podani and 
Schmera 2011) to explore community patterns. This method 
uses a site-by-species presence-absence matrix to calculate 
similarity (S), relative richness difference (D) and relative 
species replacement (R) for each pair of sites. Then, the 

method displays these points on a ternary plot (called SDR-
simplex). Based on the distributions of the point patterns, the 
SDR-simplex method quantifi es community patterns includ-
ing beta diversity, nestedness and richness agreement (Fig. 1).

Correspondence analyses based either on species pres-
ence/absence or abundance data combined with envfi t function 
revealed that elevation and wetness explained a signifi cant 
amount of variation in the community structure (see Results). 
We therefore assigned the sampling sites into low-elevation 
sites (sites situated below the natural timber line, i.e., below < 
2300 m a.s.l., n = 57) and high-elevation sites (sites situated 
above the timberline, > 2299 m a.s.l., n = 19). Similarly, we 
assigned the sampling sites into two groups based on their 
general wetness (wet and moist sites, n = 13, hereafter re-
ferred to wet sites; and dry sites, n = 63). We performed sepa-
rate SDR-simplex analyses on these different groups of sites. 
Null-model analysis was applied to test whether the observed 
beta diversity values appear randomly or not. Similarly to the 
approach of Sanders et al. (2003), we regarded low beta di-
versity as a signal of aggregated community structure, and 
high beta diversity as a signal of segregated community 
structure. We performed randomization (n = 10,000) by the 

Table 1. List of environmental predictors and their basic charac-
ters (n= 76 in each case).

Predictor Mean Min Max

Grazing intensity (score) 1.04 0 2

Wetness (score) 0.19 0 2

pH 6.03 4 8

Elevation (m) 2086 1430 2770

Inclination (°) 28.46 12 41

Rock cover (%) 14.66 0 65

Heat load* 0.79 0.41 0.99

  * following McCune and Keon (2002)

Figure 1. The interpretation of the SDR-simplex according to 
Podani and Schmera (2011). The SDR-simplex is used to visu-
alize co-occurrence patterns (i.e., beta diversity, nestedness and 
related phenomena) across gastropod communities.
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oecosim function of the vegan package (Oksanen et al. 2013) 
using the quasiswap algorithm of Miklós and Podani (2003).

We applied fourth-corner analyses (Legendre et al. 1997, 
Dray and Legendre 2008) based either on species presence/
absence or abundance data to examine whether and how en-
vironmental variables influence species-specific gastropod 
traits. Associations between environmental variables and 
gastropod traits were expressed using Pearson correlation (r) 
for two quantitative variables and a Pseudo-F statistic for one 
quantitative variable and one qualitative (categorical) vari-
able (Dray and Dufour 2007). In this analysis, slugs were ex-
cluded because some traits (e.g., shell size) resulted in not ap-
plicable values (NA). An additional analysis was run in which 
"semi-slugs" (Vitrina, Eucobresia, Gallandia, Semilimax and 
Vitrinobrachium spp.) were also excluded. We examined the 
intercorrelations between species traits and found that shell 
size, age at sexual maturity and longevity are inter-correlated 
(Pearson correlation r > 0.5). Therefore, only shell size (quan-
titative variable), habitat specificity (qualitative variable: for-
est specialist, openland specialist or ubiquitous species) and 
humidity preference (quantitative variable) were used in the 
analysis. We permuted (n = 10,000) values for each species 

independently using the fourthcorner function of ade4 pack-
age (Dray and Dufour 2007). All statistical analyses were per-
formed using R (R Core Team 2012).

Results

Total species richness and abundance

A total of 4,763 specimens comprising 52 species were 
collected at 76 sampling sites (Appendix 1). The most fre-
quently occurring species were Euconulus fulvus (present 
at 38 sampling sites, 50.0%), Pyramidula pusilla (31 sites, 
40.8%) and Vitrina pellucida (29 sites, 38.2%), whereas the 
most abundant species were Pyramidula pusilla (28.7% of 
all individuals) and Xerolenta obvia (20.4%). Although many 
individuals of Xerolenta obvia were found, the species was 
recorded only at 3 sampling sites. Most of the species were 
ubiquitous (24 species, 46.2% of the total species found) fol-
lowed by openland specialists (20 species, 38.5%) and for-
est specialists (8 species, 15.3%). However, considering the 
number of specimens collected, ubiquitous individuals were 
most abundant (3019 individuals, 63.4% of the individuals 

Predictor Mean Min Max

Grazing intensity (score) 1.04 0 2

Wetness (score) 0.19 0 2

pH 6.03 4 8

Elevation (m) 2086 1430 2770

Inclination (°) 28.46 12 41

Rock cover (%) 14.66 0 65

Heat load* 0.79 0.41 0.99

  * following McCune and Keon (2002)

Figure 2. Ordination plots of correspondence analyses based on presence/absence data (top) and abundance data (bottom). Full dots 
represent sampling sites, crosses single species. For clarity, only a limited number of species are labelled. Arrows represent environ-
mental vectors explaining a significant amount of variation (P ≤ 0.05).
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sampled) followed by openland specialist (1709 individuals, 
35.8%) and forest specialist (35 individuals, < 0.1%) individ-
uals. We identified 10 red-list species (19.2% of the species 
and 7.5% of the individuals sampled).

Variation in community structure

Correspondence analyses revealed that the gastropod 
community of alpine grasslands is structured in a complex 
way. In the analysis based on species presence/absence data, 
the first two axes explained 8.9% and 7.7% of community 
variability, and the following four axes 6.7%, 5.2%, 4.4% and 
4.2% (Fig. 2). In the analysis based on abundance data, the 
corresponding values were 8.3%, 8.2%, 7.0%, 6.6%, 5.9% 
and 5.1%, respectively (Fig. 2). Thus, both in presence- and 
abundance-based analyses, neither a single axis nor a limited 
number of axes can explain a significant part of the variation 
in community structure. Both presence- and abundance-based 
analyses show that most sites and the majority of species are 
located in the origin of ordination. In the presence-based 
analysis, few sites have negative values on the first CA axis. 
These sites were characterized by the presence of Semilimax 
kotulae and Eucobresia diaphana. Other sites showed posi-
tive values on the second CA axis and were characterized 
by the presence of Quickella arenaria, Euconulus alderi and 
Galba truncatula. The fit of environmental vectors procedure 
revealed that elevation, inclination, grazing intensity and wet-
ness explained a significant amount of variation in the com-
munity structure and that S. kotulae and E. diaphana were 
present mostly at high-elevation sites while Q. arenaria, E. 
alderi and G. truncatula occurred at wet sites (Fig. 2). In the 
abundance-based analysis, few sites showed negative values 
on the first CA axis. These sites were characterized by the 
occurrence of Xerolenta obvia and Succinella oblonga. Other 
sites showed negative values on the second CA axis. These 
sites were characterized by the occurrence of Q. arenaria, E. 
alderi and G. truncatula, all three species are specialists for 
wet habitats. The fit of the environmental vectors procedure 

revealed that elevation and wetness explained a significant 
amount of the variation in the community structure.

Correlates of species richness, abundance and number of 
red-list species

The minimal adequate GLMs showed that elevation has 
a negative effect on species richness, indicating that with in-
creasing elevation some species do not occur any longer, and 
soil pH has a positive effect on species richness (Table 2). 
Gastropod abundance was negatively influenced by increas-
ing grazing intensity, wetness and elevation of the sampling 
sites and positively by the soil pH of the sites (Table 2). These 
findings suggest that multiple factors structure gastropod 
abundance. The significantly negative effect of grazing inten-
sity on gastropod abundance and the marginally significant ef-
fect of grazing intensity on species richness (Table 2) suggest 
that grazing intensity has a negative effect on gastropod com-
munities in alpine grasslands. The fact that inclination had 
no effect on species richness (inclination was excluded from 
the minimal adequate model) together with the significantly 
negative effect of inclination on gastropod abundance (Table 
1) suggest that steep slopes maintain gastropod communities 
with low abundance without any impact on particular species. 
We found that inclination is a good predictor for the occur-
rence of red-list species (Table 2). Furthermore, there was a 
negative correlation between grazing intensity and inclina-
tion (Pearson correlation, r = –0.24, df = 74, P = 0.038).

Community pattern

SDR-simplex analyses considering low- and high-eleva-
tion sites as well as wet and dry sites showed that the point 
patterns are concentrated on the left-top side of the triangles 
(Fig 3). This suggests that gastropod communities in alpine 
grasslands are characterized by a strong beta diversity pat-
tern. Beta diversity slightly decreased from low-elevation 
sites (87.2%, matrix fill: 11.2%) to high-elevation sites 

Table 2. Summary of minimal adequate models examining the effect of environmental variables on gastropod species richness, abun-
dance and number of red-list species. Significant effects are highlighted in bold. Species richness and red-list species were tested by 
generalized linear models with Poisson distribution, while gastropod abundance were examined by generalized linear model with 
quasi-Poisson distribution.

Response variable Predictor Estimate SE t value z value P

Species richness Grazing intensity -0.13 0.07 -1.77 0.076

Wetness -0.19 0.12 -1.68 0.075

Elevation -0.01 0.001 -5.64 <0.001

Soil pH 0.15 0.04 3.32 <0.001

Gastropod abundance Grazing intensity -0.55 0.17 -3.23 0.001

Wetness -0.69 0.28 -2.47 0.016

Inclination -0.03 0.01 -2.44 0.016

Elevation -0.01 0.01 -2.44 0.013

Soil pH 0.55 0.11 5.11 <0.001

Red-list species Inclination 0.04 0.02 2.22 0.026



Beta diversity of gastropod communities 251

(83.3%, matrix fi ll: 7.9%). Wet sites had a larger beta diver-
sity (91.8%, matrix fi ll: 10.1%) than dry sites (86.6%, matrix 
fi ll: 10.4%).

The null-model analyses revealed that low-elevation sites 
and wet sites have a smaller beta diversity than expected by 
chance and consequently show an aggregated community 

structure (Fig. 4). In contrast, high-elevation sites and dry 
sites appeared to be randomly structured although high-eleva-
tion sites showed a tendency to a segregated community pat-
tern (Fig. 4). These fi ndings suggest that in spite of high beta 
diversity values as revealed by the SDR-analyses, communi-
ties at low-elevation and wet sites were aggregated (show-

Figure 3. SDR-simplex plots 
of gastropod communities at 
low- and high-elevation sites 
(upper row), and at wet and 
dry sites (lower row). S: simi-
larity, D: richness difference, 
R: species replacement.

Figure 4. Frequency distribu-
tion of randomized beta diver-
sity values (grey, n= 10,000 
runs) at low- and high-eleva-
tion sites, and at wet and dry 
sites. Arrows indicate the ob-
served beta diversity. Dotted 
lines show the 95% confi -
dence intervals of the random 
beta diversity values.
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ing a more uniform community than predicted by chance). 
In contrast, communities at dry sites and especially at high-
elevation sites were less uniform. Thus, environmental filter-
ing might be more important at high elevation and dry sites.

Gastropod traits

The fourth-corner analysis based on presence/absence 
data revealed negative correlations between the shell size 
of species and elevation (r = –0.28, P < 0.001), soil pH (r = 
–0.12, P = 0.006) and percentage of rock cover of sampling 
sites (r = –0.08, P = 0.032), and a positive correlation between 
the shell size of species and the wetness of the sites (r = 0.11, 
P = 0.019). Moreover, the humidity preference of the snails 
increased with the elevation (r = 0.18, P < 0.001) and the wet-
ness of the sampling sites (r = 0.16, P < 0.001), and decreased 
with the inclination of the sites (r = –0.18, P < 0.001). When 
"semi-slugs" were also excluded, the shell size of the species 
was impacted by the same environmental variables (data not 
shown). The fourth-corner analysis based on abundance data 
showed a negative correlation between elevation and shell 
size (r = –0.58, P < 0.001) and a positive correlation between 
shell size and heat load (r = 0.35, P = 0.037). We also found a 
negative association between the number of ubiquitous indi-
viduals and inclination of the site (Pseudo-F statistic = 0.356, 
P = 0.004). Furthermore, we recorded a negative association 
between the number of openland individuals and the wetness 
of the sampling site (Pseudo-F statistic = 0.067, P = 0.003), 
indicating that most snail species in openland habitats are 
adapted to dry conditions. Finally, the humidity preference 
of the snails was positively correlated with the wetness of 
the sites (r = 0.366, P = 0.001). When "semi-slugs" were also 
excluded from the analysis, the shell size of the species was 
impacted by the same environmental variables (not shown).

Discussion

Our study documents a decrease in gastropod species 
richness with increasing elevation in alpine grasslands. The 
gastropod community examined showed a high beta diver-
sity and was structured in a complex way with elevation and 
wetness of the sites as key factors. Furthermore, our analy-
ses suggest that environmental factors structure gastropod 
communities through the traits of the species. Our study also 
showed a high gastropod diversity. The 52 species recorded in 
the grasslands represent 26% of all terrestrial gastropod spe-
cies occurring in Switzerland (Turner et al. 1998).

Elevation was a factor influencing gastropod species 
richness of alpine grasslands and one out of several factors 
explaining the decrease in gastropod abundance. Similar ele-
vation-related declines in snail diversity in different habitats 
were reported from Mount Kenya in Tanzania (Tattersfield 
et al. 2001), on mountains in Malaysian Borneo (Liew et 
al. 2010) and in south-eastern France (Aubry et al. 2005). 
However, in contrast to these studies, our investigation 
was restricted to a single habitat type, namely grasslands. 
'Elevation' is a surrogate for several partly intercorrelated 
changes of environmental variables along an environmental 

gradient. Air temperature and the length of the vegetation pe-
riod decrease with increasing elevation, while precipitation 
and radiation under a cloudless sky increase with increasing 
elevation. Elevation-related changes in these environmental 
variables may prevent certain species to colonize high eleva-
tion grasslands. Correspondence analyses showed also that 
elevation explains a significant amount of community vari-
ation. Thus, abiotic site characters at high elevation may act 
as environmental filter structuring the gastropod community.

Soil moisture is generally considered as a key factor shap-
ing terrestrial gastropod communities (Martin and Sommer 
2004a,b, Chiba 2007). The correspondence analyses of our 
study revealed that wetness contributed significantly to the 
species composition of the gastropod community. In fact, 
three snail species (Galba truncatula, Quickella arenaria and 
Euconulus alderi) were highly associated with extremely wet 
grassland sites (Fig. 2). GLM showed that gastropod abun-
dance decreased with the increasing wetness of the sites. This 
finding suggests that our extremely wet alpine grassland sites 
harbour only a limited number of individuals.

Gastropod abundance, i.e., the number of individuals 
sampled at a site, was negatively affected by local grazing 
intensity, wetness, inclination and elevation of the site, and 
positively by soil pH. Land snails are known to respond sen-
sitively to an increasing grazing pressure by cattle, sheep or 
horses (Boschi and Baur 2007a,b). Grazing impacts gastro-
pod abundance and species richness in two ways. The hoofs 
of grazing livestock press snails into the soil with fatal con-
sequences, while the consumption of plant biomass reduces 
habitat structure and thus alters microhabitat conditions of the 
grasslands. Indeed, the number of gastropod individuals de-
creased with decreasing vegetation height in alpine pastures 
of the Bucegi mountains, Romania (Baur et al. 2007).

In our study, the inclination of a grassland site had a 
negative effect on the number of snail individuals sampled. 
However, the number of red-list species recorded at a site 
was positively correlated with the inclination. It is possible 
that steep slopes are suboptimal habitats for abundant snail 
populations. Trampling on steep slopes may not affect the 
entire vegetation cover because cattle frequently move on 
"self-made" paths. Consequently, these slopes may serve as a 
refuge for some threatened gastropod species. Further studies 
are needed to clarify the mechanisms that lead to an accumu-
lation of red-list species at steep slopes.

SDR-simplex analyses revealed that gastropod com-
munities of alpine grasslands are characterized by a strong 
beta diversity pattern. Beta diversity values (ranging between 
83.3% and 91.8% quantified by the Jaccard dissimilarity) 
suggest that on average 88% of the species pool of a pair of 
sites belongs to a single site. Consequently, two randomly 
chosen sites share on average only 12% of all species present 
at both sites (for further explanations see Podani and Schmera 
2011, Carvalho et al. 2013). It follows that alpine grassland 
gastropods showed an extremely high site-to-site variation 
in species composition. As our analytical tool is relatively 
novel, we were not able to assess whether this pattern is char-
acteristic for gastropod communities in general, or only for 



Beta diversity of gastropod communities 253

gastropod communities in alpine grasslands. Other studies 
showed that differences in habitat quality explain nestedness 
in litter-dwelling land snail communities in boreal riparian 
forest (Hylander et al. 2005) and that large-scale disturbances 
by hurricans altered the degree of nestedness in land snail 
communities in tropical wet forest in Puerto Rico (Bloch et 
al. 2007).

Patterns of species co-occurrence might differ between 
disturbed and undisturbed communities (Wilbur 1987). 
Although several surveys suggest that invasive species can 
disassemble the native community structure (Gotelli and 
Armett 2000, Sanders et al. 2003), there is only sporadic in-
formation on how environmental gradients structure species 
co-occurrence patterns (Ulrich et al. 2010). Our results re-
vealed that gastropods at low-elevation and wet sites showed 
an aggregated community structure, while at high-elevation 
and dry sites a random community structure was found. 
Thus, with increasing harshness of the environment, i.e with 
increasing elevation or dryness, the community structure 
changed from aggregated to random. A possible explanation 
could be that under harsh environmental conditions some 
species go locally extinct at certain sites. Any recolonization 
of these sites might be hindered owing to the poor active dis-
persal ability of gastropods (Baur 1986, Baur and Baur 1995, 
Giokas and Mylomas 2004). It follows that the characteristic 
environmental conditions at a site together with the limited 
dispersal ability of gastropods and chance events are respon-
sible for the contrasting co-occurrence pattern of gastropod 
communities under mild and harsh habitat conditions.

Trait-based community analysis is receiving increasing 
attention both in terrestrial and aquatic ecology (Dainese et 
al. 2012, Schmera et al. 2013). Trait-based analysis allows 
an understanding of the underlying ecological patterns more 
directly than species-based analyses. In our study, species-
based analysis showed that gastropod species richness 
decreased with increasing elevation. Both presence- and 
abundance-based fourth-corner analyses revealed a negative 
relationship between the elevation of sampling sites and adult 
shell size, suggesting that elevation may act as a filtering 
mechanism through the size of the snails. Snails with small 
shells may more easily find suitable shelters (fissures, narrow 
spaces underneath stone pieces) to survive unfavourable peri-
ods at high elevation (Baur et al. 2014). Another explanation 
could be that physiological traits such as cold hardiness are 
associated with shell size (Ansart et al. 2014). Furthermore, 
both presence- and abundance-based fourth-corner analyses 
indicated that wetness of the sites correlates with the num-
ber of species and individuals with high humidity preference. 
This finding underpins the wetness-classification of our trait-
database.

The fourth-corner analysis based on presence/absence 
data revealed that the shell size of species decreases with soil 
pH and with the increasing amount of rock cover (probable 
because scree fields can provide shelter only for small-sized 
snails). The fourth-corner analysis based on abundance data 
identified a positive correlation between the elevation of the 
sites and humidity preference of the snails (suggesting that 
high-elevation sites are more humid) and a negative correla-

tion between inclination of the site and humidity preference 
of the snails (steep slopes might provide a dry habitat).

The positive correlation between mean shell size of the 
snails present and the heat load of the sampling site revealed 
by abundance-based analysis suggests that heat load restricts 
the elevational distribution of large-sized snails in alpine 
grasslands. The negative association between the number of 
ubiquitous individuals and the inclination of the sampling 
site indicates that steep slopes might constitute a suboptimal 
habitat for ubiquitous snails. Thus, the negative correlation 
between the inclination of the site and gastropod abundance, 
and the positive correlation between the inclination of the site 
and the number of red-list species recorded (see above) do not 
contradict each other, because the abundant ubiquitous spe-
cies avoid steep sites while rare red-list species, most of them 
openland specialists, do not. Previous studies already demon-
strated that environmental variables influence some groups of 
snail species with particular habitat specificity (Boschi and 
Baur 2007a,b, Stoll et al. 2012, Ruckli et al. 2013) and, that 
the overall shell size in the snail fauna decreases along an 
elevation gradient (Baur et al. 2014). However, the present 
study is to our knowledge the first to provide evidence for an 
environmental gradient affecting gastropod traits at the spe-
cies level.

To sum up, our results demonstrate that gastropod com-
munities exhibit remarkable site-to-site variation indicated 
by a high beta diversity. Species- and trait-based analyses 
showed that environmental variables explain well the ob-
served patterns in community structure.
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Appendix 1 

List of species, their conservation status, frequency of oc-
currence (number and percentage of sites in parentheses) 
and abundance (number of individuals and percentage of the 
total number in parentheses) in 76 alpine grasslands of Val 
Müstair, Switzerland.
The file may be downloaded  from www.akademiai.com.


