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ARTICLE INFO ABSTRACT

The development of biotic communities since the last glaciation has been shaped by both dramatic climate
changes and pathways of species colonisation from glacial refugia. Although the growing body of literature has
emerged recently on possible scenarios of postglacial colonisation, less is known about the effect of climate. We
analysed the dynamics of Holocene mollusc succession with an undetected human impact using three well-dated
sequences from spring tufa deposits across temperate Europe. For the first time, the detailed Holocene mol-
lusc successions can be compared with climate parameters in the corresponding time windows. High-resolution
palaeoclimate data accompanied the species data, and the data derived from stable isotope analyses. The number
of close-canopy forest species that colonised the sites until 5000 cal BP and the maximum number of species per
sample systematically increased towards the interior of the continent. We also observed earlier colonisation of
forest snail species in the Western Carpathians. While the aridity index was the best predictor of local species
richness in Normandy and Luxembourg, minimum January temperature drove the variation in snail data in Slo-
vakia. The short period of an abrupt cooling and drying around 8500 cal BP was found to stop the colonisation,
sharply reducing the number of local species across the continent. Our results document the importance of cli-
mate for the colonisation and development of forest biota during the first half of the Holocene, both at continen-
tal and local scales. They also elucidate processes shaping the current distribution of forest snail fauna across the
European temperate zone.
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and moistening once the ice sheets have started to melt. These cli-
mate changes triggered a massive and complex reorganisation of biotic

1. Introduction

Climate changes have driven the development of Holocene commu-
nities and biodiversity patterns since the end of the last glaciation (e.g.
Kuosmanen et al., 2016; Marquer et al., 2017). Likewise, the posi-
tion of glacial refugia has influenced the colonisation pathways, mainly
of cold-sensitive species (Stewart and Lister, 2001). These two fac-
tors played a crucial role especially in the first half of the Holocene
when human impact by Mesolithic hunter-gatherers was mostly limited
to local scales (Behre, 1988; Marquer et al., 2017). Changes of bi-
otic communities at that time were thus influenced by climate warming
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communities with cold-adapted, stress-tolerant and competitively week
species, being replaced by cold-sensitive species of nutrient-rich habi-
tats (e.g. Birks, 1989; Miller et al., 2008). Their colonisation and ex-
pansion were for a long time believed to take place mainly from south-
ern macrorefugia (e.g. Bennett et al., 1991). However, a still-grow-
ing body of literature provides the evidence for scattered local mi-
crorefugia of high importance for the recolonisation, constituting com-
plex and mostly species-specific colonisation scenarios (e.g. Stewart et
al., 2010; Schmitt and Varga, 2012).

For forest land snails, however, there was likely a more directional
colonisation pattern of the Holocene range expansions (Hausdorf and
Hennig, 2003) as the majority of European temperate snails probably
had their glacial refugia eastwards in the Carpathian Mountains, which
remained relatively forested during the Last Glacial (Lozek, 2006;
Jankovska and Pokorny, 2008; Jufi¢kova et al., 2014a). Because
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forest species dominate contemporary land snail fauna of temperate Eu-
rope (Lozek, 1964; Jufickova et al., 2014b), understanding their
Holocene dynamic and succession is of prime importance to explain
their modern diversity and distributional patterns. The colonisation pat-
terns and the continuity of forest snail faunas are also associated with
the succession and changes in vegetation. The occurrence of many for-
est snails is closely related to the tree and herb layer composition and
also to forest structure (e.g. Wareborn, 1969; Kappes et al., 2009;
Horsak et al., 2010). It is because only some trees (e.g. Tilia, Fraxi-
nus and Acer) contain leaf litter calcium in a physiologically available
citrate form, while many others (e.g. Quercus, Carpinus and Fagus) have
an oxalate form, which is hard to utilise by snails (Wareborn, 1969).
Coniferous trees are unfavourable in general, but conditions in the for-
est floor can be improved by some broad-leaved herbs (e.g. Horsak et
al., 2010). Many forest snails also rely on the deadwood of appropriate
quality and amount, providing shelters in cold and dry periods (Kappes
et al., 2009). Sparse forests are in general less diverse than those of
closed canopy, which are also of high and stable humidity in their lit-
ter (Wareborn, 1970; Bishop, 1976). The interaction of large scale
and local scale processes thus shapes the succession of local snail assem-
blages.

There is rich literature on local Holocene land snail successions
across temperate Europe (e.g. Lozek, 1964; Preece and Day, 1994;
Meyrick, 2001; Limondin-Lozouet et al., 2013; Jufickova et al.,
2014b; Horsék et al., 2019). Some studies also attempted to apply a
multiproxy approach to reconstruct climate and vegetation changes in
association with local land snail successions (e.g. Preece and Bridg-
land, 1999; Hajkovéa et al., 2012; Granai and Limondin-Lozouet,
2018; Jutickova et al., 2018). Only recently, advanced climatic mod-
els have provided an accessible reconstruction of palaeoclimate continu-
ously spanning the last 21,000 years at high temporal resolution (Ford-
ham et al., 2017). It creates a unique opportunity to explore the coloni-
sation patterns considering both local processes and macroclimate. We
can also assess changes in mesoclimate using the stable isotope analy-
sis of calcium carbonate-rich deposits, allowing for the reconstruction
of local changes in temperature and rainfall amount (e.g. Andrews,
2006). As the preservation of mollusc shells requires a high amount of
calcium in the soil (LoZek, 1964), some archives, such as tufa form-
ing springs, provide a unique opportunity to combine the reconstruction
based on snails and stable isotopes in tufa calcite (e.g. Andrews, 2006;
Dabkowski, 2014; Jutickova et al., 2018).

In this regard, we assembled three, to our best knowledge, most de-
tailed and complete Holocene land snail successions across a longitudi-
nal transect from Western to Eastern temperate Europe. Our previous
study showed a clear signal of eastern refugia for the majority of forest
snail species in the study region (Horsdk et al., 2019). This pattern is
visible on the contemporary assemblages that are systematically depau-
perate in forest species from east to west (Kerney et al., 1983; Haus-
dorf and Hennig, 2003). However, it is still challenging to disentangle
the relative importance of climate and/or vegetation changes from hu-
man modifications of the ecosystems for shaping the species distribution
patterns. At large spatial scales, human pressure on natural forest com-
munities became the main driver of their dynamic since the second half
of the Holocene (e.g. Fyfe et al., 2015). Therefore to explore coloni-
sation dynamic before the widespread development of agricultural land-
scapes during the Bronze Age, from ca. 4000 cal BP, it is essential to
understand the importance of natural processes for the development of
forest ecosystems and malacofauna. Some local studies suggest that the
colonisation by forest species was rather slow, and might have therefore
been blocked by the early human settlement in some areas (e.g. LoZek,
2011; Jufickova et al., 2013). Because it is challenging to separate
these two processes, especially if they happened at the same time and
locations, we selected only sites without any apparent human impact,
both at the site and the surroundings (see below).

In this study, we analysed three well-dated Holocene land snail suc-
cessions across temperate Europe and related them to new palaeoclimate
data and stable isotopes from tufa sediment of fine resolution. The pri-
mary goal was to detect general and site-specific trends in the coloni-
sation and succession dynamics of forest land snail faunas across tem-
perate Europe. We explicitly seek to what extent palaeoclimate changes
shaped these trends, and discuss possible effects of the distance from
glacial refugia and local processes, such as vegetation succession, on the
patterns of forest snail diversity. We aim to disentangle these factors us-
ing the data spanning from the Atlantic coast, the area poor in contem-
poraneous forest snail fauna, to the West Carpathian Mountains, hosting
ca. twice as much forest snail species.

2. Material and methods
2.1. Selection of study successions

We selected three Holocene successions to explore in detail the de-
velopment of Holocene forest land snail assemblages along a longitu-
dinal transect across temperate Europe. The transect reflects the dis-
tance to the main glacial refugia of temperate European forest snail
fauna that were located towards the east of Europe (see Horsak et
al., 2019 for more literature). One of the consequences is the highly
depauperate forest fauna in Atlantic Europe (Kerney et al., 1983;
Limondin-Lozouet and Preece, 2014). The studied successions are
the best candidates to explore the land snail fauna development, in re-
lation to colonisation dynamics and climate changes, from several rea-
sons: 1) All three deposits represent the same sedimentological envi-
ronment, i.e. spring tufa. Apart from the fact that it is the only sed-
imentological environment that is both rich in forest land snail shells
and can continuously capture the entire Holocene, the tufa has sev-
eral advantages in itself. First, because of the high content of calcium
carbonate, the environment not only favours the development of di-
verse mollusc assemblages but also provides excellent conditions for
shell preservation (the latter is required for reliable identification to the
species level). Second, it is a low energy environment (Limondin-Lo-
zouet and Preece, 2014), thus providing a fine resolution of in situ
preserved material (see Frodlova et al., 2018). By contrast, for exam-
ple, colluvial deposits, commonly used in Central Europe (LoZek, 1964;
Jufickova et al., 2014b), can either accumulate from a large area or
be reworked. Third, as tufa sediments mainly contain calcite (sometimes
even >95% CaCOs), they are highly suitable for stable isotope (5'%0
and §!3C) studies, from which palaeoclimatic conditions can be inferred
(e.g. Andrews, 2006; Dabkowski, 2014). Last but not least, tufa also
preserves other proxies such as plant macrofossils, vertebrate remains,
insects, and sometimes pollen, allowing for multiproxy reconstructions
(e.g. Dabkowski, 2014; Hajek et al., 2016). 2) Tufa deposits typi-
cally contain rich material in terms of shell counts (see Frodlova et
al., 2018) which reduces a potential bias of variable sample size (see
Palmer et al., 2000) as much as possible, thus enabling a direct com-
parison of the changes in species richness. 3) The selected successions
allow for a reliable radiocarbon dating. Exclusively for this study, some
additional samples were dated when necessary for the construction of
a reliable depth-age model. Having a precise age of each sample, we
could directly compare the diversity changes and fauna development
among sites and relate these to the climatic events. It is the first time
when detailed Holocene snail successions could be precisely compared
in given time windows. 4) The successions cover the longest available
time intervals of the Holocene out of any known successions from At-
lantic Europe, West Continental Europe, and the West Carpathian Mts.
Importantly, they also capture almost the entire part of the Early and
Middle Holocene, i.e. the time intervals of the natural development of
forest fauna and colonisation of species from glacial refugia (LoZek,
1964; Horsék et al., 2019). 5) All these sites represent undisturbed
development of forest environment as no indication of open phases
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during the forest development or human impacts during the Early and
Middle Holocene periods have been detected (Limondin-Lozouet and
Preece, 2004; Hajek et al., 2016; Granai et al., in press).

2.2. Brief description of study successions

The study sites are located along the west-to-east transect in tem-
perate Europe (Fig. 1). Their location spans over the main climate and
biogeographical regions of Europe defined by Olson et al. (2001)
and the European Environmental Agency (EEA, 2002): Atlantic re-
gion (Saint-Germain-le-Vasson site in Normandy, northwest France;
Limondin-Lozouet and Preece, 2004; Limondin-Lozouet et al.,
2005), Continental region (Direndall site in Luxembourg; Meyrick,
2000; Granai et al., in press), and Alpine region (Mituchovci site
in Western Carpathians, southwest Slovakia; Hajek et al., 2016).
Saint-Germain-le-Vasson tufa sequence (hereafter referred to as Saint
Germain) is located about 15 km south of Caen near the village of
Saint Germain-le-Vasson (48.9886° N, 0.3169° W). The tufa exposed in
an old pit varies between 50 and 100 m in width and is 9.5 m thick.
The onset of tufa formation occurred ca 10,800 cal BP and persisted
until 4700 cal BP, thus covering the Early and Middle Holocene. The
main body of the tufa is now dry, the source of the carbonate is prob-
ably the Calcaire de Caen (Middle Jurassic: Early to Middle Bathon-
ian), the immediate bedrock is composed of sandstone schists; for more
details see Limondin-Lozouet and Preece (2004). Direndall tufa se-
quence is located near the village of Lorentzweiler, on the eastern val-
ley slope of the Mamer River (49.6853° N, 6.0911° E). The tufa body
is ca 95 m long and ca 25 m wide. The carbonated sequence lies on
Late-Glacial fluvial deposits developed above the geological bedrock
(Elvingen Marls). It is 8.7 m thick and began to form ca 10,600 cal BP
until at least 1800 cal BP (for more details see Dabkowski et al., 2015
and Granai et al., in press). Mituchovci tufa sequence is located close
to the Hornd Stca village (48.9459° N, 17.9733° E). It has developed
on a small, still active, spring of a shallow circulation. The entire de-
posit depth (2.74 m) was sampled down to the bottom clay layer over-
laying the flysch bedrock; for more details see Hajek et al. (2016) and
Frodlova et al. (2018). Peat sediment rich in tufa has continuously
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accumulated since the very beginning of the Holocene (ca 11,600 cal
BP) until present (Héjek et al., 2016).

2.3. Snail analyses and data harmonization

Shells were extracted using a standard protocol (Lozek, 1964): for
details about each sequence processing see Limondin-Lozouet and
Preece (2004): Saint Germain; Granai et al. (in press): Direndall;
Frodlova et al. (2017): Mituchovci. Species were identified according to
the same literature sources (Kerney et al., 1983; Horsak et al., 2013)
and then the number of shells of each species in each layer was counted.
For Saint Germain and Direndall sequences, some of the original layers
were merged to reach at least 100 shells per sample in order to reduce
the sampling artefact (see Frodlova et al., 2018). However, a few lay-
ers with <100 shells, but always >50, were used in the cases when
there were clear changes in the species composition between the lay-
ers, or when the merging of these layers would exceed the accumulation
time above 500 years. In all sequences, 80% of the analysed samples
contained >120 shells and have accumulated for <400 years (Fig. 2).

2.4. Stable isotope analyses

Isotopic ratios of carbon and oxygen are directly associated with the
malacological records of all three sites as the calcite samples compos-
ing the tufa sediment are those in which the shells were preserved. They
thus provide strictly independent but perfectly synchronous data. Iso-
topes from Direndall and Mituchovci were measured at the Service de
Spectrométrie de Masse Isotopique of the National Museum of Natural His-
tory in Paris (France) and those from Saint Germain at the Stable Isotope
Laboratory of the University of East Anglia in Norwich (UK) following
very similar protocols described in detail by Dabkowski (2011) and
Dabkowski et al. (2015, 2019). In all cases, data reproducibility has
been tested, and the replication of our own laboratory standards allowed
to constrain confidence intervals (Table 1).

10 E 15 E 200 E

Fig. 1. Location of the three analysed sequences of Holocene forest snail successions. Satellite-derived land cover data were downloaded from https://www.naturalearthdata.com. Dark
shade refers to forested and light to open landscape. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Variation in the number of recorded land-snail shells, accumulation time and species richness for samples in the three studied mollusc sequences: Saint Germain, Direndall and
Mituchovci. Dots show individual values. The central line of each box refers to the median value, box height to the interquartile range, whiskers to the non-outlier range (i.e. 1.5 times the
interquartile range at each side), and dots outside of the range of whiskers to outliers. Significance of differences (at p < 0.05) among sequences, based on Kruskal-Wallis test and post-hoc

Dunn test, are shown by small letters.
2.5. Radiocarbon dating and depth-age modelling

The depth-age model was created for each site in OxCal 4.2 (Bronk
Ramsey, 2009) based on 6 (Saint Germain), 13 (Direndall) and 10
(Mituchovci) radiocarbon dates calibrated by using IntCal 13 calibra-
tion curve (Reimer et al., 2013). The models for Mituchovci and
Direndall have already been published, for details see Hajek et al.
(2016) and Granai et al. (in press). The model for Saint Germain was
newly constructed using the same approach as for the Mituchovci and

Direndall, though it is mostly based on dates presented in Limondin-Lo-
zouet and Preece (2004). Details on all dates and models are pre-
sented in Supplementary material (Table S1 and Fig. S1). On the ba-
sis of a P_Sequence function with the k parameter equal to 0.8 cm™!
(Mituchovei) and 1 ecm™! (Direndall and Saint Germain), the depth-age
models with a 0.5-cm resolution were created. The command Boundary
was applied when incorporating potential changes in the sedimentation
rate, such as sediment transitions, into the models. The reason for this
is the assumption that as the type of sediment changes, the sedimenta-
tion rate changes as well and thus the depth-age curve should change
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Table 1

Summary of stable isotope data measured in samples (n) from the three studied sequences.
For full data and details see Dabkowski (2011) for Saint Germain, Dabkowski et al.
(2015) for Direndall, and Dabkowski et al. (2019) for Mituchovci.

Saint Germain Direndall Mituchovci
(n = 63) (n = 118) (n = 50)
513¢ Mean -9.3 -8.8 -8.13
(%0)
Range -10.5/-7.9 -10.13/-7.75 —9.00/-6.49
Conf. +0.5 +0.04 +0.04
interval
Standart 0.6 0.52 0.32
dev.
5180 Mean -5.2 -6.30 ~7.89
(%)
Range -5.2/-4.3 —6.74/-5.81 —8.58/-7.18
Conf. +0.2 +0.08 +0.09
interval
Standart 0.2 0.16 0.52
dev.

its inclination. Putting a boundary in such locations in a depth-age
model considers expected changes in sedimentation rate.

2.6. Palaeoclimate data preparation

We used PaleoView software (version 1.1.; Fordham et al., 2017)
to generate monthly minimum, mean, and maximum temperatures ("C)
and monthly rainfall amounts (mm/month) for continuous-time win-
dows spanning 100 years from 11,500 to 500 cal BP. Climatic data pro-
vided by PaleoView came from the TRaCE21ka experiment (Liu et al.,
2009), which uses the Community Climate System Model ver. 3 (CC-
SM3; Collins et al., 2006), a global coupled atmosphere-ocean-sea
ice-land general circulation model. The data were generated for the
whole of Europe in the form of raster files at a resolution of 2.5°.
For a better reconstruction of palaeoclimate at studied sites, we down-
scaled the above-mentioned climatic variables to the spatial resolu-
tion of ~1 km using the delta-change method (Ramirez Villejas and
Jarvis, 2010). This method relies on the calculation of absolute (for
temperatures) or relative (rainfall) differences (anomalies) between
baseline climatic data, representing observed climatic conditions in the
period 1940-1989, and palaeoclimatic CCSM3 data corrected for model
bias, i.e. for the difference between observed climate and model predic-
tion for the same period. As baseline climatic data, we used monthly
temperature and rainfall rasters obtained from the CHELSA database
(Karger et al., 2017). Temperature and rainfall anomalies were then
interpolated using multilevel B-spline interpolation and added (for tem-
peratures) or multiplied (rainfall) to baseline climatic rasters. Monthly
temperature and rainfall values were then extracted from downscaled
raster data and assigned to the studied sites based on their spatial over-
lap.

To explain mollusc succession at each site, we used the minimum
January temperature, maximum July temperature, annual, summer, and
winter rainfall amounts, which were calculated based on downscaled
monthly palaeoclimatic data described above. We also calculated Thorn-
thwaite aridity index, which quantifies the degree of water deficit be-
low water need (Thornthwaite, 1948). This index is based on monthly
rainfall and potential evapotranspiration (PET) amounts. PET was de-
rived from the downscaled monthly temperatures, and monthly extrater-
restrial solar radiation, which was estimated for the midpoint of each
time window using the ‘palinsol’ R package (Crucifix, 2016). Values of
these climatic variables were assigned to each calibrated date using lin-
ear interpolation between the midpoints of time windows.

2.7. Statistical analyses

All graphics and analyses were conducted in the R software (R
CoreTeam, 2018) with the packages ‘rioja’, ‘vegan’, ‘ggplot2’, ‘gg-
pubr’, ‘stats’, ‘FSA, ‘graphics’, and ‘PerformanceAnalytics’, except for
the changes of forest species illustrated in the C2 software (Juggins,
2007). Differences in the dependent and explanatory variables among
the sequences were tested using a non-parametric Kruskal-Wallis rank
sum test (due to not-normal distribution of most variables) and post-hoc
Dunn test using adjusted p-values.

Spearman correlations were used to assess the relationships between
all climatic and isotopic variables tested in this study as possible dri-
vers of changes in forest snail species richness (Supplementary mater-
ial, Fig. S2). To test the effect of these variables, we used multiple lin-
ear regression models as the numbers of forest species in all three se-
quences followed approximately normal distributions. Prior to the mod-
elling, we drew Cleveland dot plots of all predictors and response vari-
ables to assess their distributions. Further, we assessed the shape of the
relationships between response variables and predictors using pair plots.
As there was an indication of possible quadratic responses for some vari-
ables (Supplementary material, Fig. S2), we also added quadratic term
(marked as **2) into the model and tested its significance. We added
the mean calibrated age of each sample as another predictor because
changes through time can covary with many variables and mechanisms,
such as climate change, colonisation, vegetation succession, and change
in the regional species pool. The importance of two variables, the num-
ber of shells and accumulation time, was also tested. These variables
were included as they can represent potential bias because the number
of species tends to increase with both the number of shells and accumu-
lation time (see Frodlova et al., 2018).

We estimated the gross effect (expressed as adjusted R2) and statis-
tical significance (based on F statistics) of each of the ten predictors us-
ing a set of simple linear regression models. In the next step, we reran
the models while controlling for potential bias caused by the effect of
the number of shells and accumulation time. Finally, we constructed the
most parsimonious multiple linear regression model for each site to find
a set of uncorrelated significant predictors. As in the previous step, the
number of shells and accumulation time entered the models first to test
the effect of other variables on the residual variation. Then, the most
influential variable based on the F statistic was added into the model,
and the significance of its pure effect was tested using the F test. This
procedure was repeated until all the predictors included in the model
were significant at p < 0.05. For all final models presented in Table 2,
we examined the patterns of residuals for fitted values and the values
of individual predictors; we checked the residuals for normality and ho-
mogeneity of variance, and also explored influential observations using
Cook's distance (Cook, 1977).

3. Results

In total, 5092, 6622, and 5036 snail shells were analysed in 46,
46, and 36 samples from Saint Germain, Direndall, and Mituchovci
sequences yielding 21, 24, and 39 forest snail species, respectively
(Table S2). The studied sequences differed in the number of shells
analysed per sample (Fig. 2A), being statistically the same for Saint Ger-
main and Mituchoveci, but significantly higher for Direndall (p = 0.039).
There were also differences in accumulation time (Fig. 2B), repre-
sented by longer intervals in Mituchovci, shorter in Direndall, and even
shorter in Saint Germain, resulting in significant differences among all
sequences (p < 0.013). While the number of all forest species signifi-
cantly differed among all sequences (p < 0.019), increasing from Saint
Germain to Mituchovci (Fig. 2C), there were no clear differences be-
tween Direndall and Mituchovci in strictly forest species (Fig. 2D). In
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Table 2

Linear regression between the number of all forest land snail species and their potential
determinants. Percentage value of adjusted explained variation (R ?) and its significance
based on F statistic is expressed for: A, gross effects from regression models with a single
predictor; B, pure effect of each predictor when both the variation explained by the num-
ber of shells (all sequences) and accumulation time (only for Mituchovci) were accounted
for; C, the same as for B, but all significant variables in B sequentially entered the model
(note that there was not any other significant predictor once the predictor with the high-
est explained variation entered the model). Signs in the brackets indicate the direction of
response, either positive (+) or negative (-). Variables marked by “"2” refer to models
with a quadratic term included (the response was unimodal or asymptotical). Note that
results for winter rainfall are not shown because no significant effect was found in any of
the models.

No. of forest

species Saint Germain Direndall Mituchovci
R?2 R2 R2

A: Gross effects (%) P (%) p (%) p

Calibrated age - n.s. -) <0.001 -) <0.001

BP 62.5 28.1

Calibrated age 29.2 <0.001 76.0 <0.001 46.5 <0.001

BP"2

January min. (+) 0.039 (+) <0.001 (+) <0.001

temp. 7.2 65.4 40.7

July max. - n.s. -) <0.001 (+) 0.004

temp. 67.4 19.2

Annual rainfall - n.s. (+) <0.001 (+) 0.002
61.5 23.7

Summer - n.s. (+) <0.001 (+) <0.001

rainfall 46.9 28.0

Summer - n.s. 51.8 <0.001 - n.s

rainfall"2

Aridity - n.s. =) <0.001 =) <0.001
68.7 29.1

Aridity"2 30.8 <0.001 - n.s. - n.s.

5180 - n.s. =) 0.027 (+) 0.002
8.6 22.6

513 - n.s. =) <0.001 - n.s.
54.1

Number of (+) <0.001 +) 0.002 +) 0.039

shells 20.7 16.9 9.6

Acumulation - n.s. - n.s. (+) 0.009

time 16.1

B: Pure effects when no. of shells and accumulation time controlled

Calibrated age - n.s. -) <0.001 ) <0.001

BP 65.6 26.4

Calibrated age 41.6 <0.001 76.5 <0.001 40.8 <0.001

BP2

January min. - n.s. (+) <0.001 (+) <0.001

temp. 66.0 40.5

July max. - n.s. (=) <0.001 ) <0.001

temp. 70.4 22.4

Annual rainfall - n.s. (+) <0.001 +) <0.001
66.4 36.8

Summer - n.s. (+) <0.001 (+) <0.001

rainfall 52.6 34.5

Aridity - n.s. =) <0.001 ) <0.001
70.5 39.9

Aridity"2 41.3 <0.001 - n.s - n.s.

513¢ - ns. ) <0.001 - n.s.
58.2

51%0 - n.s. L n.s. (+) 0.01

19.5

C: Final model based on climatic variables; no. of shells and accumulation time

controlled

Aridity - — )
70.5

<0.001 - - - -

<0.001 - -

Aridity"2 41.3

Table 2 (Continued)

No. of forest

species Saint Germain Direndall Mituchovei

R2 R?2 R2
A: Gross effects (%) P (%) p (%) p
January min. - - - - (+) <0.001
temp. 40.5

contrast, notably and significantly lower numbers of strictly forest
species appeared in samples from Saint Germain (p < 0.001).

The studied sequences significantly differed among each other
(p < 0.05) in most of the climatic and isotopic variables (Fig. 3), in-
creasing from Saint Germain to Mituchovci for summer rainfall and 5'3C
or decreasing in the same order for minimum January temperature and
8180. Saint Germain and Mituchovci did not differ in annual rainfall,
while Direndall received significantly higher rainfall (p < 0.001). In
contrast, Direndall and Mituchovci did not differ in their aridity values,
while Saint Germain was notably drier than the other two sequences
(p < 0.001).

3.1. Tufa stable isotopes

A summary of isotopic data from Saint Germain, Direndall and Mitu-
chovci is given in Table 1. Their distribution and comparison with other
European sites are shown in Fig. 4. Both 5!3C and 880 values showed
a clear trend with increasing continentality of the sites, consistent with
those from European Late Quaternary tufas from the respective areas
(Fig. 4). The decrease in 8180 values from west to east is related to the
well-known continental effect, while §'3C values are typical of mid-lat-
itude areas with strong soil-zone influence and where aridity/evapora-
tion effects are low (i.e. with 8!3C values between —11 and —8%o). Clear
differences appeared among the three sites in terms of the intra-site dis-
tribution of the isotopic values. Saint Germain and Direndall showed rel-
atively large variations in 8'3C (SD = 0.6 and 0.52, respectively), while
the variations in §%0 were low (SD = 0.2 and 0.16, respectively) com-
pared to Mituchovci, having more stable §!3C (SD = 0.32), but highly
variable 5!80 (SD = 0.52; Table 1 and Fig. 4).

3.2. Snail richness: changes through time and its drivers

In all studied sequences, we observed a unimodal relationship be-
tween the species richness and sample age (Fig. 5). The quadratic model
explained significantly more variation in the species data than the lin-
ear model in all cases, being even insignificant for Saint Germain data
(Table 2). The peak of forest snail diversity differed among the se-
quences, being observed already during the Early Holocene at Mitu-
chovci and Saint Germain (Fig. 5). Virtually the highest and stable
values (22 species) were reached already around 9200 cal BP at Mitu-
chovci (note that a single sample at 5700 cal BP contained 23 spp.) and
8400 cal BP at Saint Germain. By contrast, the number of forest species
at Direndall monotonically increased during the entire Mid-Holocene,
peaking at ca 4700 cal BP (18 spp). This was mirrored by the amount of
variation explained by age, being way higher for Direndall data (Table
2A). Both the number of shells per sample and accumulation time had
significant effects on the number of species at Mituchovci, while only the
number of shells was significant for the remaining two sequences. Once
the data were controlled for the potential bias (Table 2B, C), changes in
the species richness (pure effect) were best explained by minimum Jan-
uary temperature (40.5% of the total variance explained) at Mituchovci
and by aridity index at Direndall (70.5%) and Saint Germain (41.3%).
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3.3. Colonisation and extinction dynamics from west to east

In all sequences, a sharp increase in the species colonising the sites
(i.e. the first colonisation wave) occurred towards the transition from
Preboreal to Boreal periods (Fig. 6). The second colonisation wave ap-
peared during the Boreal period but notably differed among the se-
quences in timing. It happened in the mid-Boreal, as early as 9800 cal
BP at Mituchovci and around 9400 cal BP at Direndall, but close to the
end of the Boreal around 8500 cal BP at Saint Germain. After these two
colonisation waves, at least 70% of all forest species have had appeared
at all sites before 8200 cal BP, i.e. during the Early Holocene. At Saint
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Fig. 5. Changes in the number of forest species recorded in samples of the three studied
Holocene mollusc sequences. Grey areas represent 95% confidential interval of regression
models (see Table 1).

Germain, with only two new species arriving during the Early Atlantic
(around 8500 cal BP), the third colonisation wave happened mostly dur-
ing the Late Atlantic. It was also the period of a distinct species turnover
as seven species disappeared between ca 7200 and 5800 cal BP (Fig.
6). In contrast, the third wave happened during the second half of the
Early Atlantic at Direndall, with 88% of all forest species in the se-
quence appearing before 7200 cal BP. At Mituchovci, the third wave
was rather long and steady, taking place over the entire Atlantic pe-
riod (ca 8000-4500 cal BP), with 25% of all forest species appearing
during this period. Although there were virtually no local extinction
events in Direndall, two and three clear periods of accelerated species
extinction were found at Saint Germain and Mituchovci, respectively
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Fig. 6. Accumulation curves of local appearance and disappearance of all forest land snail species during the Holocene succession at the three studied sequences: A, Saint Germain; B,
Direndall; C, Mituchovci; changes in numbers of strictly forest species (horizontal lines represent samples) and all forest species; and changes in selected climatic proxies (see Table 1).
Orange arrows by solid lines show beginnings of colonisation waves after the first colonisation of the site since the Early Holocene. Red arrows by blue dash lines show the beginnings
of notable extinction events or rapid species turnover. Main developmental stages of vegetation succession given in relation to classic Blytt-Sernander periods: PB, Preboreal; BO, Boreal;
EA, Early Atlantic; LA, Late Atlantic; SU, Subboreal (and Subatlantic in case of Direndall and Mituchovci) are shown by colours. Saint Germain (adopted from Lespez et al., 2005
and Limondin-Lozouet et al., 2005): PB, early stage of forest development — Pinus-Betula ph.; BO, open canopy forest — Corylus-Ulmus ph.; EA-LA, mixed deciduous forest of middle
Holocene — EA, Tilia-Quercus ph., LA, Fagus-Quercus ph.; SU, Alnus-Fagus ph. Direndall (adopted from Slotboom and Van Mourik, 2015): PB, early stage of forest development — Pi-
nus-Betula ph.; BO, open canopy forest of — Corylus-Quercus ph.; EA-SU, expansion of mixed deciduous forests of middle and late Holocene (Quercetum mixtum) — EA, Tilia-Quercus ph., LA,
Fagus-Quercus ph.; SU, local reduction of forests due to extension of agriculture — Betula-Quercus ph. Mituchovci (adopted from H4jek et al., 2016): PB, mosaic landscape of Pleistocene/
Holocene transition — Pinus-Picea phase; BO, open canopy lime forest of Early Holocene — Tilia-Ulmus phase; EA-SU, mixed deciduous forest of middle and late Holocene (Quercetum mixtum)
— EA, Fraxinus-Hedera ph., LA, Tilia-Acer ph., SU, Fagus-uercus ph. Pale-grey horizontal stripes mark arbitrarily selected stages of an abrupt decrease of species richness which seem to
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concord with changes in climate. Note that 5'80 data are normalised to a common mean value of zero to allow comparison between sites independently from variations due to the conti-
nental effect (see above). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 6). In all cases, they seemed to be associated with the changes in
tree composition of the main vegetation biozones and climatic periods
(Fig. 6).

3.4. Events of species richness reduction related to climate

In terms of the numbers of all forest species, a distinct longitudinal
decrease from east to west was captured. However, this reduction was
only about four or five species between the nearby sequences. In con-
trast, for strictly forest species, only three of them were recorded in the
median sample at Saint Germain compared to nine species recorded at
both Direndall and Mituchovci. The three periods of the reduced number
of species at Saint Germain (i.e. 8500, 7200 and 6200 cal BP) seemed to
be associated with the decrease of minimum January temperature and,
especially for the two latter periods, with the decrease of annual rain-
fall (Fig. 6A). All these events also seemed to correlate with either the
end of colonisation or the beginning of local extinction. Within Direndall
data (Fig. 6B), at least three events of forest-species richness reduction
at ca 8500, 6800 and 2500 cal BP seemed to be associated with min-
imum January temperature and annual rainfall in the first half of the
Holocene, and probably aridity during the Subboreal. The first two cli-
matic events are probably also responsible for the termination of coloni-
sation waves. Three events of reduced species richness were also no-
ticed in the Mituchovci record. They happened in the first half of the
Holocene at ca 10,500, 8500 and 7000 cal BP (Fig. 6C) and were proba-
bly promoted by the decrease in rainfall and the increase in aridity. The
notable decrease of minimum January temperature around 8500 cal BP
seemed to terminate the first colonisation wave and trigger the first lo-
cal extinction. Most of these events were also captured by local records
of stable isotopes (Fig. 6).

4. Discussion
4.1. Climatic variation derived from stable isotopes

The inter-site variation of stable isotope data from Saint Germain,
Direndall and Mituchovci chiefly reflects their geographical distribu-
tion along the west-east transect (Andrews, 2006). However, they dif-
fer in their patterns of intra-site variation of both §'3C and §'80 (Fig.
4). The complex interplay of processes that underlie these local vari-
ations is discussed in detail for each site by Dabkowski (2011) and
Dabkowski et al. (2015, 2019). Regarding §'3C, in areas where the
soil-zone effect dominates (conversely to aridity/evaporation effects;
Fig. 4), wetter conditions increase the input of isotopically negative
513C from soil and vegetation while the dissolution processes within
the aquifer are reduced (see also Andrews, 2006). Conversely, a de-
creasing tufa calcite 8'3C indicates increasing moisture. As the rain-
fall recharge decreases, the residence time of groundwater within the
aquifer increases, resulting in a higher dissolution of carbonate with
513C close to zero. The higher variation in §'3C values at Saint Ger-
main and Direndall thus suggests higher moisture variation compared
to Mituchovci. While little or no long-term variations seem to affect
the Mituchovci record, the decrease of 813G, reflecting increasing mois-
ture, is observed at Saint Germain and Direndall, from 7500 cal BP and
6500 cal BP, respectively. This parallels the results of species richness
modelling as the aridity index was the main predictor of changes in the
number of all forest species recorded in samples from these sequences.
The time lag observed at Saint Germain compared to Direndall may
also explain a unimodal response at the former compared to a linear
decrease at the latter. Tufa 8'80 is mainly dependent on the isotopic
composition of water from which calcite is precipitating, i.e. meteoric
water that recharge groundwater-fed springs (Andrews et al., 1997,
Janssen, 2000). Rainfall 5!80 in temperate regions, at a given latitude

and altitude, is mainly controlled by air temperature changes (Dans-
gaard, 1964). Trends toward higher 5'80 values in tufa calcite thus cor-
respond to increasing air temperatures (Andrews et al., 1994, 2006).
The low variation of 5'80 values at Saint Germain and Direndall thus
suggests relatively little temperature variation compared to Mituchovci.
This is consistent with the observed principal role of temperature para-
meters on changes in the species richness at the Mituchovci site. The pe-
riod of higher §'80 values at this site indicates a marked thermal max-
imum between 8500 cal BP and 6000 cal BP, which is also visible in
the mollusc record as the number of strictly forest species is peaking be-
tween 8500 and 7500 cal BP.

4.2. Signal of the distance from glacial refugia of forest species

We found apparent differences among the studied sequences in the
colonisation dynamic of forest species during the Early Holocene. While
the numbers of forest snail species at the site (i.e. the regional species
pool) sharply and continuously increased up to ca 9200 cal BP at Diren-
dall and Mituchovci, no species arrived between ca 10,100 and 8600 cal
BP at Saint Germain. Likewise, the uppermost values of local species
richness increased from west to east, with 13-14, 17-18, and 22-23 for-
est species per sample at Saint Germain, Direndall, and Mituchovci, re-
spectively. Even more contrasting differences were found based on the
total number of all forest species that appeared until 4700 cal BP (i.e.
the end of the shortest record). These numbers separated the two sites
located towards the west, capturing a total of 21 (Saint Germain) and 22
(Direndall) forest species, from the easternmost located Mituchovci site
with 36 species recorded over the same period. A comparable number of
30 forest species was recorded until 5400 cal BP at Valca site; another
well-dated sequence from the Western Carpathians (Jutfi¢kova et al.,
2018). Such a high species richness in the east can be explained by a
weak impact of the previous glacial periods on the ecosystems. The per-
sistence of forest patches and the existence of small refugial zones for
forest biota in the Western Carpathians during the full glacial times are
well documented (e.g. Brewer et al., 2002; Jutickova et al., 2014a;
Magyari et al., 2014). The area harboured well-developed temperate
broadleaf forests already in the first millennia of the Holocene (Hajek
et al., 2016; Jamrichova et al., 2017). The difference between West-
ern and Eastern Europe can also be promoted by landscape topography,
as discussed by Horsak et al. (2019). Conversely, the westernmost Eu-
ropean zone was in the periglacial area characterised by a frozen tun-
dra environment, causing a dramatic obliteration of forest biota (Gui-
ter et al., 2003; Moine, 2008). As a consequence, eastern series also
benefit from more diversified forest land snail communities at the be-
ginning of the Holocene (Frodlova et al., 2018). Jufi¢kové et al.
(2018) proposed that the Western Carpathians were probably an impor-
tant source for the postglacial recolonisation of Central Europe by forest
biota. This phenomenon can also be observed in the pattern of species
colonisation at the Mituchovci site, as the accumulation curve reaches
its final plateau as late as around 5000 cal BP. The further to the west,
the longer was the distance from the main refugial areas. It restricted
the pool of species only to those with either close refugia, or those with
high dispersal capacity. Thus, the species accumulation curve reached
its plateau notably earlier at Direndall (ca 7200 cal BP), before the pe-
riod of a high human pressure on the landscape (Fyfe et al., 2015).
At Saint Germain, the colonisation pattern was not continuous as sug-
gested by two clear plateaus observed. The first one was reached al-
ready at 10,000 cal BP unless the two species arriving around 8500 cal
BP are considered a separate colonisation event, and the final plateau
appeared as late as around 6200 cal BP. Although the total number of
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species was almost identical at Saint Germain and Direndall, the time
course of the colonisation was very different, and it continued much
longer at the former site than at the latter. Importantly, these differ-
ences running on the large spatial scale also explain differences observed
at the local scale. While the maximum numbers of forest species ex-
clusive for closed-canopy forests (hereafter called strictly forest species)
were the same at Direndall and Mituchovci (maximum 13, median nine
species), only six (median three) were recorded at Saint Germain. It can
be explained not only by the distance to the closest refugia but also
by long term climate settings. The high aridity in the first half of the
Holocene and the overall lowest summer rainfall at Saint Germain, com-
pared to the other two sequences, might have blocked new arrivals of
strictly forest species and kept the number of species low and stable. The
effect of climate was probably also strengthened by a decreasing forest
density westwards (Fyfe et al., 2015). In contrast, during previous in-
terglacial periods, reconstructed to be wetter than the Holocene, high
numbers of strictly forest species of central European origin were docu-
mented from Western Europe (Limondin-Lozouet and Preece, 2014).
Because the arrival of these strictly forest species was achieved by the
end of the thermal optima, i.e. the initial interval of interglacial periods
covered by our study, the leading role of climate over the human impact
seems to be well supported.

4.3. Climate imprints in colonisation dynamic and local changes

The patterns of the colonisation dynamics discussed above can also
be read as climatically-driven because the impact of climate is geograph-
ically organised (Davis et al., 2003). At the beginning of the Holocene,
it can be argued that the position of refugia overdrived the importance
of climate as a sharp increase of forest species was detected across the
whole longitudinal extent in response to the rise of global tempera-
tures (Renssen et al., 2009). The earlier thermal optimum towards
the east of Europe (Davis et al., 2003; Hajkova et al., 2016), along
with the location of the Carpathian refugia, can also be related to the
earlier maximum of local species richness around 9200 cal BP at Mi-
tuchovci. In contrast, the maximum value of species richness was ap-
proached much later at Direndall, not before 8000 cal BP. Such evalu-
ation does not make much sense for Saint Germain as the numbers of
both all forest and strictly forest species in samples did not show any
trends. This pattern can, however, be related to the delayed colonisa-
tion by forest species, because the second colonisation wave started af-
ter 7000 cal BP and overlapped with the local disappearance of some
species. Although the total number of species that managed to colonise
the site until 5000 cal BP was similar to that at Direndall, the number
of species available in the regional pool was always lower at Saint Ger-
main. Between 7000 and 5000 cal BP, there were always 19-20 forest
species in each sample at Direndall versus only 14-16 species at Saint
Germain. Additionally, the size of the species pool has not changed since
ca 10,000 cal BP at Saint Germain, in contrast to Direndall reaching its
stable size at 7500 cal BP.

We identify several possible events of climate deterioration, poten-
tially restricting both the land snail colonisation and species richness
once the local species pool has been stabilised (i.e. colonisation and ex-
tinction events were in an equilibrium). Most of these events seem to
correspond to the reduction of moisture (i.e. decrease of rainfall and/
or increase of aridity). For one or two of these events, it seems that cli-
mate cooling was also involved, which looks plausible, especially dur-
ing the Early Holocene. In all sequences, a dropdown of species rich-
ness as well as species colonisation was recorded around 8500 cal BP.
At Saint Germain, this episode was short as the number of species
dropped down from 12 to 9 species between 8650 cal BP and 8500 cal
BP, and raised back to 14 at 8350 cal BP. At Direndall, this period
lasted for ca 800 years; a sharp increase in the number of newly ap-
pearing species was interrupted, and the colonisation was restored once

the climate improved. At Mituchovci, the effect on local species richness
was rather small, but the period of cooler and drier climate, occurring
abruptly after a steep increase in moisture and rainfall (Dabkowski et
al., 2019), completely overlapped with the pause in species colonisa-
tion, showing the same pattern as that for Direndall. It seems that this
climatic event has impacted the development of forest biota at the conti-
nental scale, from oceanic to more continental areas, and from areas far
from forest refugia to those located in their close proximity. This event
might seem to be associated with the event 8.2. However, the climate
model clearly shows that it started earlier around 8700 cal BP. The plau-
sibility of the model is confirmed by the isotope data and also by the
mollusc records as mentioned above. This period of notably colder and
drier climate seemed to be shorted in Saint Germain, abruptly ending
at 8200 cal BP in contrast to later and more continuous climate ame-
lioration around ca 7800 cal BP for the two remaining sites located far-
ther from the ocean. As described by Dabkowski et al. (2019) for
Mituchoveci, this change likely corresponds to the first, globally signifi-
cant, Holocene rapid climate change event (RCC) of generally colder and
drier climate across the Northern Hemisphere (Alley and Agustsdéttir,
2005), occurring between 9000 and 8000 cal BP (Mayewski et al.,
2004). This RCC is considered to be related to the distinct cooling
recorded in Greenland ice cores and Northern Atlantic marine cores at
8200 cal BP (Bond et al., 1997). However, starting in fact from ca
8600 cal BP, this period of climate deterioration has been observed from
locations around the world. It thus seems that it was caused by solar in-
put fluctuation rather than by the abrupt freshwater pulse into the North
Atlantic, recorded in the Greenland ice cores at 8200 cal BP (Rohling
and Palike, 2005). Contrary to this well-documented event, we have to
be more careful with the interpretation of the other events observed in
malacological records. It is not clear to which extent they are caused by
local changes in spring activity, vegetation development or even taphon-
omy and sampling size artefacts. For Mituchovci, Dabkowski et al.
(2019) suggested an explanation for the first cold event that appeared
around 10,400 cal BP. It probably corresponds to the short cold event
recorded across the Northern Hemisphere around 10,300 cal BP, in both
Greenland ice cores and Northern Atlantic marine cores (Bond et al.,
1997) and some continental European records (Bjo™; rck et al., 2001;
Starkel et al., 2013). The beginning of a short period with a reduced
species diversity also appeared at Direndall around 10,100 cal BP and
could be related to the same climatic event. This example suggests that it
can be important to compare several geographically distributed profiles
to seek for more general patterns in climate effects on Holocene biota
development.

4.4. Disentangling the effect of climate and vegetation per se

Land snail distribution is, among other factors such as calcium con-
tent, strongly controlled by their sensitivity to low-temperature (e.g.
Nicolai and Ansart, 2017) because these invertebrates cannot pro-
duce any cryoprotective chemicals (Riddle, 1983). However, the ef-
fect of temperature can be buffered by vegetation and leaf litter cover
(Ansart et al., 2001; Horsak et al., 2013). Vegetation provides the
main food resource as the majority of land snail species can be con-
sidered general grazers (Speiser, 2001). In some environments, veg-
etation may also represent the principal source of calcium for snail
growth and reproduction (Wareborn, 1969). Thus, climate changes can
have both direct and indirect effects on the development of snail assem-
blages, with the latter being mediated through the succession of vege-
tation. To disentangle these two processes is not trivial, and the effect
of vegetation per se should be taken into account when interpreting the
changes related to climate. Our data suggest that the Holocene changes
in vegetation mostly correlate with the increase of species turnover,
triggering the colonisation of new species as well as the disappearance
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of the others. The fast increase of species diversity in response to the
rise of winter temperature was observed in all three sequences. This
change, however, clearly corresponds with the colonisation of strictly
forest snail taxa (i.e. snails restricted to closed-canopy forests). In Mitu-
chovci (Hajek et al., 2016) and Saint Germain (Limondin-Lozouet et
al., 2005) sequences, the associated pollen data indicate the shift of for-
est vegetation from a Picea-Pinus-Betula dominated mosaic landscape of
Preboreal vegetation type to Boreal type with Tilia-Ulmus-Corylus domi-
nated forests. This succession change also represents the shift from tree
taxa of unfavourable leaf litter chemistry towards the taxa favoured by
land snails, with physiologically accessible citrate calcium in leaf litter
(Wiareborn, 1969). However, this environmental shift occurred much
earlier in Mituchovci (around 11,300 cal BP) while it was registered
only at 10,300 cal BP in Saint Germain. In Direndall, the spread of for-
est snail species also occurred at 10,300 cal BP, suggesting a similar
chronology as that for Saint Germain. Because such a lag is not present
in the temperature curve, as shown by palaeoclimate data, it seems that
the malacological succession was mostly related to vegetation changes.
Of course, also colonisation dynamic related to the position of forest
refugia is part of this story (see above). At this stage of the Boreal period,
more than half of all forest species recorded in each sequence have al-
ready appeared. The transition to closed-canopy forests of the Early At-
lantic coincides with the second colonisation wave of forest snails, hap-
pening once the climate has ameliorated after the 8.5 cold event dis-
cussed above. At Mituchovci, it was also associated with the local ex-
tinction of Discus ruderatus, a cold-adapted species characteristic of the
Early Holocene. At Direndall, this period was characterised by the ar-
rival of many new species creating a regional species pool rich enough
to cause a distinct increase of the species richness in the second half of
this period. The forests of this period provided optimal conditions for
snails due to the dominance of trees with favourable leaf litter chem-
istry. The appearance and the optimum of Tilia tree in Luxembourg dur-
ing the Early Atlantic (Slotboom and Van Mourik, 2015) may well
explain the improvement of conditions for strictly forest snails at Diren-
dall. In contrast, at Saint Germain, the second main colonisation wave
was postponed to the Late Atlantic. In this period, however, the forest
vegetation developed towards the dominance of beech and oak trees,
which are producing generally unfavourable leaf litter for snails (Wére-
born, 1969). This assumption can be tracked down by the equilibrium
between the colonisation and extinction events with some species (e.g.
Macrogastra rolphii) appearing and also disappearing during this period.
It seems that the time coincidence of snail spread from the refugia with
the vegetation development was an important milestone for the local
colonisation patterns of snail assembles.

5. Conclusions

The colonisation dynamic of forest land snails on the onset of the
Holocene was shaped mainly by the increase in winter temperature
and the vegetation shift from conifer-dominated to deciduous tree-domi-
nated forests. The pattern of species colonisation was uniform across the
continent, although it happened 1000 years earlier towards the east (ca
11,300 vs 10,500 cal BP). This time lag towards the west was probably
related to the distance from the main glacial refugia of temperate for-
est malacofauna, increasing towards the west. The second and the third
colonisation waves were observed at a similar time for Luxemburg and
Slovakia (around 9500 and 8000 cal BP for the second and the third
wave, respectively), but they happened later in Normandy (ca 8500 and
7000 cal BP).

The proximity of glacial refugia, evidenced in the Western Carpathi-
ans in Slovakia, seemed to affect also the total number of species colonis-
ing each region in the first half of the Holocene. The total species
pool is twice as large in Slovakia when compared with the remain-
ing sequences located westwards. Although no difference in the

size of the species pool was found between the sequences from Luxem-
burg and Normandy, the fewer number of strictly forest species man-
aged to reach Normandy than Luxemburg. The numbers of forest species
recorded in samples monotonically decreased from east to west. How-
ever, the numbers of strictly forest species were similar in Luxembourg
and Slovakia, but three times smaller in Normandy.

The variation in the number of forest species was explained mainly
by minimum January temperature in Slovakia, but the value of aridity
index was the best predictor in both westward located sequences. Cli-
mate and related changes of the forest types seem to be the main factors
affecting the succession of forest snails and their diversity at both local
and regional scales. Several periods of climate deterioration, i.e. the pe-
riods of cooler and drier climate, were recognized to have affected both
snail colonisation and their local diversity. The short period of an abrupt
climatic cooling and drying around 8500 cal BP was found to stop the
colonisation of species for some time and also sharply reduce the num-
ber of local species in all three sequences across temperate Europe.

The observed patterns of forest snail colonisation were captured at
the sites with undetected human impact and over the first half of the
Holocene, i.e. when human impacts at landscape level were in general
negligible. Our observation suggests a leading role of the Holocene cli-
mate on constituting the contemporaneous distribution of forest snail di-
versity, sharply decreasing from east to west, with only a few strictly
forest snail species occurring in Atlantic Europe.
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