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a general increase following the Holocene climatic amelioration. The opposite trend probably existed for
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© 2016 Elsevier Ltd. All rights reserved.
1. Introduction biodiversity shifts (Roberts, 1998). In northern Eurasia good
community-level data documenting these changes exist for Late
The transition from the cold and dry Late Pleistocene cli- Pleistocene mammals (Markova et al., 2008; Pavelkova Ricankova

mate to the warm and wet Holocene climate resulted in dramatic et al, 2014, 2015) and in some places for Pleistocene to early
Holocene land snails (e.g. Lozek, 2001; Moine, 2014). These
snail data indicate an increase in species richness following the
Pleistocene-Holocene transition (Jufickova et al., 2014). However,
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period. Estimations of plant species richness based on the fossil
pollen record are problematic because of taphonomic biases and
poor taxonomic resolution with some pollen types representing
dozens to hundreds of species (Birks et al., 2016). Moreover, pollen
records from the full-glacial are relatively rare in northern Eura-
sia. While analyses of ancient DNA from permafrost provide more
reliable information on the Late Pleistocene plant species diversity
(Willerslev etal.,2014), such data are limited to permafrost regions.

In the absence of reliable fossil record, species richness variation
between the full-glacial and post-glacial periods can be estimated
through contemporary proxies, such as present-day ecosystems
that are similar to the reconstructed full-glacial ecosystems, both
in terms of their climate and occurrence of relict species (Chytry
et al., 2010). For comparative purposes, an ideal situation exists
when such ecosystems with full-glacial attributes are adjacent to
ones with Holocene features such as higher temperature, higher
precipitation and more extensive forest cover, because such adja-
cent ecosystems are less likely to differ in potentially confounding
evolutionary or migration histories. Such a unique situation exists
in the Altai Mountains of southern Siberia. The northern part
of these mountains and adjacent foothills are relatively warm
(January mean temperature above —15 °C, July mean above 18°C)
and humid, with annual precipitation locally exceeding 800 mm,
which are the highest values in Siberia. This area harbours vari-
ous temperate forest species such as the broad-leaved deciduous
tree Tilia sibirica (Ermakov, 1998). Several mesophilous herbs typ-
ical of European temperate deciduous forests reach their eastern
distribution limit in the Altai or are disjunct ca. 2000 km from
the eastern limit of their continuous ranges in the Southern Ural
Mountains (Ermakov, 1998). The adjacent south-eastern part of the
Russian Altai, however, represents a climatic analogue to the dry-
cold Pleistocene landscape of mid-latitude Europe. In the basins it is
characterized by less than 180 mm of annual precipitation and very
low winter temperatures (January mean below —22°C), though
summers are relatively warm (July mean up to 16°C). Tempera-
tures are lower on mountain ranges around these basins. These
characteristics are similar to the climatic reconstructions of the
Last Glacial Maximum climatic reconstructions in various parts of
northern Eurasia, particularly the loess landscapes of mid-latitude
Europe (Gent et al., 2011). As a result, the south-eastern Russian
Altai represents a unique example of a full-glacial palaeorefugium
that extends over landscape scales (macrorefugium; Nekola 2013).
It harbours relict populations of many species that were typical of
the last full-glacial period including vascular plants (Pelankova and
Chytry 2009; Magyari et al., 2014; Horsak et al., 2015), land snails
(Horsék et al., 2010, 2015; Hoffmann et al., 2011) and mammals
(Pavelkova Ri¢ankova et al., 2014, 2015). While these characteris-
tic glacial species are common in the south-eastern Russian Altai,
they are quite rare or absent from the northern Altai.

Here we consider the south-eastern Russian Altai as a
Pleistocene-like landscape, and the northern Altai as a Holocene
landscape. We use this unique adjacency to estimate potential
changes in site-scale species richness (alpha diversity) and regional
species richness (gamma diversity) during the transition from
the Pleistocene full-glacial to the Holocene. We focus on vascular
plants, bryophytes and macrolichens, which determine ecosystem
structure, and land snails, which are important palaeoecological
indicators.

2. Study area

The study area (Fig. 1; 49.26-54.77°N, 84.15-88.72°E) com-
prises the Altai Mountains in the Altai Republic of the Russian
Federation, lower mountain ranges north of the Altai (including
the Salairskii Kryazh and Gornaya Shoriya), and their respective
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Fig. 1. Map of the study area in southern Russia with sampling sites and limits of
the area used for modelling defined by 75 km distance from the nearest sampling
site (black line). Sampling location colours represent the three main climate types
(brown: mesic-warm, blue: wet-cold, grey: dry-cold). Wet-cold climates are rep-
resented by three isolated areas above the timberline. (For interpretation of the
references to colours in the figures and figure legends in this paper, the reader is
referred to the web version of this article.)

foothills. While the foothills are at altitudes below 300 m, the high-
est peak of the Altai reaches 4506 m. The highest summits are
covered by mountain glaciers (Klinge et al., 2003). We studied the
areas up to 2950 m. Following the increase in altitude, tempera-
tures in the study area sharply decrease from the lowlands in the
NNW to the mountains in the SSE, from July temperatures above
18°C and January temperatures above —15°C to below 8°C and
—30°C, respectively. Annual precipitation locally exceeds 800 mm
in the northern Altai foothills and sharply decreases towards
the south-east, with arid intermontane basins receiving less than
180 mm (Beresneva, 2006). Temperature and precipitation tend
to be positively correlated across the Russian Altai, though there
are exceptions especially on higher mountains in the north where
temperature is low and precipitation is high.

The hills to the north of the Altai are predominantly covered with
forests of Abies sibirica, Betula pendula, Picea obovata, Pinus sibirica,
P. sylvestris and Populus tremula. These possess an herb layer very
similar to contemporaneous mesic European broadleaved temper-
ate forests (Ermakov, 1998). The central part of the study area
contains forest-steppe (or forest-tundra at higher altitudes), i.e. a
landscape mosaic with steppe patches on dry south-facing slopes
and woodland dominated by Larix sibirica, Picea obovata and Pinus
sibirica on north-facing slopes. While this area is drier and colder,
its climatic and biotic features still generally correspond to cur-
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rent (i.e. Holocene) ecosystems in parts of northern Eurasia. The
southern part of the Russian Altai is predominantly comprised of
open steppe and tundra grasslands, locally with small Larix sibirica
woodlands along streams and on north-facing slopes (Kuminova,
1960; Hais et al., 2015, 2016). This area is characterized by a relict
biota typical of the European Late Pleistocene full-glacial (Horsak
etal., 2010, 2015; Pavelkova Ricankova et al., 2014).

The dominant bedrock includes granites and various Palaeozoic
sediments. However, there is no remarkable contrast in geology
between the northern and south-eastern part of the area (www.
geokniga.org/mapstable). The human impact on ecosystems is
generally weak, though grasslands are used as cattle and horse pas-
tures. Alien plant species are nearly absent with the exception of
some river floodplains and the immediate vicinity of human settle-
ments.

3. Methods
3.1. Data sampling and compilation

We sampled vascular plant, bryophyte, macrolichen and land
snail community compositions across the main climatic gradient
from the warm and wet landscapes north of the Altai Mountains
to cold and dry landscapes in the south-eastern Russian Altai. The
sites along this gradient were selected to cover the entire range of
available natural ecosystems. At each site, we established 100-m?
sample plots located across the maximum available range of topo-
graphic positions (e.g. ridge, N-facing slope, S-facing slope, valley
bottom). Individual plots were located within patches of homoge-
neous vegetation, avoiding sharp ecotones, human-made habitats
and strongly disturbed vegetation (e.g. recently logged or burned
forests). Sampling was done in June-August of 2005, 2006, 2011
and 2012.

In each plot we recorded all species of vascular plants (here-
after ‘plants’) and terricolous (ground-dwelling) bryophytes and
macrolichens (hereafter ‘lichens’). Species growing exclusively on
woody plants, dead wood or bare rock were not recorded. We
refer to bryophytes and lichens as ‘cryptogams’, while cryptogamic
vascular plants (lycopods and pteridophytes) were included with
vascular plants. A subset of plots within a given site were also sam-
pled for land snails (hereafter ‘snails’). Larger species were searched
for by eye by a single observer for 30-60 min per plot, covering
all appropriate microhabitats. Small snails (e.g. <5 mm in maxi-
mum dimension) were recorded by collecting ~3 litres of leaf litter,
moss polsters and topsoil. Wetland litter samples were processed
via wet sieving (Horsak et al., 2015) while dry litter was processed
using standard protocols (Nekola and Coles 2010). Taxonomy and
nomenclature follow Cherepanov (1995) for plants, Ignatov and
Afonina (1992) for bryophytes, Andreev et al. (1996) for lichens,
and Sysoev and Schileyko (2009) and Nekola et al. (2015) for snails.

The following environmental variables were recorded from each
plot: (1) Altitude was read from a GPS device. (2) Slope and aspect
were measured with a clinometer and compass, and combined into
topographic indices of radiation and heat following McCune and
Keon (2002, Eq. 3). (3) Soil depth was measured using a metal
rod at four randomly selected spots within each plot and aver-
aged; soils deeper than 30cm were assigned a value of 30cm.
(4) Soil pH and electrical conductivity were determined from soil
samples taken at a depth of 5-15cm at four randomly chosen
locations within each plot, which were mixed, leached in distilled
water (soil:water ratio of 2:5), and measured using a Greisinger
GPRT 1400 AN pH-meter and Snail Instruments CM113 conduc-
tivity meter. (5) Canopy density was recorded using hemispheric
canopy photographs (see Chytry et al., 2007, 2010 for methods) and
also estimated visually as percentage tree layer cover in the vertical
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Fig. 2. Position of sampled plots in temperature vs. precipitation space. Colours rep-
resent the three climate types (brown: mesic-warm, blue: wet-cold, grey: dry-cold).
Convex hulls for forest (dashed) and open-land (solid) plots delimit the climatic
space used for alpha diversity mapping.

direction. (6) Macroclimatic data were obtained from the World-
Clim database (www.worldclim.org; Hijmans et al., 2005) and data
on annual potential evapotranspiration and climatic aridity from
the CGIARCSI database (http://csi.cgiar.org/Aridity; Trabucco et al.,
2008). (7) To account for possible effects of the structure of the
surrounding landscape on site diversity, we visually estimated the
percentages areas of forest and grassland within 500 m of each plot
using Google Earth images.

We sampled 569 plots, which we classified into forest, open-
land (grassland and scrub) and mire (peatland). Because mire plots
were few and their moisture was largely determined by local
topography and aquifer geology and not regional climate, these
plots were excluded from further analysis. Following preliminary
exploratory analyses all plots not sampled for snails were also
excluded. This did not significantly change results of the analyses
for plants and cryptogams as snail plots were located at all sam-
pling sites and represented all habitat types. In the end 102 forest
plots and 174 open-land plots were analyzed.

3.2. Statistical analysis

We modelled alpha diversity (species counts in 100-m? plots)
for each taxon as a function of the explanatory variables described
above using generalized linear models (GLM; McCullagh and
Nelder 1989). Before model selection we performed the follow-
ing exploratory data analyses: (1) Cleveland dot plots of all the
variables to assess their distribution and identify outliers; (2) pair
plots to assess the collinearity among predictors and the shape of
the relationships between response variables, predictors and geo-
graphical coordinates; (3) conditional graphs to identify potential
interactions. Based on this we removed several collinear variables,
especially various measures of temperature and precipitation.

Exploratory analyses indicated a dominant effect of climate on
alpha diversity and existence of three climate types (Figs. 1 and 2;
Fig.S1in Appendix Ain Supplementary data): (1) mesic-warm; low
altitudes in the northern Altai and hilly areas north of the Altai; (2)
wet-cold; the alpine belt in the northern Altai; (3) dry-cold; moun-
tain plateaus, ranges and intermountain basins in the south-eastern
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Russian Altai. We used these three climate types as an additional
model predictor.

Most models of alpha diversity were fit with negative bino-
mial error distribution, but Poisson error distribution was used
for snails. We used stepwise selection based on likelihood ratio
tests to find the best model for each response variable. Possi-
ble terms after the removal of intercorrelated variables included
the main predictor variables (minimum temperature of the cold-
est month, precipitation of the wettest quarter, soil pH, tree
layer cover, proportion of grassland area in plot surroundings,
and climate type), second-order polynomials where suggested by
data exploration, and identified interactions: temperature x pH,
temperature x precipitation, temperature x climate type, and pre-
cipitation x climate type. As we intended to interpolate predicted
alpha diversity across the whole study area based on climatic
variables, the starting model for stepwise selection included tem-
perature and precipitation together with the climate type as the
main terms, their interactions, and second-order polynomials if
suggested by the data exploration. These terms were then sequen-
tially removed and at each step the model was tested against each
of a set of simpler models until the omission of any term led to a sig-
nificant decrease in explained variation. At that point the selected
terms of climatic predictors were kept in the model (climate type
could always be removed), while the other predictors were sequen-
tially added and removed until the inclusion of another term did
not cause a significant improvement in the current model and,
simultaneously, the omission of any term did not lead to significant
worsening.

We examined the final model residuals with respect to fit-
ted values and individual predictors and checked them for spatial
autocorrelation using variograms. We also checked residuals for
normality, homogeneity of variance and influential observations.
Because lichens were absent from many forest plots, their model
residuals deviated from normality. Therefore we fitted an alter-
native model of presence/absence of lichens with binomial error.
However, as the inference remained the same, we present the origi-
nal models for alpha diversity with negative binomial error. In other
models we did not identify any serious violation of model assump-
tions, although some residual spatial autocorrelation remained,
indicated by sigmoid variograms. While this suggested existence
of alternating areas with underestimated and overestimated alpha
diversity, further examination indicated that this did not cause any
serious model flaws.

For alpha diversity mapping, models were simplified by remov-
ing non-climatic explanatory variables for which maps were
unavailable across the study area. Predicted alpha diversity values
were projected on the WorldClim-based maps of climatic variables.
To avoid unrealistic extrapolations, we mapped predicted values
only within 75 km from the nearest sampling site. In addition, we
mapped predicted alpha diversity values only in areas with those
combinations of temperature and precipitation that were either
encountered or could be interpolated (not extrapolated) from sam-
pled sites. The mapped combinations were defined using convex
hull drawn around the sampling sites, separately for forest and
open-land sites, in a space defined by temperature and precipi-
tation (Fig. 2).

In addition to alpha diversity, we also assessed regional species
richness (gamma diversity of Whittaker 1972; not Cody 1985)
among the three climate types using sample-based rarefaction
(Colwell et al., 2004). Cumulative numbers of species recorded
within plots belonging to each climate type and habitat (forest vs.
open land) were computed and rarified to nine plots, which was
the lowest number of plots found among the climate type-habitat
combinations.

To assess potential effects of nested community structure on
species richness, we identified diagnostic and constant species

for forest and open-land plots within each of the three main cli-
mate types. We calculated the phi coefficient of association and
defined diagnostic species as those with & >0.25, disregarding
non-significant associations (P < 0.05, Fisher’s exact test; Tichy and
Chytry, 2006). Calculations were done for equalized numbers of
plots within climate types. Diagnostic species with the highest ®
values are characterized by the strongest concentration of their
occurrence within particular climate types. In addition, we defined
constant species as those occurring in>40% plots of each climate
type-habitat combination; such species are frequent, though not
necessarily concentrated in these combinations.

GLMs were computed and graphs drawn using R 3.2.3 (www.r-
project.org) with the MASS (Venables and Ripley, 2002), ncfver. 1.1-
5 and gstat (Pebesma, 2004) packages. GIS analyses were performed
using ArcGIS 10.3 (www.esri.com). Rarefaction and diagnostic and
constant species were computed using the JUICE program (Tichy
2002).

4. Results

All taxa exhibited considerable alpha diversity variation, both
between forests and open-land habitats and among climate types
(Table 1). Individual taxon/habitat models explained 11.7-40.3% of
variation (Table 2). Models for bryophytes explained less variation
than for the other taxa.

Climatic factors were identified as the dominant driver of alpha
diversity across all taxa in both forests and open habitats (Table 2,
Figs. 3 and 4). Minimum temperature of the coldest month (rep-
resenting a set of correlated temperature variables) significantly
affected all groups and entered all the models except that for
open-land snails. However, while alpha diversity of plants and
snails increased with temperature, that of bryophytes and lichens
decreased. Precipitation of the wettest quarter (representing a set
of correlated precipitation variables) also influenced alpha diver-
sity, although its effect was weaker and non-significant in some
cases. All significant precipitation effects were positive, although
in some cases (especially in the models for marginal effects) alpha
diversity began to decrease in highest precipitation areas, espe-
cially at high altitudes in the north where high precipitation was
coupled with low temperature. Alpha diversity was further influ-
enced by soil pH, with unimodal response in plants and snails and
negative response in bryophytes and lichens.

The maps (Fig. 5) showed higher alpha diversity of plants and
snails in the northern Altai and its foothills, i.e. the landscape with
Holocene conditions, and lower alpha diversity in the Pleistocene-
like landscape of the south-eastern Russian Altai. For bryophytes
and lichens these patterns were reversed.

The three climate types differed in gamma diversity (regional
species richness), expressed as rarified cumulative number of
species across plots (Table 1). Mesic-warm conditions had the
highest gamma and alpha diversity of plants, while the wet-cold
conditions had the lowest gamma diversity, though their alpha
diversity was intermediate in forests. In cryptogams gamma and
alpha diversity patterns coincided, with the mesic-warm con-
ditions being poorest, the wet-cold conditions being richest for
bryophytes and the dry-cold conditions for lichens. Gamma and
alpha diversity of forest snails was low in the wet-cold conditions
and higher in the other two climate types. In contrast, their gamma
and alpha diversity on open land was low in both wet-cold and
dry-cold conditions, while being high in mesic-warm conditions.
For all taxa each climate type contained specific species that tended
to be absent elsewhere (Table 1, Table S1 in Appendix A in Supple-
mentary data), indicating the presence of species turnover between
areas with contrasting climate.
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Table 1

Mean, minimum and maximum numbers of species in 100-m? plots (alpha diversity), rarified cumulative numbers of species recorded across all forest or open-land plots
(gamma diversity), and diagnostic and constant species related to the three climate types of the Russian Altai. Cumulative numbers were rarified to 9 plots in all cases,
which is the minimum number per habitat (forest vs. open land) and climate type. Lower and upper limits of the 95% confidence interval for rarefaction are given. Full list of
diagnostic and dominant species is in Table S1 in Appendix A in Supplementary data.

Habitat type Forest Open land

Climatic type Mesic-warm Wet-cold Dry-cold Mesic-warm Wet-cold Dry-cold
No. of plots 73 9 20 68 13 93
Vascular plants

Mean no. of species per 100 m? 48.9 38.6 32.1 47.3 30.0 30.1
Min. no. of species per 100 m? 28 8 9 13 8 6
Max. no. of species per 100 m? 80 56 59 90 42 63
Rarified no. of species 206 133 189 263 134 189
Lower confidence interval 183 110 166 238 113 170
Upper confidence interval 230 156 211 288 155 208
No. of diagnostic species 65 26 66 106 65 44
No. of constant species 27 37 4 5 17 0
Bryophytes

Mean no. of species per 100 m? 6.7 12.8 9.7 4.0 8.5 5.1
Min. no. of species per 100 m? 0 6 2 0 4 0
Max. no. of species per 100 m? 26 18 17 10 15 19
Rarified no. of species 38 56 48 27 57 34
Lower confidence interval 29 41 37 20 43 26
Upper confidence interval 47 71 60 34 70 42
No. of diagnostic species 4 18 14 1 18 1
No. of constant species 1 9 4 0 0 0
Lichens

Mean no. of species per 100 m? 0.4 1.8 3.2 0.7 2.1 29
Min. no. of species per 100 m? 0 0 0 0 0 0
Max. no. of species per 100 m? 7 6 15 6 6 17
Rarified no. of species 4 12 23 5 12 20
Lower confidence interval 1 15 2 14
Upper confidence interval 6 19 30 9 19 26
No. of diagnostic species 0 4 0 4
No. of constant species 0 0 0 0 0 0
Snails

Mean no. of species per 100 m? 7.2 3.8 4.7 5.3 24 1.5
Min. no. of species per 100 m? 1 0 1 0 0 0
Max. no. of species per 100 m? 11 7 13 12 8 10
Rarified no. of species 19 11 21 22 11 10
Lower confidence interval 11 4 13 14 5 5
Upper confidence interval 27 18 29 30 17 14
No. of diagnostic species 9 1 11 11 4 4
No. of constant species 8 4 2 3 1 0

Table 2

Marginal (gross) effects of the variables used in the models of alpha diversity (site-scale species richness) of the four taxa, each assessed separately for forest and open
habitats, and partial effects of these variables in the models. Temperature = minimum temperature of the coldest month; Precipitation = precipitation of the wettest quarter;
Grassland = proportion of grassland area within 0.5 km from the plot location. The values are squared deviances (D?), corresponding to the proportion of explained variation.
Significance levels: *** P<0.001, ** P<0.01, * P<0.05, ns = not significant, na=not applicable.

Temperature Precipitation Soil pH Tree cover Grassland Total Shared
Marginal (gross) effects
Vascular Forest 0.334 o 0.148 b 0.066 * 0.072 * . ns na na
plants Open 0.227 e 0.118 o 0.255 e . ns 0.101 o na na
Bryophytes Forest 0.093 o . ns 0.096 > 0.095 o . ns na na
Open 0.041 . . ns 0.069 e . ns . ns na na
Lichens Forest 0.251 o . ns 0.058 * 0.263 o . ns na na
Open 0.215 o 0.040 * 0.097 o . ns . ns na na
Snails Forest 0.215 o . ns 0.094 o 0.104 o 0.156 o na na
Open 0.213 e 0.328 . 0.047 > . ns 0.124 e na na
Partial effects
Vascular Forest 0.334 o . ns . ns . ns . ns 0.334 na
plants Open 0.028 o 0.033 o 0.083 e . ns . ns 0.376 0.232
Bryophytes Forest 0.045 * . ns . ns 0.047 * . ns 0.140 0.048
Open 0.103 o 0.076 o . ns . ns . ns 0.117 —0.062
Lichens Forest 0.090 * . ns . ns 0.103 o . ns 0.353 0.160
Open 0.291 o 0.116 o . ns . ns . ns 0.331 -0.076
Snails Forest 0.132 o ns ns . ns 0.073 > 0.288 0.082

Open . ns 0.239 o 0.035 o . ns 0.041 . 0.403 0.087
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Fig. 3. Generalized linear models (GLM) for marginal (gross) effects of the variables used in the final models of alpha diversity (no. of species in 100-m? plots). Colours
represent the three climate types (see Figs. 1 and 2). Grey area indicates the approximately 95% pointwise confidence interval. Trends are not fitted for non-significant
relationships (P> 0.05). For forest lichens the points are slightly jittered because of many zeros.

5. Discussion
5.1. Macroclimatic effects on species richness

The climatic contrast between mesic-warm vs. dry-cold envi-
ronments is the main driver of both alpha diversity (site-scale
species richness) and gamma diversity (regional species rich-
ness) between northern landscape with Holocene features and the

south-eastern Pleistocene-like landscape in the Russian Altai. A
strong decrease in alpha diversity of vascular plants and snails
was observed from the mesic-warm forests and open habitats
in the north to both the alpine belt of the northern Altai (wet-
cold, also Holocene features) and the high-mountain plateaus and
basins of the south-eastern Russian Altai (dry-cold, Pleistocene-like
landscape). While the northern areas contain forests with the high-
est known vascular plant alpha diversity in extratropical Eurasia
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the border of the Altai Republic (light grey line) are shown.

(Chytry et al., 2012), some plant communities in the southeast are
depauperate with snails being absent from many sites. Our models
showed that this pattern is dominantly controlled by macroclimate,
especially temperature and also to some extent by precipitation.
Decrease in alpha and gamma diversity with increasing altitude,
or increase at mid-altitudes with subsequent decrease, is a well-
known phenomenon for many taxa across the globe (Rahbek, 1995;
Grau et al., 2007). Possible reasons include (1) harsher climate,
(2) low environmental heterogeneity or (3) limited total habitat
area at higher altitudes, (4) dispersal limitation on isolated moun-
tains, and (5) geometric constraints such as the mid-domain effect
(Colwell and Lees, 2000; but see McClain et al., 2007). While provid-
ing plausible explanations for lower alpha and gamma diversity in
plants and snails in the isolated wet-cold mountains of the north-
ern Altai, most of these factors (except climatic harshness) cannot
explain differences observed between low-altitude (mesic-warm)
areas in the northern Altai and high-altitude (dry-cold) areas in the
south-east. The south-eastern areas are environmentally heteroge-
neous, spatially extensive, and do not represent isolated mountain
tops. Mid-domain effects probably also cannot provide a plausible
explanation for their lower alpha and gamma diversity because the
sampled species-poor sites in the south-east were still far below the
upper border of the local altitudinal domain: the glacier-snow line

at ca. 3200-3300 m (Klinge et al., 2003). This suggests that climate
is the main driver of the differences in alpha and gamma diver-
sity between the Holocene and Pleistocene-like landscapes in the
Russian Altai.

A potential additional explanation for lower alpha and gamma
diversity of plants and snails in the south-eastern Russian Altai is
the migration lag due to longer persistence of Last Glacial Maximum
(LGM) mountain glaciers as compared to the mesic-warm north
(Blomdin et al., 2016). However, models suggest that LGM vege-
tation similar to contemporaneous south-eastern Altai vegetation
likely occurred next to these glaciers (Hais et al., 2015). Migration
lag in the south-eastern Altai thus should not be large, at least not
much larger than in the northern Altai. Moreover, migration lag
may be more important for gamma than alpha diversity (Stewart
et al., 2016). Unlike alpha diversity, gamma diversity in the south-
east is not so much lower than in the north, suggesting little effect
of glaciation history.

Additionally, if the alpha and gamma diversity pattern was
driven mainly by migration lag, community structure would tend
to be nested. We found no evidence for this. Species-poor commu-
nities of plants and snails in the areas with wet-cold and dry-cold
climate are not just depauperate subsets of the communities in
the area with mesic-warm climate. On the contrary, they are char-



M. Chytry et al. / Ecological Indicators 76 (2017) 357-367 365

acterized by several species that are rare or absent in the areas
with mesic-warm climate. Many of these species are characteris-
tic of European LGM loess assemblages (Table S1 in Appendix A
in Supplementary data; Horsak et al., 2010, 2015; Hoffmann et al.,
2011).

Alpha and gamma diversity of terricolous cryptogams
(bryophytes and lichens) in the Altai respond to the same
environmental drivers as those of plants and snails, but conversely
are highest in colder areas. Increasing cryptogam gamma diversity
towards harsher climates, or at least its slower decrease than
in vascular plants, has been observed when moving from lower
to higher latitudes (Rozzi et al., 2008; Biiltmann, 2010; Mateo
et al, 2016). Cryptogam alpha and gamma diversity also often
peaks at higher altitudes than that for vascular plants in montane
districts (Grytnes et al., 2006; Grau et al., 2007). There are two
potential reasons for this pattern. First, cryptograms appear to
be better adapted to lower temperatures (Furness and Grime,
1982), perhaps reflecting an evolutionary origin of lichen and moss
lineages during colder periods of the earth’s history (Romdal et al.,
2013). The strong response of cryptogam diversity to temperature,
found in this and other studies (e.g. Spitale, 2016), supports this
explanation. Second, there can be indirect effect through com-
petition: vascular plants grow better in warmer areas and thus
tend to outcompete cryptogams via shading. This was seen in the
Altai where minimum terricolous cryptogam alpha diversity was
observed under the densest tree canopy. In Altaian open habitats,
bryophyte alpha and gamma diversity also tended to increase
towards precipitation-richer areas, reflecting the generally high
moisture requirements of bryophytes, although many of them are
dessication-tolerant (Proctor and Tuba, 2002). In general, alpha
and gamma diversity patterns in cryptogams point to the role of
macroclimate as the main driving factor.

5.2. Other factors affecting species richness

Soil pH, tree canopy cover and proportion of grassland area in
the surrounding landscape were also found to correlate with (and
possibly drive) alpha diversity in some situations. While cryptogam
alpha diversity tended to decrease with pH, this trend disappeared
after accounting for climate. The covariance of acidic soils with high
precipitation likely reflects increased cation leaching rates. Plant
and snail alpha diversity demonstrated a unimodal response to pH.
In the nearby and ecologically similar Western Sayan Mountains,
this pattern was explained by high stress in both low and high pH
soils. In low pH soils the stress can be due to release of toxic ele-
ments such as aluminium, while in the high pH soil, the stress can be
caused by drought associated with such soils (Chytry et al., 2007).
However, in the Altai unimodal alpha diversity-pH relationships
were preserved after accounting for precipitation, suggesting that
soil pH also has independent effects on species richness. Palpurina
et al. (2017) yielded the same result for alpha diversity across
Eurasian steppes. Snail alpha diversity decrease on high pH soils
on the Altaian open land is also probably partly related to the toxic
increase of soil salinity.

Finally, the proportion of grassland area in the landscape
appeared to have a negative effect on snail alpha diversity. To some
extent, this may be caused by different transpiration rates in open
and forested landscapes, which influence local moisture patterns.
Such patterns can remarkably affect snail communities, although
they cannot be predicted from precipitation data (Hoffmann et al.,
2011).

5.3. Species richness of the full-glacial vs. post-glacial landscapes

Our view of the contemporaneous Russian Altai biota as rep-
resenting a proxy for the Pleistocene full-glacial to Holocene

transition in mid-latitude Europe is supported by the presence of
cold and drought adapted species assemblages typical of the Euro-
pean LGM loess landscapes in the southeast (Horsak et al., 2010,
2015; Magyari et al., 2014; Pavelkova Ri¢ankova et al., 2014, 2015)
and mesophilous thermophilous species in the north of the area
(Ermakov, 1998). If valid, this perspective suggests that plant and
snail alpha diversity during cold phases of the Pleistocene was on
average lower than during interglacials (including the Holocene),
both in forests and open habitats. This prediction is consistent with
several independent pieces of evidence from the fossil record. First,
DNA barcoding of Arctic permafrost cores (Willerslev et al., 2014)
shows that Arctic plant alpha diversity was higher before the LGM,
decreased during the LGM, and increased thereafter. Second, paly-
nological richness estimates from different areas appear to exhibit
the same pattern. For example, in formerly non-glaciated areas of
Romania, lower palynological richness was noted for colder and
drier periods of the Late Glacial (such as the Younger Dryas) with
higher richness occurring during warmer and wetter periods (such
as Bolling/Allergd and the early Holocene; Feurdean et al., 2012).
However, palynological richness can be underestimated in pres-
ence of strong pollen producers (such as Pinus) which can swamp
out other pollen types. Third, the Central European LGM mollusc
record, which shares several species with current fauna of the
southeast Russian Altai, was also much poorer in species at both
local and regional scales than the Holocene record (Mania, 1995;
Lozek 2001; Jufickova et al., 2014; Moine 2016). However, we are
not aware of any estimates of cryptogam species richness from fos-
sil record for the Late Pleistocene full-glacial period from northern
Eurasia.

Plant alpha diversity could also decrease at the
Pleistocene-Holocene transition as a result of forest expansion
on former grasslands, triggered by climatic amelioration. Boreal
and cool temperate forests tend to be locally poorer in species
than steppic grasslands because their species pools is generally
smaller than that of grasslands. Moreover, many forest species may
have been restricted by migration lags during the early Holocene
forest expansion. This scenario is consistent with an observation
of sharp decrease in palynological richness at a Swiss site where
rapid Belling warming in the Late Glacial led to replacement of
the steppe-tundra by scrub and woodland (Ammann et al., 2013).
Similar mechanisms can explain higher plant richness in alpine
than lowland areas in central Alaska, where alpine grasslands can
be relicts of Pleistocene steppe-tundra, whereas lowland steppe
tundra was overgrown by forest (Roland and Schmidt, 2015).
However, in our current study we made separate comparisons
of richness within forests and on open land, aiming to describe
species richness change within habitats rather than the change
due to replacement of grasslands by forests.

Alpha diversity can also be influenced by the regional species
pool (Zobel, 2016). We found coincidence between alpha and
gamma diversity of cryptogams, but as in previous studies (e.g.
Stewart et al., 2016), there were interesting scale-related differ-
ences in other taxa. Although plant alpha diversity tends to be
lowest in the dry-cold, Pleistocene-like landscape of the south-
eastern Russian Altai, gamma diversity is much higher in this region
than in the wet-cold mountain areas of the northern Altai. To some
extent, this can reflect the isolated nature and smaller areas of the
wet-cold mountains and associated island effects which increase
extinction rates. However, it may also indicate greater habitat het-
erogeneity in the dry Pleistocene-like steppe-tundra landscapes,
driven by stronger moisture gradients from wet stream floodplains
to dry steppic slopes, and the presence of woodland patches in
the otherwise treeless landscape (Hais et al., 2016). Such habitat
heterogeneity is considered one of the necessary conditions for
sustaining not only large-herbivores in the full-glacial landscape
(Guthrie, 1990), but also regional plant and snail diversity (Horsak
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et al.,, 2015). Full-glacial landscapes may have locally supported
poorer plant communities because of drought and cold stress, but
the existence of mesic and wet patches in the matrix of dry habitats
provided opportunities for survival of many species of contrast-
ing ecology at the landscape scale (Horsak et al., 2015). Also for
snails, the lack of shelter and water in open habitats may have
eliminated many species from individual sites (Horsak et al., 2010,
2013), but small woodland and wetland patches guaranteed rela-
tively high snail gamma diversity in the otherwise hostile dry-cold
LGM landscape.

6. Conclusions

We used a space-for-time substitution approach, involving a
unique example of landscape-scale refugium of relict full-glacial
biota and an adjacent landscape with Holocene biota to predict
alpha diversity changes during the Pleistocene-Holocene transi-
tion. While no modern landscape represents a perfect match to
LGM conditions, strong biogeographical similarity to the LGM land-
scapes of mid-latitude Europe exists in the Russian Altai. Our
analysis suggests that alpha diversity of plants and snails, and to
some extent also gamma diversity of these taxa, were likely con-
siderably lower during the dry-cold phases of the Pleistocene than
in the Holocene. In contrast, both alpha and gamma diversity of
bryophytes and lichens were probably higher in LGM, reflecting
cryptogam cold tolerance. These insights complement fragmentary
fossil data on biodiversity change at the Pleistocene-Holocene tran-
sition. The Altai macrorefugium serves as a unique window into
the biodiversity and ecology of Pleistocene full-glacials. However,
fossil data from whole communities with taxonomic resolution to
the level of species will be necessary to accurately test predictions
made from this proxy system.
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