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Abstract: This paper deals with the vegetation development in four glacier forelands, aligned along
a distance of 250 km from West to East in the siliceous Eastern Central Alps. The study employs
a chronosequence approach, which assumes a temporal sequence in vegetation development by
spatially different sites regarding time since deglaciation. The chronosequences cover the area
between Little Ice Age (LIA) maximum glacier extent around 1850, and the current glacier terminus.
Despite some shortcomings, chronosequences allow the identification of general patterns of primary
succession of plants as a function of site age and local environmental conditions, e.g., changes in
species richness, ground cover, plant functional traits, and community structure. While there is no
shortage of chronosequence studies in glacier forelands of the Alps, a straightforward comparison
aimed at the deduction of general successional trajectories is tricky, due to different procedures of
vegetation sampling and data analyses. The comparative examination by a standardized sampling
and analyzing protocol of four glacier forelands in the Eastern Central Alps presented here proves
the existence of several common patterns in primary succession, but also diverging successional
trajectories from West to East. While the pioneer stage in all glacier forelands is similar both floristically
and structurally, from the early successional stage onwards, differences increase, leading to different
phases in the late successional stage, which is shrub dominated throughout in the westernmost study
site, herb—grass—dwarfshrub dominated throughout in the easternmost study site, and divided into
an earlier herb—grass—dwarfshrub phase and a later shrub phase in the two study sites in between.
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1. Introduction

One of the most fundamental and longest-studied concepts in plant community ecology are
processes of directional change with time, commonly referred to as succession. Pioneering studies
include those of the Danish botanist Eugen Warming and the American botanists Henry Cowles
and Frederic Clements [1-3]. Succession occurs either on surfaces of more or less pronounced
previous disturbances (e.g., fire, windthrow, flashflood) or on new ground (e.g., emerging sandbars,
volcanic eruptions, glacier forelands). Traditionally, a distinction is made between primary and
secondary succession, based on whether a seed bank, from which vegetation development starts,
is lacking or not, respectively. Environments particularly suitable for the study of primary succession
and vegetation dynamics are glacier forelands [4-7]. In the European Alps, glaciers lost about half of their
respective area since Little Ice Age (LIA) maximum glacier extent around 1850, with accelerating rates
during the last decades [8-10]. The deglaciated ground is subsequently colonized by plants, initiating a
directional environmental change and offering a perfect setting for the study of primary succession.

As vegetation development in glacier forelands is a long-lasting process over decades to centuries,
chronosequences (i.e., “space for time substitution” according to [11]), which rely on spatially different
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sites to derive a temporal sequence of vegetation development, are most commonly employed.
To determine site age (i.e., time since deglaciation) dateable traces of the former extent of glaciers
(moraines) as well as historical length change records, maps, aerial photographs, and satellite imagery
are used [12]. Chronosequences have some shortcomings, e.g., due to the non-constant climate over
time and by the fact that different sites are investigated, which might be affected by varying site histories,
incomparable effects of the surrounding, topographical differences (exposure, slope angle, etc.), and/or
different frequencies/magnitudes of disturbances [5,6,13]. Thus, not only the time since melt-out
might be responsible for the vegetation development observed [5-7]. However, if keeping those
limitations in mind, chronosequences allow the identification of general patterns of plant succession
as a function of site age, local environmental conditions, and stochastic events in glacier forelands,
primarily concerning non-floristic features such as species richness, plant cover, vegetation structure,
etc. [13].

While there is no shortage of studies on vegetation development in glacier forelands of the European
Alps [12,14-26], a straightforward comparison and the deduction of general trends in vegetation
development is challenging due to varying procedures of vegetation sampling and data analyses as well
as differences in local environmental conditions. Employing a standardized chronosequence approach
for the area between the LIA maximum glacier extent and the recent glacier terminus, this study
investigates the vegetation development of four glacier forelands within the siliceous Eastern Central
Alps along a distance of roughly 250 km from West to East. A recent study [25] showed differences
in the primary succession of glacier forelands between the Western and Eastern Alps. Motivated by
these findings, the present study also explores whether divergences exist on a somewhat smaller scale,
in particular as the study sites are located in different coarse-resolution climatic subregions and in
different settings with respect to treeline (see 2.1 below), which might affect vegetation development.
The following questions shall be addressed:

(1) Do common patterns in species composition, plant functional traits, and/or vegetation structure
exist in the four glacier forelands studied?

(2) Does vegetation development over time follow analogous successional trajectories or do
divergences during succession appear?

(3) If so, is there a particular point in time when trajectories begin to diverge and what might be
underlying reasons?

2. Materials and Methods

2.1. Study Areas

The four glacier forelands studied were Jamtalferner (JTE, Silvretta, Austria); Schwarzenbergferner
(SBEF, Stubai, Austria); Lenksteinferner (LSF, Rieserferner, Italy); and Goldbergkees (GBK, Hohe Tauern,
Austria) (Table 1, Figure 1). With the exception of SBE, which is facing southwest, all other glacier
forelands are located in a northerly direction. Substrate in the glacier forelands is generally coarse
grained and blocky siliceous glacial debris without signs of soil development in recently deglaciated
environments, while in areas deglaciated for a century or more, Skeletic/Lithic Leptosols are present.
The climate within the Eastern Central Alps is humid year-round, locally with some subcontinental
characteristics due to rain shadow effects caused by orographic rain at both the Northern and
Southern Limestone Alps. Climate data for the actual glacier forelands were not available and existing
interpolated climate surfaces are rather coarse ([27,28] with grid spacing of 5 km, and 1 km, respectively)
to extract climatic gradients within the glacier forelands that are suitable for statistical correlations to
vegetation data. Thus, only rough climatic estimates can be given for the glacier forelands as a whole.
According to modeled data [27,28] and available meteorological stations in the surroundings of the
study sites (Figure 1), precipitation in the glacier forelands studied can be estimated to be between
1300 and 1600 mm per year. The most humid study area is the GBK in the East, where rain shadow
effects caused by the Northern and Southern Limestone Alps are less pronounced than further to
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the West (Table 1). The driest study sites are SBF and LSF on the Northern and Southern side of the
Central Alpine chain, respectively, where rain shadow effects are most pronounced. A large amount of
precipitation at high elevation falls as snow, remaining on the ground for about 6-9 months with an
increasing snow cover duration from West to East [29]. Assuming a vertical temperature lapse rate of
0.6 K/100 m and station data of the vicinity, mean annual temperature within the glacier forelands can
be assumed to be between 0 °C to —3.5 °C with positive means occurring only during a few weeks
in summer.

Elevation of the glacier forelands as well as the relative position with regard to treeline differs
(Figure 2). While at GBK, LIA terminal moraine and thus the oldest sample sites (at 2180 m a.s.1.)
are located well above treeline (~2000 m a.s.l.) within the alpine belt, LIA terminal moraines of
the remaining study sites are located close to the treeline ecotone, i.e., the transition zone between
the forested subalpine and the treeless alpine belt (JTF and SBF ~2200 m a.s.l.; LSF ~2350 m a.s.1.).
Recent glacier termini and thus the youngest sample sites are located within the upper alpine belt
(JTF, SBE, GBK) or are surrounded by subnival scree slopes (SBF). Although own quantitative data are
not available, vegetation in the surrounding of the four glacier forelands belongs (amongst others) to
Caricetum curvulae RUBEL 1911, Nardetum alpigenum BR.BL. 1949, Loiseleurio-Cetrarieturn BR.BL. 1939 or
Rhododendro ferruginei-Vaccinietum BR.BL. 1927 associations, scattered across the landscape. Figure 3
provides aspects of the four glacier forelands.

A regionalization of the climate within the European Alps carried out by Auer et al. [30] revealed
four horizontal coarse resolution subregions of similar climatic features (Figure 1), delineated basically
by the Central Alpine chain separating a temperate westerly climate in the North form a Mediterranean
subtropical climate in the South, and a second boundary separating oceanic influences of the Atlantic
in the West from continental characteristics of the Eurasian continent in the East. According to this
regionalization, JTF and SBF belong to the Northwestern section characterized by a temperate westerly,
oceanic climate, LSF to the oceanic Southwestern section on the Southern side of the Alps with
slightly higher mean annual temperatures up to around 2200 m a.s.l. compared to sites in the North
at the same elevation, and GBK to the Northeastern section with a continental temperate westerly
climate (Figure 1). Actual precipitation is controlled by rain shadow effects, being responsible for the
somewhat counterintuitive situation that the “oceanic” SBF and LSF receive less precipitation than the
“continental” GBK.

Besides recent and sub-recent (i.e., post LIA) environmental conditions, history of flora is potentially
an influencing factor for primary succession in glacier forelands of the Alps [25]. During repeated
Pleistocene glaciations [31,32], most of the higher central parts of the Alps were covered by a massive ice
sheet, either replacing plants to refugia in the periphery of the Alps (mainly in the South and Southwest,
but also in the East of the Alpine bow where glaciation was more localized due to low absolute summit
elevations), or restricting them to climatically favored locations within the Alps such as sunny slopes
and nunataks protruding the ice [33-37]. Those refugia have been the source areas for the recolonization
by plants in postglacial times (Figure 1) and are responsible for present-day patterns of species richness
within the Alps, which is higher in the West than in the East [38]. Thus, different species pools in the
surroundings of the four the glacier forelands might affect the respective primary succession [25].
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Figure 1. Location of the study areas JTF (Silvretta, Austria), SBF (Stubai, Austria), LSF (Rieserferner, Italy),
and GBK (Hohe Tauern, Austria). The blue lines delimit coarse resolution subregions with similar
climatic features as defined by the HISTALP (Historical Instrumental Climatological Surface Time
Series Of The Greater Alpine Region) dataset [30]. The yellow arrows indicate migratory pathways of
plants from glacial refugia and floristic exchange between different parts of the Alps after the end of
the last Pleistocene glaciation (according to [33]). Climate charts (1971-2000) based on data of ZAMG
(Zentralanstalt fiir Meteorologie und Geodynamik) [39]; background DEM (Digital Elevation Model)
from Wikipedia [40].



Diversity 2020, 12, 191 5o0f 21

JTF SBF LSF GBK
" elevation of glacier terminus

2ol il T treeling - === == === e - i
] - treeling - - - - - - = ===—n==-- Fireeling - - m-mimismm = s
2000+ 1 1 1 treeling----------------

)

ma.s.l

= 1500+ E g .

on

1000 1 i o

elevati

500 1 1 1

0 T T T T T T T T T T T T T T T T T T T T T T T T
0 25 50 75 100 125 150 0 25 50 75 100 125 150 0 25 50 75 100 125 150 0 25 50 75 100 125 150
time since deglaciation (years) time since deglaciation {years) time since deglaciation (years) time since deglaciation (years)

Figure 2. Gradual change in elevation of the glacier terminus since Little Ice Age (LIA) maximum extent

roughly one and a half century ago (blue line) within the four glacier forelands studied. The green line
indicates the elevation of the treeline, which did not differ from today during the cold phases of LIA.

Figure 3. Aspects of the four glacier forelands studied. JTF: View from the LIA terminal moraine
upstream to the glacier of JTF; SBF: “Aerial” view from Schrankogel (3496 m a.s.1.) into the glacier
foreland of SBF coming from the left. LIA terminal moraine is located shortly after the confluence
with the Sulz-Valley at the right side of the image; LSF: View into the lacier foreland from outside the
LIA moraines, which are clearly visible to the right of the stream as prominent ridge; GBK: View from
within the glacier foreland towards the LIA terminal moraine, which is in front of the little hill to the
left of the center of the photograph.
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Table 1. Key figures for the environmental conditions and the chronosequences sampled within the

four glacier forelands studied.

Key Figures

JTF

SBF

LSF

GBK

latitude/longitude of
glacier terminus at time
of sampling

46°52’ N; 10°09" E

47°02’ N; 11°00" E

46°55’ N; 12°08" E

47°02’ N; 12°58’ E

latitude/longitude of LIA

: . 46°53 N;10°10' E 47°01/N; 11°04 E 46°56 N; 12°08' E 47°03' N; 12°58' E
termlnal moraine
exposure N W N & NW N & NE
approx. temperature ~0.5°C to —2.5°C 0°Cto -3.6 °C 0°Cto-17°C  —03°Cto-1.6°C
within glacier foreland
approx. precipitation 1500 mm 1300 mm 1300 mm 1600 mm

within glacier foreland

geology

metamorphic rocks
(gneiss, amphibolite)

metamorphic rocks
(gneiss, mica-schist)

granitoide rocks

granitoide rocks

elevation highest samples 2450 m a.s.l. 2780 m a.s.l. 2600 m a.s.l. 2400 m a.s.l.
elevation of lowest sample 2120 ma.s.L 2165 ma.s.L 2340 ma.s.L 2180 ma.s.L
horizontal extent of the 2150 m 2100 m 1250 m 1300 m

chronosequence
vertical extent of the 330 m 615 m 260 m 220m
chronosequence
number of sample
locations per 9 10 9 8

chronosequence

2.2. Vegetation Data

The chronosequences studied extend from the recent glacier terminus down to the LIA terminal

moraines. Glacier retreat since the LIA maximum extent was not consistent, rather there were some short
phases of glacier stagnation or even advances during the last one and a half centuries (e.g., around 1890,
1920, and in the 1970s to 1980s), in many cases visible in the field by geomorphological structures.
In combination with historical maps showing the glacier terminus, and glacier length change records,
rather detailed mapped chronologies of the local glacier retreat since LIA are available for the four
glacier forelands [12,24,41,42], allowing for a sufficiently accurate age determination of the sample sites.

Depending on local topography, vertical and horizontal extension between youngest and oldest
samples (see Table 1), number and age of sample sites, as well as the spatial and temporal distance
between them vary:

e JTF: Total length 2.15 km; elevational difference 330 m; 9 different sample locations (A: 1 year.;
B: 7 years.; C: 15 years.; D: 25 years.; E: 55 years.; F: 70 years.; G: 90 years.; H: 120 years.; I: 150 years).

e SBF: Length 2.1 km; elevational difference 615 m; 10 different sample locations (A: 4 years.;
B: 5 years.; C: 15 years.; D: 20 years.; E: 40 years.; F: 60 years.; G: 80 years.; H: 110 years.;
I: 130 years.; J: 155 years.)

e LSF: Length 1.25 km; elevational difference 260 m; 9 different sample locations (A: 2 years.;
B: 4 years.; C: 20 years.; D: 35 years.; E: 55 years.; F: 75 years.; G: 90 years.; H: 120 years.;
I: 155 years.)

e GBK: Length 1.3 km; elevational difference 220 m; 8 different sample locations (A: 2 years.;
B: 4 years.; C: 15 years.; D: 25-30 years.; E: 55 years.; F: 85 years.; G: 120 years.; H: 155 years.)

At each of the sample locations (A to K), vegetation sampling was conducted on three sample
sites of 10 m? (2 X 5 m) representing “mean” site conditions, i.e., wet hollows with above-average snow
cover duration or dry, wind exposed knolls are disregarded. Sampling occurred square-meter-wise
by visual estimation of the ground cover of each vascular plant species (taxonomy according to [43]),
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terricolous lichen species, and moss (sampled as undifferentiated species group) with the smallest unit
being 0.01% ground cover (i.e., 1 cm X 1 cm on a 1 m?-subplot). Raw data were subsequently converted
to mean ground cover values as well as total number of species, first per sample site (i.e., 10 m?),
then for the sample location (i.e., 30 m?).

In addition to species data, life-forms as well as plant functional traits indicative of the ecological
conditions the species experience at the sites where they occur were collected from published sources
for all vascular plant species, to assess spatio-temporal variation within and between the four
glacier forelands:

e Life-form composition (according to [44]: therophytes (Th, annual herbaceous plants),
geophytes (G, plants with tuberous subterranean organs), graminoid hemicryptophytes (H gram,
perennial grasses), herbaceous hemicryptophytes (H herb, perennial herbaceous plants),
chamaephytes (Ch, woody dwarfshrubs growing less than 0.5 m tall), nanophanerophytes
(NaPh, shrubs growing 0.5-2.0 m tall), and macrophanerophytes (MacPh, trees reaching 20-50 m
in adult stage), as well as moss and lichens. The life-form classification followed [43].

e Ecological indicator values of vascular plants (according to [45]) were used for an ecological
assessment of sample sites. Values vary between 1 and 5 and the following parameters were
used: Soil moisture (dry = 1, wet = 5), light (shady = 1, full sun = 5), continentality (oceanic =1,
continental = 5), temperature (alpine/nival = 1, collinean = 5), pH (acidic = 1, basic = 5),
soil aeration/texture (compacted = 1, loose, rocky/sandy = 5), soil humus content (humus-free = 1,
peaty = 5), and soil nutrients content (oligotrophic = 1, eutrophic = 5).

2.3. Data Analysis

Data analyses employed uni- and multivariate statistical procedures. Vegetation development
during succession is expressed by changes in species composition and quantifiable structural
characteristics such as species numbers, ground cover (of singular taxa and total), and life-form
composition. Changes in species richness and groundcover during succession is displayed by
polynomial regressions; the composition of life-forms for each sample location by bar graphs indicating
the relative contribution (i.e., ground cover) of a group to total ground cover. In addition, for each
sample location, a ground cover weighted score S (according to [46,47]) was calculated for each plant
functional trait according to the following equation:

s_ (X trait(species;) - ground cover(species;)) )

Y. ground cover(species;)

changes of this trait score during succession are displayed by polynomial regressions.

To define different successional stages without an a priori definition (e.g., a particular terrain
age), floristic (dis)similarity of samples as well as structural features such as life-form composition
and total ground cover have to be taken into account. As primary succession is generally a process of
gradual changes in species composition and site conditions, which can be captured more realistically
by ordination than by classification techniques, a principal component analysis (PCA) considering the
mean ground cover values of each species per sample location (30 m?) was carried out. The graphic
display of the PCA was by a two-dimensional scatterplot showing the location of samples within the
multidimensional ordination space by symbols. The explanatory data available (i.e., species traits
scores, life-form composition, elevation, and site age) did not influence the calculation of the ordination
axes; rather, they only support the interpretation of vegetation patterns. Explanatory variables are
shown as arrows, pointing from the origin of ordinates in the direction of samples with above average
values of the particular variable, where the length of the arrows represent the relevance of the variable.
The ordination analysis was performed with the software Canoco 4.5 [48].
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To quantify floristic (dis)similarities between the four study areas, Serensen similarity indices [49]
were calculated for complete species inventories, as well as for different successional stages according

to the following equation:
2a
Sl = ———— 2

(2a+b+c) @
where a is the number of species held in common by both data sets, while b and c are the number
of species encountered in only one of the two data sets. In this calculation, shared species are given
double weight, as the presence of a species is regarded to be more informative than its absence [50].
The values are between 0 and 1 representing total dissimilarity (i.e., no species in common) to 100%
similarity, respectively.

3. Results

3.1. Floristic Aspects, Species Richness Patterns, and Ground Cover Development

Overall, 144 vascular plants, six terricolous lichens, and moss (as undifferentiated species group)
were recorded in the four glacier forelands (Supplementary Table S1). Vascular plant species numbers
within individual glacier forelands varied between 70 at GBK and 91 at SBF. Vascular plant species
richness at LSF (76 species) and JTF (82 species) were intermediate. Terricolous lichen species recorded
were one at GBK, two at LSF, four at JTF, and five at SBE. Moss was present at all glacier forelands.
Thirty-one species (20.4%) were present in all four glacier forelands, 34 (22.4%) in three, 22 species
(14.5%) in two, and 65 species (42.8%) were single occurrences. The most species rich families were
Asteraceae (22 taxa), Poaceae (15 taxa), Caryophyllaceae (10 taxa), Ericaceae (9 taxa), Salicaceae (9 taxa),
and Saxifragaceae (8 taxa). Most of the genera were represented by one, two, or three species at most,
except for Salix (nine taxa) and Saxifraga (eight taxa) (see Supplementary Table S1). Serensen similarity
indices [49] calculated for comparisons of total species inventories encountered within the four glacier
forelands (Table 2) proved a rather high number of matching species in neighboring glacier forelands
(up to 69% similarity; see JTF-SBF, SBF-LSF, LSF-GBK in Table 2), decreasing to below 50% for the two
most distant areas JTF and GBK.

Table 2. Serensen similarity index [49] calculated for comparisons of the entire species inventories of
the glacier forelands studied as well separately for pioneer, early, and late successional stages.

Serensen Similarity Index JTF-SBF  JTF-LSF JTF-GBK SBF-LSF SBF-GBK LSF-GBK

Entire species inventory 0.62 0.58 0.49 0.69 0.65 0.66

Pioneer stage 0.70 0.64 0.52 0.70 0.64 0.71
Early successional stage 0.54 0.53 0.48 0.55 0.63 0.58
Late successional stage 0.63 0.55 0.46 0.68 0.61 0.62

During succession, species numbers and ground cover values increased with time (Figure 4).
Depending on site conditions and the species present in the surroundings, species numbers of recently
deglaciated sites varied between (close to) zero (GBK and LSF) and more than 20 (JTF and SBF) per
30 m? samples. With site age, species numbers increased to 40-50 in all glacier forelands. The sharp
decrease in species richness on the oldest site of SBF is most likely a result of a specific microclimatic
situation caused by cold air trapping in the upper Sulz valley [24]. Beyond that, a rather negative
logarithmic trend line (i.e., accelerated at the beginning, later slowing down and stabilizing) indicate
some saturation in species numbers during succession (Figure 4a). In contrast, trendlines of ground
cover values, in most cases, behaved more positively logarithmic, i.e., development of ground cover
was delayed during the first decades of succession and sharply increased on older sites to around 80% in
the West (JTF and SBF) and around 60% in the East (LSF and GBK) (Figure 4b). A slightly faster increase
in ground cover could be observed at JTF.
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Figure 4. Change of species richness (a), ground cover (b), and life-form composition (c) (for description
see 2.2 vegetation data) with time since deglaciation within the four glacier forelands studied.

3.2. Patterns in Vegetation Structure, Life-Form Composition, and Ecological Plant Traits

The bar graphs in Figure 4c show life-form spectra of the sample locations.
Vegetation development during the first couple of decades after deglaciation was dominated by mosses,
dwarfshrubs (i.e., chameaphytes Ch), herbs (primarily herbaceous hemicryptophtes, Hherb), and grasses
(graminoid hemicryptophtes, Hgram) in all four glacier forelands. While these life-forms were
present throughout succession in variable abundances in all sampled chronosequences, geophytes and
therophytes were very rare. Terricolous lichens appeared primarily after about half a century after
deglaciation and rarely contributed much to total ground cover. One notable exception was the high
lichen cover on the oldest sites at SBF, most likely favored by the cold air settling in the upper Sulz
Valley, already highlighted above as being responsible for decreasing species numbers there [24].
Treelets of subalpine conifer species (Picea abies, Larix decidua) appeared only after more than one
century since deglaciation.

The contribution of shrubs (nanophanerophytes, NaPh) to total ground cover showed a specific
pattern. While at JTF in the West first shrubs already appeared on sites deglaciated for only 25 years
and were the dominating life-form afterwards here, at GBK in the East they were underrepresented,
even on the oldest sites. In the two study areas in between (SBF and LSF), shrubs appeared a century
or more after deglaciation, replacing a grass—herb—dwarfshrub-dominated vegetation type present up
to this point.

The ecological traits indicate the environmental preferences of the species concerning climate
and soil conditions. Figure 5 shows that climatological traits in all glacier forelands exhibited similar
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trends during succession. Cover-weighted scores for temperature slightly increased with time,
with cryophilous species (amongst others Leucanthemopsis alpina or Poa laxa) being more abundant
at the youngest (i.e., highest) sites and thermophilous species (amongst others Leontodon hispidus or
Anthyllis vulneraria ssp. alpicola) at the oldest (i.e., lowest) sites (see also correlation between trait
“temperature” and “time since deglaciation” in Table S2). Due to high amounts of precipitation
and long-lasting snow cover, species preferring high soil moisture prevailed throughout succession,
thus scores for soil moisture changed only marginally along the chronosequences. Scores for light
decreased from youngest to oldest sites as increasing ground cover during succession and lower
elevation favored the occurrence of more shade-tolerant species of dense (sub)alpine communities
(e.g., Picea abies, Vaccinium myrtillus). The scores for continentality have a somewhat broader scattering

and obvious trends related to site age cannot be identified.
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Figure 5. Change of climatic traits scores with time since deglaciation within the four glacier forelands

studied. The values are cover-weighted averages of sample locations according to [46,47].
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As with climatological traits, also concerning the soil conditions, the four glacier forelands
exhibited similar trends, shown by the change of the cover-weighted edaphic traits scores with time
since deglaciation (see Figure 6). Scores for soil aeration indicate well aerated, loose, rocky, or sandy
soils left by the receding glaciers in the recently deglaciated forelands and more compacted soils
on older sites. Scores for soil humus content rose considerably with increasing ground cover and
species numbers, which are responsible for a successively higher amount of organic matter. A similar
pattern (less pronounced, though) could be observed for the soil nutrient content. Scores for pH
indicate intermediate conditions, with a slight shifting to more acidic conditions towards the older
stages, probably due to an increasing abundance of ericaceous (dwarf-)shrubs, whose litter supports
soil acidification.
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Figure 6. Change of edaphic traits scores with time since deglaciation within the four glacier forelands
studied. The values are cover-weighted averages of sample locations according to [46,47].
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3.3. Successional Stages and Trajectories

To define successional stages based on gradual changes in species composition as well as structural
measures such as life-form composition or species traits scores a PCA (Figure 7) was calculated,
displaying the floristic similarity of samples (the closer the distance between sample symbols, the more
similar). Axis 1 and 2 together explain 47.2% of the variance in the species data. Several site factors are
highly correlated to axis 1, amongst those with a correlation coefficient r > 0.7 are total ground cover
(r =0.939), NaPh cover (r = 0.921), time since deglaciation (r = 0.855), moss cover (r 0.814), vascular plant
species numbers (r = 0.759), temperature (r = 0.729), and soil aeration (r = —0.729). The site factor highest
correlated to axis 2 is MacPh cover with r = 0.550. Considering similarity in species composition of the
samples in conjunction with the structural patterns outlined above (and indicated by arrows in the
ordination diagram), the PCA analysis allows to specify successional stages and trajectories.

The distinct clumping in the upper left quadrant of the PCA plot in Figure 7 includes samples
deglaciated only recently in all four glacier forelands (JTF A-B; SBF A-D; LSF B-C; GBK A-D),
and represents a pioneer stage of plant colonization in the glacier forelands. The clumping proves a
high floristic similarity of sites deglaciated for 30 years at most. Besides the grass Poa laxa, several herbs
(Hherb) such as Geum reptans, Oxyria digyna, Leucanthemopsis alpina, Veronica alpina, Cardamine resedifolia,
Sagina saginoides and dwarfshrubs (Ch) such as Saxifraga bryoides, Cerastium uniflorum, Silene acaulis
ssp. exscapa, Salix retusa, Sedum alpestre, Arabis alpina ssp. alpina had a broad geographical distribution
and were present in all four glacier forelands during the pioneer stage (see Tables S1 and S3).
Also, mosses were present; terricolous lichens, however, have not yet appeared. Ground cover
values of the pioneer stage ranged between close to zero and slightly above 5%. Total number of
vascular plant species occurring at this stage in the four glacier forelands jointly were 53, of which
13 species (24,5%) occured in all four glacier forelands, 5 species (9,4%) in three, 9 species (17%) in
two, and 26 species (49, 1%) in just one. Serensen similarity indices calculated separately for the
pioneer stage of the four glacier forelands (Table 2) mirrored the results obtained for the entire species
inventories, with high floristic similarity between neighboring glacier forelands (up to 70% similarity
at JTF-SBF) and decreasing to only 52% for the two most distant areas JTF and GBK.

After about 20 to 30 years since deglaciation, an early successional stage can be distinguished,
which lasted for the next two to three decades. Most of the pioneer species were still present, joined by
a couple of additional species, among them the terricolous lichen Stereocaulon alpinum. With 64 species
present in the four glacier forelands, the total species number of this stage, however, was not much
higher compared to the pioneer stage. Ground cover values reached around 10% (lowest at LSF D 8.03%;
highest at JTF D 13.35%), locally with a high contribution of mosses. According to the PCA in Figure 7,
a high similarity between samples of this successional stage (JTF C-D; SBF E-F; LSF D-E; GBK E)
still existed, but some separation also emerged. While in the pioneer stage, a quarter of the vascular
plant species present occurred in all four glacier forelands; in the early successional stage, this value
decreases to 17%. In contrast species present in just one of the glacier forelands rises from 48% to 56%,
respectively. Consequently, Serensen similarity indices for the early successional stage drop with
respect to the pioneer stage (Table 2).
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Figure 7. Principal component analysis (PCA) scatter plot of the sample locations (mean out of three
sample sites) in the different glacier forelands based on species composition, considering respective

ground cover values.

A striking divergence of successional trajectories appears in Figure 7 for the late successional stage
encompassing the sites JTF E-I, SBF G-], LSF F-1, and GBK F-H. Within this stage, two different phases
can be distinguished, one that was characterized by a dominance of grasses, herbs, and dwarfshrubs,
and one that was dominated by shrubs (Figure 7, see also Figure 4). While the former is somewhat
transitional between the early successional stage and the late successional shrub phase at SBF and
LSF, this phase is entirely missing at the westernmost JTF and, in contrast, represents the whole
late successional stage in the easternmost GBK. Thus, a gradual shift from a shrub-dominated late
successional stage in the West to an herb, grass, and dwarfshrub dominated late successional stage
in the East (in particular the carpet willows Salix herbacea and S. retusa reach high groundcover at
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LSF (G-I) and GBK (F-H), see Table S1) can be observed. Ground cover values of the two different
phases were between 20% and over 60% for the herb, grass, and dwarfshrub phase and between 40%
and more than 80% for the shrub phase. The shrub phase at JTF, SBF, and LSF was characterized
by a high groundcover of Rhododendron ferrugineum and various willow species (Salix div. spec.).
In addition, about 120-150 years after deglaciation first conifer taxa such as Juniperus communis ssp.
nana, Larix decidua or Picea abies appear. With 145 species recorded for the late successional stage in the
four glacier forelands, total species number was much higher than in the pioneer and early successional
stages. In total, 27 species (19%) were held in common in all four glacier forelands while almost
half of the species (68 species, 47%) were present in just one (see also Table S1). Serensen similarity
indices for the late successional stage of the four glacier forelands slightly rose (for neighboring study
areas) or fell (for distant study areas) compared to the early successional stage, with lowest floristic
similarity (46%) between the shrub-dominated late successional stage at JTF and the herb, grass,
and dwarfshrub-dominated late successional stage at GBK (Table 2).

4. Discussion

Primary succession in glacier forelands usually begins with simple aggregations of plants with few
individuals and low ground cover. Later on, species assemblage becomes successively more complex,
documented in changing figures of species numbers, of ground cover (of singular taxa and total),
as well as in shifts in structural measures. Species numbers and ground cover values in the four glacier
forelands studied generally increase with time since deglaciation, an unsurprising fact, known from
many glacier forelands of the Alps (e.g., [12,16-18,20-23,25,26,51]) and beyond (e.g., [52-55]). A general
decrease in species numbers due to late-successional species outcompeting earlier arrivals, which is
reported from glacier forelands of the Western Alps [56,57], could not be observed. The sharp decrease
in species numbers on the oldest sites at SBF is most likely favored by cold air settling in the upper Sulz
Valley [24], which might also be responsible the high lichen cover there. An analogous interrelation
between coldness and lichen abundance is reported from glacier forelands of the highly continental
Central Altai [52].

Colonization of the bare ground starts immediately after deglaciation (see [21,58]) and within a
couple of years around 20 different species are recorded in the four glacier forelands under consideration.
Colonization during the pioneer stage is spearheaded by wind-dispersed species, carried into the glacier
foreland by local wind systems from the surroundings [59,60]. Successful establishment of diaspores
reaching the foreland primarily depends on moisture and nutrients supply. Larger rocks facilitate
seedling establishment by offering safe sites with micro-climatically more favorable conditions [22]
(pronounced warming, longer vegetation period, etc.). In addition, mutualistic effects between
established individuals and newcomers seem to be important, while competition does not play a major
role at that point of time [22,26]. Substrate in the recently deglaciated glacier forelands is blocky siliceous
glacial debris without signs of initial soil development. The coarse substrate is prone to desiccation,
but long-lasting snow cover, a slow, steady snow melt, and high summer precipitation (see climate charts
in Figure 1) obviously prevents a substantial dieback of seedlings, a fact proven by complementary
permanent plot studies at GBK and LSF [26,58]. Mineral nutrients are supplied by sediments, which are
carried to the glacier forelands by wind or are released by the melting glaciers. In addition, dry and
wet atmospheric N-deposition cause a “natural manuring”, offsetting a lack of organic matter [61-64].
Cyanobacteria and lichens with cyanobacteria component are major nitrogen producers on barren
glacier forelands by fixation of the atmospheric nitrogen [65,66]. Recent studies [64,67,68] showed that
beside nitrogen a lack of phosphorous can also be limiting factor for primary succession in glacier
forelands. In recently deglaciated terrain, however, bioavailable phosphorus is commonly provided by
weathering of the bedrock [67].

During succession, ground cover and species numbers increase, the latter showing some saturation
caused by inter- and intraspecific competition as well as a lack of available space for colonization
due to increasing ground cover (Figure 4, [7]). In the late successional stage, species number
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is more than doubled compared to the pioneer and early successional stage, not only because
of the two different phases, but also because several early colonizers exhibit a high persistence.
Once established, they occur from pioneer and/or early successional stage throughout into the
late successional stage (e.g., Saxifraga bryoides, Poa laxa, Silene acaulis ssp. exscapa, Geum reptans,
Oxyria digyna, Sagina saginoides, Veronica alpina, Sedum alpestre, Leucanthemopsis alpina, Salix herbacea,
see Tables S1 and S3), where they are joined by species from lower elevations requiring more
advanced soil conditions as well as warmer temperatures. Highly persistent plants are those with the
ability for clonal growth [21,59,69]. However, increasing ground cover and species richness intensify
interspecific competition and eliminate some pioneers and early colonizers weak in competition
(amongst others Oxyria digyna, Saxifraga exarata ssp. exarata, Arabis alpina, Epilobium anagallidifolium,
see also Tables S1 and S3).

A certain degree of similarity between the four glacier forelands studied (see Table 2) hints at a
superordinate species pool with taxa characteristic for the siliceous Eastern Alps. However, local site
conditions (elevation, exposure, topography, substrate, etc.) and the “floristic character of the
surroundings”, highlighted by Raimund von Klebelsberg [15] already at the beginning of the 20th
century as important driver for species composition in glacier foreland succession, are responsible for
some divergences. Floristic dissimilarities increase with distance between study sites and with time
since deglaciation. Differences in species composition are most distinct between JTF and GBK for both
complete species inventories as well as individual successional stages. A floristic analysis of the Alps by
Aeschimann et al. [38] has shown that species richness is higher in the Western Alps than in the Eastern
Alps due to Holocene remigration patterns after the last Pleistocene glaciation. A similar pattern
was observed for glacier foreland vegetation with slightly higher species numbers in the Western
Alps compared to the Eastern Alps [25]. Thus, species composition at the westernmost JTF might be
affected by a potentially larger species pool. This, however, is hypothetical and has to be tested further
by chorological analyses, but the fact that the number of single occurrences (i.e., species present in
only one glacier foreland) is highest at JTF (26) and is successively decreasing to the East (SBF 19;
LSF 9; GBK 11) underpins this assumption. Furthermore, differences in species composition between
the glacier forelands studied are lower at the pioneer stage and become more pronounced during
early and late successional stages (Table 2), indicating that a few widespread specialists regulate plant
colonization in the recently deglaciated glacier forelands of the Eastern Alps irrespective of elevation
and exposure [25]. The floristic inventory of later stages, in contrast, depends largely on the location
of the glacier forelands. In particular, the relative position of the glacier foreland to treeline seems
to be an important driving factor [25]. Species composition and richness are not so much triggered
by elevation per se, rather by the vegetation belt in which it is located. For instance, sample sites at
GBK being deglaciated for one and a half century are located within the alpine belt well above treeline
(see Figures 2 and 3) and exhibit less species compared to the same-aged sample sites on LSF which
are—despite higher absolute elevation—located close to the treeline ecotone (see Figures 2 and 3),
allowing for a conglomerate of subnival, alpine, and subalpine elements. Also, the species rich late
successional stages at JTF and SBF are located within the treeline ecotone. These richness patterns are
in line with findings of a larger scale study comparing glacier forelands of the Western and Eastern
Alps [25].

A designation of discrete phytosociological plant communities in glacier forelands is generally
difficult due to the highly dynamic environment, a high randomness of colonizing species, and a broad
range of gradually changing site conditions [7,19,70]. However, the pioneer stage of primary succession
of the Eastern Alpine glacier forelands under consideration with many species in common, most
conveniently can be assigned to Sieversio-Oxyretum digynae Friedel 1956 em. Englisch et al. 1993 [71].
The slightly more diverse early successional stage is kind of transitional to either a herb—grass and
dwarfshrub-dominated late successional stage, which might develop towards Saxifrago bryoides-Poetum
alpinae and/or Agrostio rupestris-Trifolietum pallescensis communities [19], or a shrub-dominated
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late successional stage belonging to acidophilous heath communities, which can be assigned to
Rhododendro-Vaccinetum [72].

Concerning structural measures, the four glacier forelands exhibit a couple of corresponding
characteristics. The trendlines of ecological trait scores calculated for each sample location
predominantly match (see Figures 5 and 6). Thus, vegetation development during primary succession
in Eastern Alpine glacier forelands shows some common supra-regional patterns, independently of
species composition (i.e., different species indicate similar ecological conditions). Life-form composition
(Figure 4c), however, in particular during the late successional stage, confirms diverging trajectories
during succession, emerging by species composition (Figure 7). While the pioneer stage in all four glacier
forelands are structurally highly similar, diverging trajectories emerge from the early successional stage
onward and are particularly obvious in the late successional stage. At JTF, during the early successional
stage, shrubs are already present (Figure 4). In contrast, at GBK, shrubs are underrepresented even on
sites deglaciated for one and a half century. Here, the late successional stage is still dominated by herbs,
grasses, and dwarfshrubs. This effect is not related to the elevation of the glacier forelands, as the
lowest (=oldest) sample location at GBK is lower than same-aged sites at LSF. Again, the elevation of
treeline seems to be the major point.

Figure 8 indicates a gradual change from West to East in both the timing of the onset of early and late
successional stages as well as the type of the respective vegetation. Early and late successional stages as
well as shrub appearance are achieved after a shorter period of time in the glacier foreland of JTF in the
West compared to the study sites further to the East, and the late successional phase is characterized by
shrubs throughout at JTE. At the easternmost GBK, a late successional shrub phase is entirely missing,
as vegetation development after one and a half century remains in a grass-herb—dwarfshrub-dominated
late successional phase one and a half century after deglaciation. At SBF and LSF, geographically located
in between, the late successional stage starts with a grass—herb—-dwarfshrub phase, before about a
century or more after deglaciation a shrub-dominated late successional phase emerges (Figure 8).

JTF SBF LSF GBK

150 — 150

fate successional stage
(shrub dominated)

100 — 100

fate successional stage
(herb-grass-dwarf shrub
dominated)

50 — 50
early successional stage

time since deglaciation in years

pioneer stage

10°E 11°E 12°E 13°E
longitude in ®

Figure 8. Gradual shift of successional trajectories from West to East within the Eastern Central Alps as
revealed by the four glacier forelands studied.

A low abundance of shrubs in the late successional stage is reported from other Eastern Alpine
glacier forelands, e.g., from the foreland of Obersulzbachkees, which is like GBK located in the Hohe
Tauern [51]. The authors of this study assume grazing to be responsible for low shrub cover there.
However, in the study at hand, grazing within the LIA moraines by cattle and/or sheep takes place
only at JTF and SBE sites with a high shrub abundance, while in the ungrazed glacier forelands of LSF
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and GBK, shrubs occur late or are almost entirely missing (Figure 8). Therefore, grazing seems not to
be responsible for differences in shrub occurrence within the glacier forelands studied.

The results presented here to some extent confirm observations made by comparing glacier
forelands of the Eastern and Western Alps [25]. This study found regional differences in vegetation
structure with a “late successional shrubland” in Western Alps and a “late successional grassland”
in the Eastern Alps, which were explained by different species pools and different elevations of the
treeline between the West (higher) and East (lower, see also [73]). The West to East shift in timing of
the onset as well as vegetation type of successional stages/phases detected by the study at hand is in
line those findings and supports the assumption that location of the glacier foreland in relation to the
treeline is the important driver of succession: LIA terminal moraines at JTF, SBF and LSF are located
within the treeline ecotone, while at GBK, treeline is significantly lower (Figure 2), due to a colder
general climate in the East compared to the West [4], and probably intensified by an anthropogenic
downward displacement of the treeline in the past for expanding pasture area as well as for satisfying
wood demand in the context of mining history [74].

5. Conclusions

Studies on plant succession are highly relevant tasks for the understanding of the colonization
processes, which in turn provide insights for rehabilitation measures in disturbed ecosystems [6].
In this regard, chronosequences, if interpreted cautiously, allow for the recognition of general trends
and trajectories of vegetation dynamics on time scales much longer than a researcher’s lifespan [13].
The study at hand supports the assumption that different successional trajectories in glacier forelands
exist due to combined effects of local site conditions (moist vs. dry sites, sunny vs. shady sites,
coarse-grained vs. fine-grained substrates, etc.), and large-scale factors such as different species pools,
elevation of the glacier foreland, and location relative to treeline [20,23,25,53]. Trajectories might be
converging or diverging depending on locality and/or successional stage [53]. In this study, the pioneer
stages of the four glacier forelands are rather similar both floristically and structurally, irrespective of
elevation, exposure, and geographical location. From the early successional stage onwards, however,
differences increase, leading to different phases in the late successional stage. As development towards
shrub-dominated vegetation is obviously faster in the West, it can be expected that the shrub phase
will replace the herb—grass—dwarfshrub phase currently still present in the glacier forelands to the East
in the decades to come, a process probably enhanced by ongoing climate warming.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/5/191/s1,
Table S1: Species list of the four glacier forelands studied. Table S2: Correlation matrix of explanatory variables
used in the PCA analysis in Figure 7; high correlations (>+0.5) are printed bold. Table S3: Seriation table of
widespread vascular plant species present in all four glacier forelands.
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