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Abstract. Since the end of the Little Ice Age (ca. 1855), glaciers retreated in the Alps, leaving new ground for
genuine primary succession. The patterns and processes of glacier forefield succession have been studied glob-
ally for decades. Surprisingly, no such analysis exists from the Northern Limestone Alps. We therefore initiated
a monitoring scheme with permanent plots to study plant succession and vegetation assembly at four forefields,
namely the Hallstätter Glacier, Großer Gosau Glacier (both at Dachstein massif, Austria), Watzmann Glacier, and
Blaueis (both at Berchtesgaden National Park, Germany), which is abbreviated as the BDGF (Berchtesgaden-
Dachstein Glacier Forefield) platform. The aim of the long-term research envisaged and performed in this plat-
form is to get a better understanding of the vegetation succession and community assembly in the glacier forefield
development of the Northern Limestone Alps, using a multidisciplinary approach. Here, we introduce the basic
characteristics of the BDGF platform; i.e. we describe the monitoring network, the observational design, and
the methodological approaches. We present the baseline vegetation characteristics, and we outline the studies al-
ready initiated or to be performed in the near future. The methodology encompasses a chronosequence approach,
where plots, using a frequency grid frame of 1 m× 1 m, are placed in specific successional stages (related to age
classes since deglaciation). We show that, as expected, species richness and cover increase with age. Unex-
pectedly, though, these processes seem to be much slower than what has been observed in the Central Alps on
siliceous substrates. We suggest that this could be due to the geological substrate, i.e. its chemistry as well as its
karstic conditions, but also due to the morphology of the terrain, which hardly enables species colonization from
above (i.e. following gravity) but mainly from below.

1 Introduction

The Alpine glaciers reached their largest extent in the mid-
1850s. Since then, they retracted gradually, although there
were some less pronounced advances in the 20th century
(Kuhn et al., 1997; Mayer, 2012). These, however, dif-
fered locally. In the Northern Limestone Alps, the Watz-
mann glacier and Blaueis in the Berchtesgaden National
Park had some larger extent in the 1920s (http://www.

bayerische-gletscher.de/blaueis.htm , last access: 3 Septem-
ber 2025, Hagg, 2006). Some Dachstein glaciers (such as the
Hallstätter Glacier) had some smaller progressions in the late
1920s and 1980s (Helfricht, 2009).

Retreating glaciers leave behind bare bedrock or uncon-
solidated sediments that were previously covered by ice for
centuries to millennia (Nicolussi et al., 2022), which provide
new opportunities for the succession of vegetation. These
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ecosystems, emerging from formerly glaciated areas, are del-
icate systems that deserve conservation efforts (Bosson et
al., 2023), and which provide important grounds to study the
ecosystem development and associated ecosystem functions
(Losapio et al., 2025). Ecologists were hence interested in
the patterns and processes of glacier forefield vegetation suc-
cession in the Alps as early as the 1880s in the Rhône Glacier
in Valais, Switzerland (Coaz, 1887). The more systematic
studies started in the 1950s with studies of the Schwarzen-
steinkees in the Zillertaler Alps (Frenzel, 1951/1957; Krause
and Frenzel, 1997) and in the 1960s with the Gaisberg and
Rotmoos Glacier in the Ötztal Alps (Jochimsen, 1963) (both
Austria). These early studies, though, were hardly able to re-
construct the glacier forefield succession along dated sites,
i.e. knowing at which point in time the glacier retreated.
Since the pioneering work of Burga (1999) at the Morter-
atsch Glacier (Grison, Switzerland) in the 1980s and of Er-
schbamer et al. (1999, 2023) and Raffl et al. (2006a) at the
Rotmoosferner (Ötztal, Austria) in the 1990s, a chronose-
quence approach was more systematically applied. This
means that the study sites were placed in a systematic way,
following the retreat of the glaciers, and are dated according
to the year they were exposed.

Since then, numerous studies were published, studying
plant succession of single glaciers in the central Italian Alps
(e.g. Cannone et al., 2008; Cannone and Piccinelli, 2021) and
the Southern and Central Alps across France, Italy, Switzer-
land, and Austria (see overview in the reviews of Cauvy-
Fraunié and Dangles, 2019, and Ficetola et al., 2021). A
common pattern is, obviously, the increase in species rich-
ness and cover with site age. The development of glacier
forefields is schematically summarized by Eichel (2019),
incorporating geomorphological processes and biotic pro-
cesses into a biogeomorphic framework. Overall, it seems
that in some regions the vegetation can recover as quickly
as within 100 years to form dense Alpine swards and after
150 years being very close to the surrounding Alpine mead-
ows or even showing shrub and tree succession (see Burga,
1999; Nagl and Erschbamer, 2010; Eichel, 2019; Eichel et
al., 2023). Further, Hanusch et al. (2022) studied five or-
ganismal groups including plants, animals, and microbes,
summarized as “multidiversity”. They showed that stochas-
tic processes (related to dispersal and colonization) seem to
be prevalent for the first ca. 60 years, whereas deterministic
processes (such as biotic interactions) dominate in late suc-
cessional stages. The change in plant community composi-
tion (total β diversity) was nicely quantified and partitioned
in the elements of β richness and β replacement (following
Carvalho et al., 2012) across the forelands of 46 retreating
glaciers worldwide (18 in the European Alps) by Cantera et
al. (2024).

It is striking, though, that studies on glacier forefield veg-
etation succession seemingly left out the Northern Alps, in
particular the Northern Limestone Alps. There were some
intense studies performed on the vegetation of the Dachstein

range (e.g. by Grims, 1982; Moser and Vareschi, 1959). They
classified different stages of vegetation succession, but unfor-
tunately, their relevés can neither be geolocated properly nor
dated with respect to age since deglaciation. Furthermore,
we are not aware of other studies on other glacier forefields
in the Northern Limestone Alps. This is even more striking,
considering that the environmental conditions are highly spe-
cific. Weathering and chemical composition of the Dachstein
limestone are different to those of the typical gneiss or gran-
ite substrates in the Central Alps. Specifically, the carbon-
ate bedrock limits the formation of clay minerals, and in
the karstic environments, nutrients, fine particles, and ini-
tial soil get easily washed away into the underground; water
is scarce during summer. Furthermore, there are indications
that vegetation on calcareous substrates responds differently
to climate change than that on siliceous substrates (Nicklas et
al., 2021). In addition, the Northern Limestone Alps glaciers
have exclusively northern expositions and are much lower
than those in the Central Alps.

To close this research gap, in 2016 we initiated a mon-
itoring of glacier forefield vegetation, following a strict
chronosequence approach. In this paper, our main aim is to
introduce and describe the basic design of this monitoring
network in the Northern Limestone Alps, specifically cover-
ing the Dachstein range (with Hallstätter Glacier and Großer
Gosau Glacier) in Austria and Berchtesgaden National Park
(with Watzmann Glacier and Blaueis) in Germany (the
Berchtesgaden-Dachstein Glacier Forefield (BDGF) plat-
form). Our broad interest is to study various aspects of glacier
forefield succession. These encompass questions such as the
following: how does the functional composition of vegeta-
tion change with glacier forefield age? What is the relation
between geological (land surface processes) and biogenic
processes during the succession? Can successional develop-
ment from ground vegetation be related to palaeostratic pat-
terns from lake sediment analyses? However, these are gen-
eral questions for this platform. We additionally report the
first results, specifically differences in species composition
among glaciers, as well as changes in species richness, fre-
quency, and cover with successional age. Lastly, we outline a
future interdisciplinary research agenda planned on this plat-
form. To easily refer to this monitoring platform, we use the
acronym BDGF, i.e. Berchtesgaden-Dachstein glacier fore-
field. This paper shall serve as a baseline and reference for
the follow-up studies.

2 Description of the BDGF platform

2.1 Study areas

2.1.1 Locations

The BDGF is situated in two mountain ranges of the North-
ern Limestone Alps, namely the Dachstein Mountains and
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Figure 1. Location of the study sites. Blaueis and Watzmann
Glacier (Watzmanngletscher) are located in the Berchtesgaden Alps
in Germany. Great Gosau Glacier (Großer Gosaugletscher) and
Hallstätter Glacier (Hallstätter Gletscher) belong to the Dachstein
Mountains in Austria. Map based on Geoland.at (2019).

the Berchtesgaden Alps (Berchtesgaden National Park), with
two glacier forefields as study sites, each (Fig. 1).

The Dachstein Mountains are located in northeast Austria
(southern Upper Austria, eastern Salzburg, and northwestern
Styria) with the Hoher Dachstein (2995 m a.s.l.) as the high-
est mountain. The two glacier forefields are beneath the Hall-
stätter Glacier (elevation of the plots range between ca. 2060
and 2300 m a.s.l.) and the Großer (Great) Gosau Glacier
(ca. 2160–2520 m a.s.l.), north of the Hoher Dachstein.

The Berchtesgaden Alps are located in the most southeast-
ern tip of Germany (Bavaria) and border Austria (Salzburg),
while the Berchtesgaden National Park covers parts of the
southernmost section of the Berchtesgaden Alps in Ger-
many. The two glacier forefields are in the Watzmannkar
(Watzmann cirque) beneath the (former) Watzmann Glacier
(plots ca. 1970–2030 m a.s.l.), with an average elevation of
2060 m a.s.l., being the lowermost glacier in Bavaria (Mayer
et al., 2021), and in the Blaueiskar of the Blaueis (ca. 1915–
2035 m a.s.l.), the northernmost glacier of the Alps.

2.1.2 Geology and geomorphology

The Dachstein Massif and the Berchtesgaden Alps are
two groups of impressive peaks of the Northern Lime-
stone Alps. Their bedrock is dominated by the promi-
nent “Dachsteinkalk”, a series of banked limestones and
dolomites that were deposited under shallow water condi-
tions in the Tethyan Sea, ca. 200–240 million years ago. The
strata have mostly gentle dips and are heavily karstified. The
Dachstein limestones are weathering rather slowly under the
cold Alpine conditions and result in alkaline conditions in the
thin soils and protosoils (Ganss and Grünfelder, 1979; Moser,

1997; Scheidleder et al., 2001). This Dachstein limestone is
prevailing in all four study regions. In most places, Pleis-
tocene glaciation eroded the uppermost bedrock and stripped
away surficial sediments. Present-day sedimentary cover cor-
responds to lateral and terminal moraines as well as basal till.

Common characteristics of all four glaciers are their rel-
atively low slopes and wide extents, which are due to the
plateau-like morphology of the Dachsteinkalk massifs. As a
result, the glacier forefields are similarly broad and gentle
sloping, mostly to the north.

2.1.3 Climate

The climate of the region is oceanic with Alpine influ-
ence and characterized by western and northern winds with
high precipitation in summer and long snow cover in win-
ter. Mean annual temperatures range between −2 and 2 °C
(depending on elevation), with average annual minima be-
tween −20 and −24 °C and maxima between 18 and 22 °C.
Annual precipitation ranges between 2500 and 3000 mm in
the Dachstein region (CLARISIA, 2015). In the Berchtes-
gaden Alps, mean temperatures are more towards the upper
limits of the aforementioned ranges, and annual precipita-
tion tends towards the lower limits of the aforementioned
ranges (https://klimainformationssystem.bayern.de, last ac-
cess: 3 September 2025).

2.2 Plot layout and design

In each glacier forefield, we established 13 permanent plots,
recorded GPS coordinates, and permanently marked them
with a magnetic ring fixed to a 17 cm iron nail, driven
into the ground at each corner of the plot. At the areas
covering the different periods of deglaciation, i.e. around
1980, 1950, and at the terminus during the largest extent
(ca. 1855 in the Dachstein region and ca. 1920 at the Bercht-
esgaden Mountains), we established 3 plots each, except
close to the current glacier terminus at the time of estab-
lishment (less than ca. 10 years since deglaciation), where
we established 4 plots to consider the more stochastic col-
onization during early succession (Hanusch et al., 2022).
The extent of the glaciers at different times was avail-
able from https://www.doris.at/themen/umwelt/pdf/clairisa/
karten/Gletscher_Stand.pdf (last access: 3 September 2025)
and kindly provided as GIS shapefiles by Blue Sky Wetter-
analysen, Attnang, Austria (https://www.blueskywetter.com,
last access: 3 September 2025) for the Dachstein glaciers
and from http://www.bayerische-gletscher.de (last access: 3
September 2025) for the Berchtesgaden glaciers.

When selecting plot locations, we considered the vari-
ability of conditions within each successional age class by
placing the different plots as far as possible from each
other (see Fig. 2). Further, we also avoided possible dis-
turbances from humans or landslides so that ideally age
since deglaciation equals successional age (see Wojcik et
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al., 2021), translating to successional stage (i.e. the state
of vegetation development). Usually, plots farther away
from the glacier terminus are also older (Hallstätter Glacier
and Großer Gosau Glacier). Most glaciers, e.g. Hallstätter
Glacier Großer Gosau Glacier, exhibit a considerable slope
which usually correlates with the age of deglaciation (i.e. the
older, the further away and downward from the glacier ter-
minus). The forefield of the Watzmann Glacier, though, is lo-
cated on terrain with very little downhill gradient but consid-
erable microtopographical heterogeneity. Therefore, we as-
sessed the ice extent relating the on-site topographic situation
to ice cover data from http://www.bayerische-gletscher.de
(last access: 3 September 2025). The Blaueis receives many
visitors from the close-by Blaueishütte (mountain refuge of
the German Alpine Club – DAV), so the ground below the
glacier terminus is highly disturbed. Here, we placed most
plots at different terrace levels above the (former) glacier.

In the Dachstein region, we established plots in 2016 and
first sampled them from 2017, while in the Berchtesgaden
National Park we established and first sampled them in 2018.

2.3 Vegetation survey methods

We survey the Dachstein glacier plots every odd year and
those of the Berchtesgaden National Park every even year,
both in late July to mid-August, which resulted in 52 plots
sampled four times, each, until 2024. In the case of un-
favourable weather or snow cover preventing sampling, we
revisited the plots later in the season or the following year
(with surveys in both regions, then).

At each plot, we placed a 1×1 m2 grid frame with one hun-
dred 10× 10 cm2 grid cells, separated by white strings, with
the corners at the four magnetic nails and with the first row
facing towards the glacier. Within each grid cell, we recorded
all vascular species, as well as the presence of mosses and
lichens, or whether that grid cell was completely covered
by rocks and hence unavailable to be colonized by vascu-
lar plants. This resulted in a frequency per plant species per
plot record. The method follows the 1 m2 subplot-frequency
counts of the GLORIA protocol (Pauli et al., 2015). In addi-
tion, we estimated the total cover of all vascular plant species
per plot in percent since 2022. Plant nomenclature follows
Aeschimann et al. (2004).

2.4 Statistical methods

We used the baseline plant frequency data from 2017
(Dachstein glaciers) and 2018 (Berchtesgaden glacier) and
cover data estimated in 2022 (all sites) for the analysis. We
grouped the age of the plots (i.e. years since deglaciation)
into the following classes: ca. 10, 40, 70, 100 (only Berchtes-
gaden), and 150 (only Dachstein) years. For all analyses, we
used the statistical environment R (R Core Team, 2023), Ver-
sion 4.3.0. To test for differences in species richness among
the glaciers, we used a mixed effects analysis of variance

(with glacier forefield nested in a mountain range as random
effect). To test for changes in species richness, frequency,
and total cover, we used mixed effects models with species
richness or frequency, respectively, as response variable and
the age class of the plots (since deglaciation) as predictor.
Analogously, we modelled the frequency of species by us-
ing a generalized mixed effects model with binomial error.
For these analyses, we started with a full model, using the
interaction of age since deglaciation and glacier as predictors
and then using a stepwise simplification according to error
probability (i.e. removing the insignificant variables, starting
with the interaction). Here, we only present the minimal ad-
equate model results (Crawley, 2012). The nesting of plots
in a glacier forefield in a mountain range was coded as a
random effect, using the R functions lmer() and glmer() for
species richness and for frequency and cover, respectively,
in lme4 (V 1.1-35.3). We calculated error probabilities using
lmerTest (V 3.1-3), ANOVA differences using car (V 3.1-
2), and Tukey post hoc test with emmeans (V1.102). Finally,
we explored patterns of variation between study areas, com-
puting a principal coordinate analysis (PCoA, computed us-
ing wcmdscale()), using Bray–Curtis distance (function veg-
dist()) as a measure of dissimilarity (both using vegan (V 2.6-
61)). Figures were created using ggplot (V 3.5.1).

3 Baseline data

3.1 Species composition

The species composition differed markedly between the
forefields of Berchtesgaden and Dachstein Mountains, with
higher similarities observed within the mountain ranges
than between them (Fig. 3a). The first axis can be inter-
preted as representing the successional gradient. Here species
such as Arabis alpina or Hornungia (Pritzelago) alpina are
typical for earlier successional stages, while species such
as Silene acaulis, dwarf willows (e.g. Salix serpyllifolia)
or Carex firma represent later successional stages in the
two Dachstein glacier forefields (both having considerable
overlap in species composition). The second axis repre-
sents largely differences in species composition between the
Dachstein and the Berchtesgaden glacier forefields (the latter
with less of a compositional overlap between the two fore-
fields compared to the former). Typical for Berchtesgaden
glacier forefields are Thlaspi rotundifolia (almost exclusively
found there) or Moehringia ciliata.

Calculating median species frequency per plot, the highest
frequencies were in the forefields of the Hallstätter Glacier,
followed by Blaueis and Great Gosau Glacier. The low-
est frequencies were found in the forefield of the Watz-
mann Glacier (Fig. 3b–e). Accordingly, the most frequently
recorded species across all areas differ among mountain
ranges and forefields. Hornungia alpina is the one species
among those most frequently found across all four glacier
forefields. Others are Poa alpina and Cerastium uniflorum.
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Figure 2. Location of the plots in the forefields of Hallstätter Glacier (a), Großer Gosau Glacier (b), Blaueis (c), and Watzmann Glacier (d).
The plots of the areas are colour-coded according to the age classes (10, 40, 70, 100, and 150 years since deglaciation). Digital elevation
model for map creation was used from the regional government of Upper Austria (https://www.data.gv.at (last access: 3 September 2025)
for Dachstein mountain and from the Bavarian Surveying Administration for Berchtesgaden https://geodaten.bayern.de/opengeodata (last
access: 3 September 2025).

The highest median frequencies (i.e. > 10) are reached by
Campanula cochleariifolia, Hornungia alpina, Gentiana or-
bicularis, and Euphrasia minima in the Hallstätter glacier
forefield. Those of the Great Gosau glacier forefield are
only two species, namely Cerastium uniflorum and (again)
Hornungia alpina. In the Blaueis forefield, only Hornun-
gia alpina exceeds a median frequency of 10, while in the
Watzmann glacier forefield, none of the three most common
species is that frequent.

3.2 Species richness

Species numbers did not differ significantly among the
glacier forefields (Table 1), although the highest median
species richness was in the forefields of the Hallstätter
Glacier (median= 14) and Great Gosau Glacier (9), followed
by Blaueis (7) and lowest richness in the Watzmann cirque
(3) (Fig. 4a). With an increase in age of the forefield plots

(time since deglaciation), species numbers per plot across all
study areas increased significantly (Fig. 4b, Table 2) across
all glaciers. While the slopes did not differ significantly, their
intercepts differed, corresponding to the order above.

3.3 Plant frequency and cover per plot

With an increase in age (time since deglaciation), total plant
frequency per plot increased (Fig. 5a, Table 3) at a decel-
erating speed, with the lowest frequency for the youngest
plots (ca. 10 years after deglaciation; median= 11.5), fol-
lowed by plots with ca. 40 years since deglaciation (72.5),
ca. 70 years (97.0), and 100–150 years (98.5). Species cover
per plot, though, increased almost linearly (Fig. 5b, Table 4);
still, it was hardly exceeding 10 % during the first 70 years
since deglaciation and not more than 15 % after 150 years.
In both cases, no significant interaction and no significant
glacier effect was detected.
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Figure 3. (a) PCoA (principal coordinate analysis) for all plots of the study areas (HALL – Hallstätter Glacier, GOSA – Great Gosau Glacier,
BLAU – Blaueis, WATZ – Watzmann Glacier), including the centroids of these areas and the corresponding mountain ranges (DS – Dachstein
Mountain, BG – Berchtesgaden). The first 20 most frequent species across all study areas are shown in the PCoA. (b–e) Median of species
frequency per plot for each glacier. Only species with median frequency> 0 are shown. Abbreviations of the plant species: Arabalpi – Arabis
alpina, Arabbell – Arabis bellidifolia, Achiatra – Achillea atrata, Achiclav – Achillea clavennae, Campcoch – Campanula cochleariifolia,
Carefirm– Carex firma, Ceraunif – Cerastium uniflorum, Euphmini – Euphrasia minima, Festspec – Festuca spec., Genorbi – Gentiana
orbicularis, Helipusi – Heliosperma pusillum, Hornalpi – Hornungia alpina, Minugera – Minuartia gerardii, Moehcili – Moehringia ciliata,
Papasend – Papaver alpinum ssp. sendtneri, Poaalpi – Poa alpina, Saliserp – Salix serpyllifolia, Saxiaphy – Saxifraga aphylla, Scormont
– Scorzoneroides montana, Seduatra – Sedum atratum, Sileacau – Silene acaulis, Thlarotu – Thlaspi rotundifolium. Baseline data are from
2017 (Dachstein Mountains) and 2018 (Berchtesgaden Alps).

Figure 4. (a) Species numbers for the four glaciers (HALL – Hallstätter Glacier, GOSA – Great Gosau Glacier, BLAU – Blaueis, WATZ –
Watzmann Glacier; lines in boxes of violin plots represent medians; boxes represent the 25th to 75th percentiles); (b) species numbers of four
successional stages (age since deglaciation) across all study areas. Baseline data from 2017 (Dachstein Mountains) and 2018 (Berchtesgaden
Alps) were used.
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Table 1. Results of nested ANOVA of the species richness of the four glacier forefields with forefield nested in a mountain as random effect
(corresponding to Fig. 4a).

df Sum Sq Mean Sq F p

Glacier forefield nested in Mountain region 2 122.5 61.25 2.05 0.14
Residuals 48 1432.9 29.85

Figure 5. Total frequency (a) and total cover of vascular plants (b) per plot of the four glacier forefields in relation to age since deglaciation.
Please note that frequency data refer to 2017 (Dachstein glaciers) and 2018 (Berchtesgaden glaciers), while cover of vascular plants refers to
2022.

Table 2. Summary statistics for the linear mixed effects model of
species richness in response to age (time since deglaciation) and
glacier forefield nested in a mountain as random effect (correspond-
ing to Fig. 4b; see there for abbreviations), SE: standard error, CI:
confidence interval. ∗ 0.01< p≤ 0.05; ∗∗∗ p< 0.001.

Estimates SE t value CI

Intercept 6.71∗∗∗ 1.80 3.72 3.07–10.34
Age 0.09∗∗∗ 0.01 8.86 0.07–0.11
GOSA −2.15 1.33 −1.63 −4.82–0.52
BLAU −2.61 2.37 −1.10 −7.39–2.17
WATZ −6.38∗ 2.37 −2.69 −11.16 to −1.60
Marginal R2 0.65
Conditional R2 0.70

4 Discussion

In our study system, no saturation in the increase of species
richness was discernible, so far, and the total plant cover re-
mained rather low. This is much less than what is known
from Central Alps glacier forefields that are by far better
studied and in which a saturation in the increase of plant
species richness was discernible after 60–100 years and
where after 150 years much higher proportions of vegeta-
tion cover were reported (e.g. Burga, 1999; Nagl and Er-
schbamer, 2010; Eichel, 2019; Eichel et al., 2023; see be-
low). It is therefore remarkable that, in comparison to the de-

velopment in species richness and species cover, the speed
of the succession process in the glacier forefields of the
Northern Limestone Alps is much slower. This is even more
striking, since the analyses using total species cover rather
than species frequency per plot started even 4 to 5 years
later; therefore, the time for succession was longer. These
general patterns, i.e. increase of species richness and cover
with age, have also been observed in the other glacier fore-
fields (overviews in Cantera et al. 2024; Cauvy-Fraunié and
Dangles, 2019; Ficetola et al., 2021). At the Rotmoosferner
forefield (Austria), vegetation cover reached ca. 50 % within
ca. 40 years and ca. 70 % within ca. 110 years since deglacia-
tion (Nagl and Erschbamer, 2010). At the Morteratsch glacier
forefield (Switzerland), individual species reached cover
classes> 75 % in less than 30 years (Burga, 1999). Simi-
larly, the studies by Eichel (2019) and Eichel et al. (2023)
for the Turtmann Glacier (Switzerland) indicate consider-
able vegetation cover on forefields that were older than 70
years. Species richness changes during succession are inher-
ently difficult to compare, because species richness largely
depends on plot sizes. Also using 1 m2 plots, species richness
reached almost 20 species within 40 years in the Rotmoos
Glacier forefield (Nagl and Erschbamer, 2010; Erschbamer
and Caccianiga, 2016). This is comparable to the Hallstätter
Glacier, but it took at least 100 years in the other glacier fore-
fields. Given that the central European species pool consists
of many more calciphilous than acidophilous species (Ewald,
2003), this is even more striking.
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Table 3. Summary statistics relating plant frequency to age since deglaciation with glacier forefield nested in a mountain range as random
factor. A generalized mixed effects model with binomial error was used (corresponding to Fig. 5a) (OR: odds ratio, SE: standard error, CI:
confidence interval). ∗ 0.01<p ≤ 0.05; ∗∗ 0.001<p ≤ 0.01.

Estimates SE OR OR SE z value CI

Intercept −1.89∗ 0.94 0.15 0.14 −2.00 0.02–0.96
Age 0.07∗∗ 0.02 1.07 0.02 3.27 1.03–1.12
Marginal R2 0.73
Conditional R2 0.77

Table 4. Summary statistics relating vascular plant cover (data from
2022) to age since deglaciation with glacier and glacier forefield
nested in a mountain range as random factor. A mixed effects model
was used (corresponding to Fig. 5b) (SE: standard error, CI: confi-
dence interval). ∗ 0.01<p ≤ 0.05; ∗∗∗ p<0.001.

Estimates SE t value CI

Intercept 3.70∗ 1.60 2.31 0.47–6.93
Age 0.06∗∗∗ 0.01 5.50 0.04–0.08
Marginal R2 0.30
Conditional R2 0.50

We hypothesize three main processes that might have con-
tributed to the differences in species richness and coloniza-
tion speed between our study sites and other studied Alpine
glacier forefields, all related to the geological and geomor-
phological setting of the different glaciers.

Firstly, the physical and chemical properties of the sub-
strate (not speaking of soil, yet) is different from gneiss and
granite, mainly found in the Central Alps. The geological sit-
uation in the Ötztal Alps is even more complex, with consid-
erable influences by mica schists and marble, leading to the
colonization of calciphile species (Frank et al., 1987). This
heterogeneity adds to the complexity in comparison to the
almost exclusively karstic limestone bedrock of the Northern
Limestone Alps sites. Still, vegetation composition between
limestone (calcareous) and gneiss (siliceous) substrates is
remarkably different (please consider, however, the hetero-
geneity of the substrate mentioned above).

Secondly, the karstic situation results in quick drainage of
water into the ground. This slows down the soil accumula-
tion processes, as developing particles and accumulating nu-
trients get easily washed away (Bauer and Plan, 2022). Also,
this leads to rather dry substrates during the summer months,
which might have a stronger effect on plant species coloniza-
tion, composition, and growth compared to other substrate
properties (Michalet et al., 2002).

Thirdly, many of the previously studied Central Alps
glaciers are valley glaciers with hillslopes above them that
were free of ice for many hundreds of years and covered by
species-rich vegetation. When these glaciers retreated, the
forefields could easily be colonized by propagule dispersal

from above, i.e. seeds or vegetative material falling mainly
downwards, following gravity and the course of the running
water (Raffl et al., 2006b), which is a rather fast process.
In contrast, on the Dachstein Massif and the Berchtesgaden
Alps, glaciers are generally wider and only few ice-free hill-
slopes exist, with mostly sparse rocky and scree vegetation
above the glacier forefields. Colonizing plants hence must
have largely moved upwards, which is a much slower pro-
cess. Additionally, disturbances can play a major role in set-
ting back vegetation succession (Wojcik et al., 2021). Having
observed the sites for more than 8 years, this might be a rea-
son, especially at the Blaueis and to a lesser degree at the
Watzmann glacier, but it seems to be less likely at the two
Dachstein glacier monitoring plots. Therefore (i) propagule
pressure might have been much lower and (ii) most of the
species observed in the glacier forefields needed to move
upwards (from denser vegetation below) rather than falling
downwards, which is a much slower process. In conclusion,
we hypothesize a largely reduced colonization rate of the
succession process in the glacier forefields of the Northern
Limestone Alps compared to the Central Alps and Southern
Alps.

5 The potential of the BDGF platform for further
research

The intention of this paper is to introduce the BDGF platform
and provide initial baseline data for the beginning of a com-
prehensive study of glacier forefield successions in carbonate
landscapes. It is clear that the study of vegetation succession
of glacier forefields needs to be complemented by functional
approaches in addition to simple observations of changes
in species richness and cover (see Erschbamer and Mayer,
2011; Fickert et al., 2017; Losapio et al., 2025), because
changes in abiotic and biotic conditions can be expected
which are likely to be reflected in the functional character-
ization of communities (see also McGill et al., 2006). Some
initial results have been obtained by Boehm (2023), study-
ing how a suite of functional traits changed with age since
deglaciation, using traits from the TRY database (Kattge et
al., 2020). Measuring leaf traits in situ, Fels (2022) observed
stronger patterns of decline in SLA (specific leaf area, the ra-
tio of leaf area to leaf dry mass) with age since deglaciation.
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Therefore, we aim to make use of locally measured traits
based on Rosbakh et al. (2022), while complementing miss-
ing values by on-site sampling and subsequent trait measure-
ments.

To go beyond the chronosequence approach, we plan to
validate the obtained results (e.g. the observed increase in
plant richness over time) through a palaeoecological ap-
proach, leveraging lake sediments from glacier forefield
lakes as environmental archives. To this end, we collected
lake sediments from Oberer Eissee (an ice lake originating
from the 1980s) below the Hallstätter Glacier and analysed
the sedimentary ancient DNA pool (similar to Liu et al.,
2021, 2024). Palaeogenomic analyses, such as shotgun se-
quencing of the entire DNA pool, allow for the investigation
of succession at an ecosystem scale (Liu et al., 2024). By
expanding such analyses to the Unterer Eissee, originating
from the late 19th century (or even expanding to other lakes
beneath already studies forefields), one can get a broader
picture of successional development, covering a larger tax-
onomic suite of species as well as a larger area by maintain-
ing the sequential (temporal) development of the vegetation
in the annual strata of the lake sediments.

As glacier forefield bacterial communities also underlie
succession (Hämmerli et al., 2007; Junker et al., 2021; Zum-
steg et al., 2012), expanding the ecological surveys to rhi-
zosphere microbiome assemblies could yield novel insights
into the functional development of the interactions in the
plant–soil–microbiome composition. The prospect of this ap-
proach has recently been shown in an initial study based on
the rhizosphere microbiome assembly of three plant species
along the chronosequence of the Hallstätter Glacier (Wicak-
sono et al., 2024). Similarly, the microbiome development
can be extracted from lake cores of the Oberer Eissee and
Unterer Eissee.

Additionally, new insights may be obtained by linking
both macrobiome and microbiome succession to the succes-
sive weathering and erosion of glacier forefields. Although
weathering processes and sediment production are generally
slow, the presence of biota can significantly modify chemi-
cal reactions and thus instigate feedback processes that affect
reaction rates and substrate conditions. Because particulate
residues of carbonate weathering are generally limited, the
influx of aeolian dust could also play a much greater role
compared to glacier forefields developed on silicate bedrock,
and this provides another avenue of research at the BDGF
platform.

The microtopography of glacier forefields also results in
heterogeneous microclimatic conditions in glacier forelands,
which might result in microclimatic changes much larger
than those of decades of observed climate warming (Marta
et al., 2023). These microtopographic conditions are hypoth-
esized to differ from macroclimatic conditions and mediate
the impacts on vegetation development (Scherrer and Körner,
2011; Lembrecht et al., 2018). Therefore, a survey of the mi-
croclimate with soil temperature loggers installed in 2024 at

each plot to record temporal changes in subsurface temper-
ature can provide insights into microclimatic conditions and
their influence on ecological processes.

Code and data availability. Code and data are available at
https://doi.org/10.5281/zenodo.17064649 (Hecht and Kühn, 2025).
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