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Abstract

Glacier forelands are among the most rapidly changing landscapes on Earth.
Stable ground is rare as geomorphic processes move sediments across large
areas of glacier forelands for decades to centuries following glacier retreat. Yet,
most ecological studies sample exclusively on stable terrain to fulfill
chronosequence criteria, thus missing potential feedbacks between geomorphic
disturbances and vegetation colonization. By influencing vegetation and soil
development, such vegetation-geomorphic disturbance feedbacks could be
crucial to understand glacier foreland ecosystem development in a changing
climate. We surveyed vegetation and environmental properties, including geo-
morphic disturbance intensities, in 105 plots located on both stable and unstable
moraine terrain in two geomorphologically active glacier forelands in
New Zealand and Switzerland. Our plot data showed that geomorphic distur-
bance intensities permanently changed from high/moderate to low/stable when
vegetation reached cover values of around 40%. Around this cover value, species
with response and effect traits adapted to geomorphic disturbances dominated.
This suggests that such species can act as “biogeomorphic” ecosystem engineers
that stabilize ground through positive feedback loops. Across floristic regions,
biogeomorphic ecosystem engineer traits creating ground stabilization, such as
mat growth and association with mycorrhiza, are remarkably similar.
Nonmetric multidimensional scaling revealed a linked sequence of decreasing
geomorphic disturbance intensities and changing species composition from pio-
neer to late successional species. We interpret this linked geomorphic
disturbance-vegetation succession sequence as ‘“biogeomorphic succession,” a
common successional pathway in unstable river and coastal ecosystems across
the world. Soil and vegetation development were related to this sequence and
only advanced once biogeomorphic ecosystem engineer species covered
40%—45% of a plot, indicating a crucial role of biogeomorphic ecosystem engi-
neer stabilization. Different topoclimatic conditions could explain variance in
biogeomorphic succession timescales and ecosystem engineer root traits
between the glacier forelands. As glacier foreland ground is widely unstable, we
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INTRODUCTION

Around the world, retreating glaciers expose hundreds of
square kilometers of new terrain each year. As organic
material is usually absent in glacial sediments, glacier
forelands are perfect areas to study primary vegetation
succession, with ongoing research for over a century
(Coaz, 1887; Cooper, 1916). To investigate which mecha-
nisms drive vegetation succession and soil development
in time, chronosequence approaches were used that
replace time with space and thereby create areal chronol-
ogies (Jenny, 1941; Matthews, 1992). Chronosequence
studies strongly advanced fundamental understanding of
primary succession and identified terrain age as main
driver of successional change in glacier forelands
(e.g., Fischer et al., 2019; Hodkinson et al., 2003; Raffl
et al., 2006). Successional trends and trajectories were
often explained by biotic interactions, such as facilitation,
tolerance, and inhibition (Clements, 1928; Connell &
Slatyer, 1977), or plant strategies (Grime, 1977). Other
studies have highlighted the importance of seed availabil-
ity, dispersal, and establishment conditions for vegetation
succession (e.g., Erschbamer et al., 2001; Franzén
et al., 2019; Jones & Del Moral, 2009).

Yet, chronosequence approaches require similar abi-
otic conditions and site history to be valid (Johnson &
Miyanishi, 2008). To fulfill these criteria, many ecologic
studies in glacier forelands sample exclusively on stable
ground (e.g., Hodkinson et al., 2003), avoiding setbacks
of succession caused by geomorphic disturbances.
However, this stable ground is typically rare, as glacier
forelands are among the most rapidly changing land-
scapes on Earth (e.g., Carrivick & Heckmann, 2017;
Knight & Harrison, 2009). Sediment exposed by retreating
glaciers is usually highly unstable and prone to be
redistributed by different geomorphic processes during
the so-called “paraglacial adjustment” (Ballantyne, 2002).
Immediately following glacier retreat, intense sediment
reworking caused by melting dead ice (Ewertowski &
Tomczyk, 2015), gullying and debris flows (Curry
et al., 2006; Jiger & Winkler, 2012), landsliding (Cody
et al., 2020; Emmer et al., 2020), and meltwater erosion

propose to consider glacier forelands as “biogeomorphic ecosystems” in which
ecosystem structure and function are shaped by geomorphic disturbances and

their feedbacks with adapted plant species, similar to rivers and coasts.

biogeomorphic ecosystem, biogeomorphic succession, biogeomorphology, chronosequence,
critical zone, ecogeomorphology, ecosystem engineering, geomorphic disturbances, glacier
forefield, paraglacial processes, plant traits, vegetation succession

(Lane et al., 2017) cause high geomorphic disturbance
intensities. Disturbance intensities decrease after several
decades when lower magnitude soil erosion and
periglacial processes start to dominate on hillslopes
(Draebing & Eichel, 2017; Eichel et al., 2018) and channel
patterns change from braided to single thread (Gurnell
et al., 2000). When sediment is depleted or stabilized by
vegetation after decades to centuries, geomorphic distur-
bances cease (Ballantyne, 2002; Matthews et al., 1998).

Significant paraglacial geomorphic disturbance effects
on vegetation and soil development have been described
in many studies (Burga et al., 2010; Matthews, 1999;
Stawska, 2017; Wojcik et al., 2021). Still, ecological
studies often consider geomorphic disturbances as
neglectable, “erratic” processes (Fischer et al., 2019) or do
not consider them at all. In a similar way, geomorphic
studies focus on unvegetated glacier foreland terrain
(e.g., Neugirg et al., 2016) and often disregard vegetation
colonization and its stabilizing effects on the landscape.
Yet, recent “biogeomorphic” studies detected strong
feedbacks between geomorphic disturbances, vegetation,
and microbial succession in glacier forelands (Cowie
et al., 2014; Eichel et al., 2013; Haselberger et al., 2021;
Roncoroni et al., 2019). The prostrate shrub species Dryas
octopetala L. was identified as a “biogeomorphic” ecosys-
tem engineer plant species sensu Phillips (2016). Once
slopes have sufficiently stabilized for D. octopetala to
establish (Eichel et al., 2016, 2018), it decreases geomor-
phic disturbance intensities and creates habitats for other
species through adapted “geomorphic” responses and
effect engineer traits (Eichel et al., 2017). While key engi-
neer traits have been identified for D. octopetala in the
European Alps, comparative studies to assess similarities
in engineer traits and resulting vegetation-geomorphic
disturbance feedbacks across glacier forelands are
lacking.

Yet, understanding of vegetation-geomorphic distur-
bance feedbacks in glacier forelands is crucial in today’s
changing climate. The current global mass loss of glaciers
(Hugonnet et al., 2021) will result in vastly expanding
glacier forelands. These new areas offer habitats for
potentially threatened alpine and arctic species requiring
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geomorphologically unstable habitats (Gentili et al.,
2020), but only as long as they remain unstable (Bollati
et al., 2020). Thus, we need to understand how long
vegetation-geomorphic disturbance feedbacks take to sta-
bilize ground in glacier forelands and what controls their
mechanisms and timescales. This requires studies across
mountain and floristic regions.

We used a comparative study in two contrasting
mountain regions, the European Alps and the Southern
Alps of New Zealand, to test the following three
hypotheses:

Hypothesis 1. Biogeomorphic ecosystem engi-
neer species possess similar geomorphic
response traits, effect traits, and ground sta-
bilization effects across floristic regions.

Hypothesis 2. Similar vegetation-geomorphic
disturbance feedbacks, influencing vegetation
and soil development, characterize geomorpho-
logically active glacier forelands across moun-
tain regions.

Hypothesis 3. Topoclimatic conditions influ-
ence vegetation-geomorphic disturbance feed-
back timescales and mechanisms.

In both geomorphologically active glacier forelands,
selected for their different established glacial chronolo-
gies, topoclimatic settings, and floristic regions, we
applied a similar plot-based sampling approach to assess
vegetation and environmental properties across stable
and unstable ground.

METHODS
Study sites

We investigated vegetation-geomorphic disturbance feed-
backs in Mueller glacier foreland (Southern Alps,
New Zealand) and Turtmann glacier foreland (European
Alps, Switzerland; Figure 1). Within Mueller glacier fore-
land (Figure 1la), about 75% of the terrestrial ground
within its Little Ice Age (LIA) maximum extent
(ca. 1730/1735 CE; Winkler, 2004) is geomorphologically
active with disturbance to vegetation. The entire glacial
chronology of this Holocene glacier foreland extends
back to terrain ages of 3400 years or even 6400 years if an
isolated moraine remnant outside our map is included
(Winkler, 2018). The area received up to 4000 mm of
annual precipitation between 2014 and 2017, including
individual precipitation events >300mm in 24h

(Environment Canterbury, 2020). Mean annual air
temperatures (MAATS) of around 8.5°C between 2014
and 2017 (Environment Canterbury, 2020) preclude per-
mafrost and periglacial processes.

In Turtmann glacier foreland (Figure 1b), about 60%
of its ground is geomorphologically disturbed (Eichel
et al, 2013). Maximum terrain age is 170 years,
corresponding to the maximum glacier extent during
the LIA (1850; Eichel et al., 2013; Tscherrig, 1965).
Between 2014 and 2017, the annual rainfall was around
800 mm per year with individual rainfall events of
maximum 49 mm in 24 h (MeteoSwiss, 2017). Though
located below the lower limit of permafrost (Kenner
et al., 2019), the low MAAT around 3°C permits active
periglacial processes in the glacier foreland (Draebing &
Eichel, 2017; Eichel et al., 2020). We focused our sam-
pling on the geomorphologically active lateral and
laterofrontal moraines (Figure 1). Except for introduced
species (e.g., Anthoxanthum odoratum L.), no species
are shared between the study sites.

Vegetation and environmental plot surveys

To select plots (2 X 2 m) for vegetation and environmen-
tal surveys, we used a random stratified sampling
approach based on normalized difference vegetation
index (NDVI) values. We derived NDVI classes roughly
representing known successional stages from Swisstopo
FCIR (2011; Turtmann) or Sentinel-2 imagery (2018;
Mueller) and selected 10-15 plots per class. In Mueller
glacier foreland, we surveyed 55 plots with 125 species in
total in February 2018, using the smartphone-based
VegApp (S. Schmidtlein, www.vegapp.de) to note field
observations. In Turtmann glacier foreland, we surveyed
50 plots with 121 species in total in July and August 2015
using a paper-based survey. We visually determined indi-
vidual species cover as well as tree, shrub, herb, bare
ground, and total cover (Appendix S1: Table S2). Our sur-
vey focused on vascular plants, however, we included
two prominent Racomitrium moss species with dominant
cover (up to 90%) in Mueller glacier foreland
(cf. Burrows, 1973). In Turtmann glacier foreland, moss
cover was <10% and not included in further analyses.
Nomenclature follows Lauber and Wagner (2018) for
Turtmann and Breitwieser et al. (2010) for Mueller gla-
cier foreland.

Based on our observations of visible landforms and
active sediment transport, we noted which geomorphic
processes (gullying, debris flow, interrill erosion, debris
sliding, wind erosion, wash, cryoturbation, and solifluc-
tion) disturb or recently disturbed plot vegetation
(Figure 1c, Table 1). Using known magnitude and
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TABLE 1
indicative landforms/field observations.

Geomorphic disturbance Description

intensity (magnitude/frequency)

High disturbance Magnitude: Debris flow and/or
intensity (4) gullying processes with

effective sediment transport
and large mechanical stresses
in plot.

Frequency: Multiple times per
year during snow-free period
depending on high-intensity
rainfall activity.

Moderate disturbance
intensity (3)

Magnitude: Interrill erosion,
debris sliding, wind erosion
and/or wash processes with
intermediate sediment
transport rates.

Frequency: Multiple times per
year during snow-free period
depending on rainfall and
wind activity.

Low disturbance
intensity® (2)

Magnitude: Cryoturbation and
solifluction processes with low
sediment transport rates and
short movement distances
occur.

Frequency: Seasonally during
winter freezing and spring
thawing.

Stable (1) No geomorphic processes occur.

Indicative
landforms/observations

Gullies, steep intergully walls,
distinct levées and other
unreworked debris flow

Geomorphic disturbance intensity classification based on process magnitude and frequency following Eichel et al. (2016) with

References

Curry et al. (2006), Deline
et al. (2021), van Woerkom
et al. (2019)

Rills, siltation, splash impact

Irregular soil surface, sorted

deposits

Wolman and Miller (1960),
craters, observed eolian Toy et al. (2002)
sediment transport, observed

clast movement

Rapp (1960), Matsuoka (2001)
clasts, solifluction steps/lobes/
terraces

Note: Process sediment transport, mechanical stress, and frequency were used as proxies for disturbance intensity. Numerical values assigned to disturbance
intensities for statistical analyses are given in brackets. See Figure 1c for landform examples.

#Only present in Turtmann glacier foreland.

frequency for identified geomorphic processes in
general (Flageollet, 1996; Otto & Dikau, 2004;
Rapp, 1960) and on moraine slopes (Curry et al., 2006;
van Woerkom et al., 2019), we assigned a geomorphic
disturbance intensity to each plot based on the most
intense geomorphic process that disturbed the plot
(Table 1; Eichel et al., 2016). Thereby, geomorphic dis-
turbance intensities became comparable across glacier
forelands.

Nature conservation restrictions only allowed a non-
invasive approach to investigate soil development in

Mueller glacier foreland. Here, we visually determined
the percentage of plot area covered by organic soil. For
Turtmann glacier foreland, we could strengthen this
qualitative indication of soil development using quantita-
tive methods. Here, we measured O (i.e., organic layer)
and A (i.e., weathered mineral soil with accumulation of
humus) horizon thicknesses and took soil samples in
each plot using a 100-cm? steel corer (0-4 cm depth, two
replications), for which soil organic carbon and nitrogen
content were measured in the laboratory (Appendix S1:
Table S2).

FIGURE 1

Maps of unstable glacier forelands in which vegetation and environmental surveys were conducted: (a) Mueller glacier

foreland, New Zealand and (b) Turtmann glacier foreland, Switzerland. For both forelands, plot locations are shown. Moraine ridges and
their ages (Mueller; Winkler, 2004, 2018) or glacier positions (Turtmann; Eichel et al., 2013; Tscherrig, 1965) illustrate glacial chronology.
Spatial distribution of geomorphic disturbance intensities, including dominant geomorphic processes, is shown. In Turtmann glacier
foreland, the sampled lateral moraines are highlighted by white polygons. (c) Examples of geomorphic disturbance intensities with
indicative landforms. See Appendix S1: Table S1 for further details on the study sites. CE, common era; LIA, Little Ice Age; yrs, years.
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To assign a maximum terrain age to each plot, we
used dated moraines in Mueller glacier foreland (Winkler,
2004, 2018), a glacier position map (Tscherrig, 1965; see
Figure 1b), and aerial imagery in Turtmann glacier
foreland.

For our analyses, we created three datasets: (1) a spe-
cies dataset containing individual species cover values;
(2) a combined species-disturbance dataset containing
presence-absence values for all species and geomorphic
disturbance processes; and (3) an abiotic-biotic dataset
containing plot geomorphic, biotic, and soil properties
(see Appendix S1: Table S2). All statistical analyses were
carried out in R version 1.3.959 (R Development Core
Team, 2020).

Data analyses

To investigate if biogeomorphic ecosystem engineer
species possess similar geomorphic disturbance-adapted
traits and geomorphic effects across floristic regions
(Hypothesis 1), we first identified potential ecosystem
engineer species in the species datasets. To be considered,
a species needed to be present in a site (i.e., plot) with a
moderate or high disturbance intensity and reach cover
values above 35%. This is a biogeomorphic “ecosystem
engineering threshold” found by Eichel et al. (2016),
conforming with measured decrease in sediment transport
above 30%-55% vegetation cover (Haselberger et al., 2021;
Snelder & Bryan, 1995). Though Coriaria angustissima
Hook f. did not occur with moderate or high geomorphic
disturbance intensities in our data, we included this spe-
cies as we observed that it forms large stable patches with
very dense cover and extensive rhizome systems in
Mueller glacier foreland. We then determined the most
important geomorphic disturbance-adapted response and
effect traits using existing information on previously iden-
tified “biogeomorphic” ecosystem engineer species (Eichel
et al., 2017) and geomorphologically relevant plant traits
(cf. Burylo et al., 2014; Stokes et al., 2009). We assessed
identified traits for each species in literature and the TRY
trait database (Kattge et al., 2020). Species were only
included in further analyses if their geomorphic effects
had previously been reported in literature. Finally, we
plotted geomorphic disturbance intensities and potential
biogeomorphic ecosystem engineer species’ cover along a
vegetation cover gradient.

To assess the role of vegetation-geomorphic distur-
bance feedbacks for vegetation and soil development
(Hypothesis 2), we first determined which species grew
with which geomorphic disturbance processes by classify-
ing the species-disturbance dataset (isopam packages,
distance Jaccard; Schmidtlein et al., 2010). We then

conducted a nonmetric multidimensional scaling (NMDS)
for the species-disturbance dataset to unravel linked
changes between species composition and geomorphic dis-
turbance processes (metaMDS in R vegan; distance
Jaccard, three dimensions, maximum 100 runs; Oksanen
et al., 2020). We only considered species and geomorphic
processes occurring more than once. Subsequently, we
used post hoc correlations with measured biotic and abi-
otic variables to relate linked species-geomorphic distur-
bance changes to variables indicating vegetation and soil
development (envfit, factorfit, and ordisurf in R vegan;
1000 permutations; Oksanen et al., 2020). We only consid-
ered significant correlations (p < 0.001).

To assess the role of biogeomorphic ecosystem engi-
neering for slope stabilization and soil development, we
fitted smooth surfaces of total engineer cover on the ordi-
nations (ordisurf, 1000 permutations), along with over-
lays of geomorphic disturbance intensities and selected
soil properties. To assess the role of topoclimatic condi-
tions for vegetation-geomorphic disturbance feedback
timescales and mechanisms (Hypothesis 3), we finally
compared our results from the Turtmann and Mueller
glacier forelands.

RESULTS

Potential biogeomorphic ecosystem
engineer species, traits, and geomorphic
effects

In Mueller glacier foreland, we identified C. angustissima
Hook.f., Muehlenbeckia axillaris (Hook.f.Endl.), and
Racomitrium pruinosum (Wilson) Miill. Hal. as potential
biogeomorphic ecosystem engineers. Anthyllis vulneraria L.,
D. octopetala, Salix hastata L., Salix serpillifolia Scop, and
Thymus praecox Opiz are potential engineer species in
Turtmann glacier foreland (Table 2). Considered impor-
tant engineer response traits include burial tolerance,
resprouting capacity, clonal growth, and lateral spread.
Growth habit, vegetative height, root system type, rooting
depth, and symbiosis with mycorrhiza were considered as
important effect traits (Table 2).

In both glacier forelands, prostrate shrub and shrub
growth forms dominated for potential biogeomorphic
ecosystem engineer species (Table 2). Except for moss spe-
cies R. pruinosum (Mueller) and S. hastata, all identified
species can resprout from stems or grow clonally, and most
species are able to spread laterally. Half of all potential engi-
neer species are tolerant to burial (M. axillaris, A. vulneraria,
D. octopetala, and S. serpillifolia). No information was
available for the other species. Common geomorphic effect
traits included formation of low-lying (<0.2 m) mats and
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EICHEL ET AL.

patches through prostrate shrubs’ creeping stems. Other
growth habits included close-set stems or strongly branching,
partly creeping or low-lying stems (C. angustissima and
S. hastata), or rosettes (A.vulneraria). In Mueller
glacier foreland, rhizomes dominated, whereas in
Turtmann glacier foreland, tap root and cluster root
systems dominated with rooting depths up to 0.4 m.
Except for T. praecox, all prostrate shrubs in both gla-
cier forelands can develop adventitious roots. All poten-
tial biogeomorphic engineer species in Turtmann
glacier foreland, except T. praecox, are associated with
mycorrhiza. A. vulneraria can additionally fix nitrogen.
In Mueller glacier foreland, only C. angustissima is
associated with mycorrhiza. Both C. angustissima and
Racomitrium lanuginosum can fix nitrogen.

Reported geomorphic effects included binding and
trapping of soil, fines, gravel, and organic material for all
prostrate shrubs and C. angustissima (Mueller), reduction
in wind-induced soil loss for A. vulneraria (Turtmann),
and erosion control and rockfall protection for S. hastata
(Turtmann).

For both glacier forelands, we found that geomor-
phic disturbance intensities decreased with increasing
vegetation cover (Figure 2a,b). Below 40% vegetation

d MUELLER GLACIER FORELAND (NEW ZEALAND)
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FIGURE 2

cover, high to moderate geomorphic disturbance
intensities (debris flows, gullying, debris sliding,
interrill erosion, wind erosion, and wash) dominated,
whereas plots with more than 40% vegetation cover
were either characterized by low disturbance intensities
(solifluction and cryoturbation; only Turtmann) or
stable. The switch to lower geomorphic disturbance
intensities happened once potential biogeomorphic eco-
system engineer species’ cover increased from <5%-25% to
25%-50%. Cover especially increased for R. pruinosum
(from <25% to up to 100%) in Mueller glacier foreland and
prostrate shrub (M. axillaris, D. octopetala, and S.
serpillifolia) and shrub species (C. angustissima and S.
hastata) in both forelands (Figure 2c,d). In Turtmann
glacier foreland, prostrate shrub D. octopetala reached
very high cover (75%-100%) in plots with low distur-
bance intensities or stable plots, whereas erect S.
hastata shrubs showed very high cover (75%-100%)
mostly in stable plots. While potential biogeomorphic
ecosystem engineer species often made up the main
share of vegetation cover around 40% cover, they only
had low shares for low (5%-25%) total vegetation cover
and often lower shares for very high (75%-100%) total
vegetation cover.

b TURTMANN GLACIER FORELAND (SWITZERLAND)
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Geomorphic disturbance intensities and total potential (pot.) biogeomorphic ecosystem engineer species’ cover plotted with

increasing vegetation cover for Mueller (a) and Turtmann (b) glacier foreland (c, d). Individual potential engineer species’ cover plotted with

increasing vegetation cover (a, b).
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Relationships between species
composition, geomorphic disturbance
processes, soil, and biotic properties

We identified six vegetation-geomorphic disturbance
classes in Mueller and three in Turtmann glacier foreland
(Figure 3a,b; Appendix S1: Tables S5 and S6). They summa-
rize linked changes in species composition and occurring
geomorphic processes and range from disturbance classes
with no plants to late successional shrub and tree classes.
For both glacier forelands, vegetation-disturbance
classes were arranged along the main NMDS axes,
revealing a vegetation-geomorphic disturbance gradient
(Figure 3a,b). Abiotic and biotic variables indicating
vegetation and soil development were related to this
gradient and notably proceeded once total potential
engineer cover exceeded 40%-45% (Figure 3c,d).

In Mueller glacier foreland, the highest geomorphic
disturbance intensity (+* = 0.69) and bare ground cover
(r* = 0.78) were related to a disturbance class with debris
sliding, wash, and interrill erosion processes (lower right
side of diagram in Figure 3a). The highest vegetation
(r* = 0.78) and organic soil cover (r* = 0.44) were related
to herb-shrub (Holcus lanatus L., C. angusstissima),
grass-prostrate shrub (A. odoratum L., L. fraseri, and
M. axillaris), and shrub-tree classes (Podocarpus laetus
Hooibr. Ex Endl., Griselinia littoralis [Raul] Raul; all
upper left side in Figure 3a). The highest species number
(r* = 0.61) and herb cover (r* = 0.36) were additionally
related to the herb-shrub and grass-prostrate shrub clas-
ses (upper diagram center in Figure 3a), whereas the
highest litter (r* = 0.51), tree (r>=0.27), and shrub
cover (r*=0.49) were related to the shrub-tree class
(left side of diagram in Figure 3a). Fitting of total
biogeomorphic ecosystem engineer cover on the ordina-
tion showed that ground stabilized and organic soil cover
strongly increased once total engineer cover exceeded
about 45% (Figure 3c).

In Turtmann glacier foreland, the highest geomorphic
disturbance intensities (+* = 0.58) and bare ground cover
(r* = 0.76) related to a pioneer-disturbance class charac-
terized by S. aizoides, L. alpina, debris sliding, and debris
flow (lower right side of diagram in Figure 3b). The
highest total vegetation cover (r* = 0.70), A- (r* = 0.20)
and O-horizon (r* = 0.36) thicknesses, and soil nitrogen
content (r?>=0.40) related to solifluction-prostrate
shrub (S. serpillifolia, D. octopetala, Elyna myosuroides
[Vill. Fritsch], solifluction) and stable herb-shrub classes
(Epilobium fleischeri, Festuca alpina Suter; left side of
Figure 3b). The highest shrub cover (r* = 0.33) was addi-
tionally related to the stable shrub-herb class (upper left
in Figure 3b), whereas the highest herb cover (r* = 0.57)
and soil organic carbon content (> = 0.30) related to the

solifluction-prostrate shrub class (lower left in Figure 3b).
When potential biogeomorphic ecosystem engineer cover
exceeded 40% and geomorphic disturbance intensities
were low or stable, A-horizon thickness and soil nitrogen
content strongly increased (Figure 3d). Terrain age is
related to vegetation-geomorphic disturbance gradients in
both glacier forelands (Mueller: r? = 0.28, p < 0.001;
Turtmann: r* = 0.33, p < 0.002).

DISCUSSION

Biogeomorphic ecosystem engineer traits
create a positive feedback loop leading
to ground stabilization

We found that geomorphic disturbance intensities
decreased when vegetation cover exceeded 40%. At this
point, potential biogeomorphic ecosystem engineers
dominated (Figure 2), supporting our hypothesis that
identified species indeed stabilize glacier foreland
ground, similar to bryophytes and associated soil crusts
(Haugland & Beatty, 2005; Jones & Henry, 2003). We
expect that identified engineer response and effect traits
(Table 2) can create a positive biogeomorphic feedback
loop between decreasing geomorphic disturbance intensi-
ties, engineer establishment, and growth (Figure 4),
which results in gradual ground stabilization from plant
scale to slope scale (Figure 5).

Response traits, such as burial tolerance and
resprouting capacity (Table 2), can act as filters deter-
mining establishment and growth success (Figure 4).
They enable engineer species to establish once high dis-
turbance intensities have decreased and despite ongo-
ing moderate-intensity erosion processes (Figure 2;
Burylo et al., 2012, 2014). Once established, engineer
prostrate shrub and moss mats decrease water and wind
erosion through hydrological and hydraulic effects,
such as intercepting rainfall, obstructing runoff, and
storing moisture (Figure 5; Annandale & Kirkpatrick,
2017; Michel et al., 2013; Schroter et al., 1926).
Developing engineer root systems, often associated with
mycorrhiza (Table 2), can add mechanical reinforce-
ment against erosion (Burri et al., 2013; Graf et al.,
2019; Stokes et al., 2009; Vannoppen et al., 2015).
Prostrate shrubs’ creeping stems and adventitious roots
binding gravel additionally protect against debris slid-
ing (Table 2). Thereby, sediment transport by wind,
water, and gravity can decrease locally at the plant scale
(Figure 5; Burylo et al., 2011, 2012).

We expect that engineer cover can quickly increase
(Figure 2) through clonal growth and lateral spread
(Table 2, Figure 5). M. axillaris and R. pruinosum, for
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FIGURE 3 Nonmetric multidimensional scaling (NMDS) results for species-disturbance dataset from Mueller (a, ¢) and Turtmann (b, d)
glacier forelands. (a, b) NMDS results with vegetation-disturbance classes (polygons encompassing all points per class) and post hoc correlation
results (arrows, contour lines with an interval of one) for biotic and abiotic variables. Main indicators (species [spec.] or geomorphic processes)
for each vegetation-disturbance class are given in brackets in the legend. (c, d) NMDS results with fitted total potential biogeomorphic
ecosystem engineer cover (contour lines: 5% cover) and overlay with total organic soil cover and geomorphic disturbance intensities (c) or
fitted total potential biogeomorphic ecosystem engineer cover (contour lines: 10% cover), A-horizon thickness, soil nitrogen content, and
geomorphic disturbance intensities (d). For all shown variables p < 0.001. See Appendix S1: Tables S3 and S4 for all post hoc correlation
results. NMDS stress is 0.12 for Mueller data (a, ¢) and 0.16 for Turtmann data (b, d). max, maximum; min, minimum.

low geomorphic disturbance intensities or stable ground
above 40% vegetation cover (Figure 5; cf. Haselberger
et al., 2021; Snelder & Bryan, 1995), which we observed at

example, can multiply their biomass 10-fold in three years
(Buxton et al., 2005; Foo et al., 2011). Resulting positive
feedbacks (Figures 4 and 5) can explain the transition to
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Response
traits

Establishment and growth

Biogeomorphic

ecosystem
engineer species

FIGURE 4 Conceptual illustration of the positive
biogeomorphic feedback loop between decreasing geomorphic
disturbance intensities and biogeomorphic ecosystem engineer
establishment and growth. Response traits filter disturbance effects
on engineer species, while effect traits determine their impact on
disturbance intensities.

plot scale (Figure 2). Complementary stabilization effects
by erect shrub species (Figure 2) with close-set stems and
vigorous rhizomes (C. angustissima; Daly et al., 1972) or
thicket-forming branches and cluster roots (S. hastata;
Lautenschlager-Fleury & Lautenschlager-Fleury, 1994)
could explain stable ground associated with high to
very high (50%-100%) engineer cover, especially in Mueller
glacier foreland (Figure 2). Thus, about 40% cover
(Figures 2, 3, and 5) seems to be a community level-
stabilization threshold, which gets reinforced at higher
cover values by complementary engineer traits of erect
shrub species that create slope-scale ground stabilization.

Biogeomorphic ecosystem engineer species’ traits
were remarkably similar between floristic regions
(Table 2), for example, clonal growth, burial tolerance,
and resprouting capacity. These traits are also shared
with ecosystem engineer plants along water-terrestrial
interfaces (Corenblit et al., 2015). Therefore, our results
support trait convergence due to similar geomorphic con-
straints (Corenblit et al., 2015; Fukami et al., 2005) and
suggest common geomorphic disturbance adaptations
across geomorphologically disturbed ecosystems from the
mountains to the coast.

“Biogeomorphic succession” on unstable
glacier foreland ground

Our classification and NMDS results (Figure 3) demon-
strate that vegetation-geomorphic disturbance feedbacks
are a main driver of vegetation and soil development in
unstable, geomorphologically active glacier forelands.
Vegetation-geomorphic disturbance classes with distinct
geomorphic process-species combinations arranged along
the main NMDS gradients (Figure 3) indicate synchroni-
zation of decreasing geomorphic disturbance intensities
with changing species composition and proceeding vege-
tation succession. Corenblit et al. (2007) termed a similar
sequence of reciprocal coupling between hydromor-
phological and vegetation succession processes in rivers
“fluvial biogeomorphic succession.” Based on changing
abiotic-biotic feedbacks, this sequence can be divided
into four phases: geomorphic, pioneer, biogeomorphic,
and ecologic. These phases also show up in our ordered,
distinct vegetation-geomorphic  disturbance classes
(Figure 3).

We interpret the disturbance class with bare ground
and high to moderately intense geomorphic processes in
Mueller glacier foreland (Figure 3a) as a “geomorphic
phase” (Figure 6). In this phase, landsliding, running
water, and wind intensely move sediments and remove
seeds and seedlings before they can sufficiently establish
(cf. Balke et al., 2014). Consequently, vegetation coloniza-
tion and soil development are inhibited (Betz et al., 2019;
Curry et al, 2006; Temme & Lange, 2014; Wojcik
et al., 2021; Figure 6c). Pioneer-disturbance classes with
moderate-intensity disturbance processes and pioneer spe-
cies (Figure 3a,b) indicate a “pioneer phase.” In this phase,
recruitment and establishment become possible for
ruderal strategists tolerating sediment movement, such
as Epilobium melanocaulon Hook., Linaria alpina (L.)
Mill, and Saxifraga aizoides L. (Figure 6; Cannone &
Gerdol, 2003; Jenny-Lips, 1930; Sommerville et al., 1982).
Geomorphic disturbances and initial habitat conditions fil-
ter dispersal, recruitment, and establishment in this phase
(Corenblit et al., 2015), for example, by transporting and
depositing diaspores and plant material (Erschbamer
et al., 2001; Raffl et al., 2006; Stocklin & Bdumler, 1996).
Biogeomorphic ecosystem engineer species, growing with
cover values <45% in association with pioneer-disturbance
classes (Figure 3) in this phase, will likely establish within
“Windows of Opportunity” between higher intensity dis-
turbances (Balke et al., 2014) or at safe sites (Jumpponen
et al., 1999).

When total engineer cover exceeded 40%-45%,
organic soil cover (Mueller), A-horizon thickness, and
soil nitrogen contents (Turtmann) were distinctly higher,
while disturbance intensities changed to low (Turtmann)

85UB01 T SUOWILLIOD AR 3|cedt [dde ay) Aq pauenob 8.8 Sao1Me YO 9SN J0 S3INJ 10) ARIq1T8UIIUQ AB]1M UO (SUOTPUOO-PUR-SLLIBI WD A 1M ATeq 1 [BU[UO//ScIY) SUORIPUOD PUe SWLB | 8U) 89S *[£202/20/82] Uo AkeiqiTauliuo A8|im ‘Ariqi AiseAun 1yaenn AQ y0vb 2s9/200T 0T/I0p/wod As|imAkeiq i puljuo's euIno fesa//:sdny Wwoly pepeojumod ‘2 ‘€202 ‘S2680ST2



12 of 18 EICHEL Er AL.
GEOMOPRHIC DISTURBANCE INTENSITIES _— -
3 ECOSYSTEM ENGINEER GROUND STABILIZATION =—m—> 4
<2( Plant-scale effects— — — — ¥ : Plot-scale effects = — = = P Slope-scale effects _
3 gL
G N g Y18
% § Interception @@@@ < | Interception
< » o | L
2 Q Moisture storage B ‘%v S— St;g(r)fction
E <2,: Material trapping \&) Material %
~ | bindi
'-Tl.l % 3 M Increased soil 5 e
g 8 shear strength Material binding B

Debris flow Gullying | Deb. sliding Interrill, wash, wind erosion

g Interception

7777777777777 ‘ ‘3% o ey
® (1G]
0il shear strength @@

binding

Interception

|
|
i No processes 17
|
|
|
|

Y

\2
COMPLEMENTARY BIOGEOMORPHIC
ECOSYSTEM ENGINEERING

Material trapping
o Runoff obstruction

I Moisture
| storage

shear strengt

TURTMANN GLACIER
FORELAND (CH)

High

Engineer species

il A 1 ]
Debris flow Gullyingl Deb. sliding Interrill, wash, wind erosion | Cryoturbation Solifluction | No processes | >
Moderate Low Stable
- R pruinosum "_%L_M axillaris _%._a/zgustissima
i A. vulneraria ~5%®%, S. serpillifolia ~#%.;. T. praecox m D. octopetala &S.
44 _ A\ hastata

Response traits

Effect traits

growth mycorrhiza

O Hydrological and hydraulic
effects

Geomorphic
effects

@ Burial tolerance @ Resprouting capacity @ Clonal growth (4) Lateral spread
Mat Roots, rhizomes, Q Patch development,

Close-set stems

adventitious roots or branches

. Mechanical effects

FIGURE 5

Tllustration of gradual ecosystem engineer ground stabilization in Turtmann and Mueller glacier foreland. Common

geomorphic disturbance-adapted response and effect traits are linked to hydrological, hydraulic, and mechanical geomorphic effects,
which increase from plant scale to slope scale. Response and effect traits are assigned to individual engineer species based on Table 2
using numbers; number colors indicate their roles for illustrated hydrological and hydraulic (blue) or mechanical (gray) effects. Decrease
in geomorphic disturbance intensities due to changing or ceasing geomorphic disturbance processes is shown. CH, Switzerland;

Deb., debris.

or stable (both glacier forelands; Figure 3c,d) in
engineer-disturbance classes. Fine and organic material
accumulation in dense engineer mats, for example, as
reported for D. octopetala (McGraw, 1985), could explain
increased organic soil cover and horizon development.
Observed increase in nitrogen contents could be
explained by nitrogen fixation through engineer species
(cf. Table 2). Thus, stable habitat creation and soil devel-
opment associated with engineer plants seem to go hand
in hand and facilitate establishment for other species, as
indicated by the highest species numbers (Figure 3a,b).
Consequently, we interpret engineer-disturbance classes
as a biogeomorphic phase (Figure 6).

For Mueller glacier foreland, NMDS results further-
more show that biogeomorphic ecosystem engineer cover

and species numbers decrease with increasing litter,
shrub, and tree species cover in a stable shrub-tree class
(Figure 3a). Characteristic Podocarpus spp. and G. littoralis
(Raul) Raul typically require stable conditions (Burrows,
1973; Wardle, 1972), indicating an “ecologic phase”
(Figure 6) with absent geomorphic disturbances.
Competition and trophic interactions act as filters for
establishment and maturation (Corenblit et al., 2015) in
this phase, explaining lower species numbers (Figure 3a)
and exclusion of less competitive biogeomorphic ecosys-
tem engineer species (Chapin et al., 1994; Tscherko
et al.,, 2005). In Turtmann glacier forelands, typical late
successional trees species (Pinus cembra L., and Larix
decidua Mill.) are mostly absent on sampled lateral
moraines. However, erect Salix shrub species dominating
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on stable ground (Figure 3b) can exclude disturbance-
adapted prostrate shrubs (Eichel et al., 2017) and therefore
indicate a transition from biogeomorphic to ecologic
phase.

While we focused on moraine slopes, similar sequences
of synchronized vegetation and geomorphic disturbance
development were observed on active glaciofluvial flood-
plains (Cowie et al., 2014; Gurnell et al., 2000; Moreau
et al., 2008) and unstable glacier foreland valley floors
(Haugland, 2006; Haugland & Beatty, 2005). Thus, given
dominantly unstable ground in many glacier forelands
(Carrivick & Heckmann, 2017; Knight & Harrison, 2009),
biogeomorphic succession may well be a main successional
pathway in glacier forelands, missed by frequently applied
chronosequence approaches.

Topoclimatic conditions influence
timescales of biogeomorphic succession
and biogeomorpic ecosystem engineer
traits

Contrasting topoclimatic conditions and resulting differ-
ences in geomorphic disturbance intensities and pro-
cesses (Figure 1) could explain biogeomorphic differences
between the two glacier forelands (Figure 3, Table 2).
Exceptionally high and intense rainfall (4000 mm/year,
>300 mm in 24 h) triggers high-intensity geomorphic dis-
turbances in Mueller glacier foreland, such as gullying
and debris flows (Winkler, 2015). These frequent and

intense geomorphic disturbances limit engineer establish-
ment (Figures 2 and 3) and thereby delay biogeomorphic
succession. Thus, geomorphic processes can still disturb
terrain that was deglaciated more than thousand years
ago (Figure 1).

However, once engineer species managed to estab-
lish and grow over 40% cover in Mueller glacier fore-
land, geomorphic disturbance intensities changed
directly from moderate to stable (Figure 2). Dominant
rhizome root systems (Table 2) could explain this direct
stabilization, as they enable quick lateral spreading
while at the same time fixing the moving debris. In
Turtmann glacier foreland, rhizome root systems are
notably absent (Table 2). This could be explained by
periglacial disturbances permitted by sufficiently low
MAATSs (3°C). Solifluction movement, most intense in
the upper centimeters of the soil (millimeters to centi-
meters per year; Matsuoka, 2001), could destroy rhi-
zomes growing in this soil layer and favor prostrate
engineer shrubs that grow their stems securely on top of
the moving soil and are able to adapt their root growth
to downslope soil movement (e.g., D. octopetala; Eichel
et al., 2017; Kutschera et al., 1997). This adaptation of
engineer traits to dominant geomorphic processes could
indicate eco-evolutionary feedbacks (Corenblit et al., 2015;
Odling-Smee et al., 2013).

Overall, ongoing biogeomorphic successions over centu-
ries (Turtmann) to millennia (Mueller) suggest that unsta-
ble terrain and resulting geomorphic habitat diversity
(Bollati et al., 2020) could persist well into the future,
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securing unstable glacier forelands as valuable microrefugia
for disturbance-adapted alpine species (Losapio et al., 2021).

CONCLUSIONS: UNSTABLE
GLACIER FORELANDS AS
BIOGEOMORPHIC ECOSYSTEMS

Our results show strikingly similar vegetation-geomorphic
disturbance feedbacks in two unstable glacier forelands
with contrasting topoclimatic conditions and floristic
regions. We found that:

1. Biogeomorphic ecosystem engineer species possess
similar traits and create similar positive biogeomorphic
feedback loops to stabilize moving ground.

2. Vegetation-geomorphic disturbance feedbacks play a
key role for soil and vegetation development during
biogeomorphic succession dynamics.

3. Topoclimatic conditions can influence biogeomorphic
succession timescales and select biogeomorphic eco-
system engineer species root traits by controlling dom-
inant geomorphic processes.

Collectively, our results suggest that vegetation-
geomorphic disturbance feedbacks control ecosystem
structure and function in unstable glacier forelands across
mountain regions, which makes them “biogeomorphic
ecosystems” similar to rivers, coasts, and coastal dunes
(Corenblit et al., 2015).

We believe that interdisciplinary research approaches
and the utilization of a biogeomorphic ecosystem per-
spective could strongly improve our capacity to manage
and conserve ecosystems not only in globally vastly
expanding glacier forelands but also in other alpine eco-
systems strongly affected by intrinsic geomorphic distur-
bances, such as talus and solifluction slopes, rock
glaciers, and alluvial fans (cf. Gentili et al., 2013; Pierce
et al., 2007).
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