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In steady-state orogens, topographic gradients are expected to increase with elevation whereas the European
Alps feature a transition from increasing to decreasing slopes. This peculiar pattern has been interpreted to reflect
either the critical slope stability angle or a prematurefluvial landscape but is also consistentwith the glacial buzz-
saw hypothesis. To disentangle the contributions of each of these principles we split the Alps into contiguous
domains of structural units and analyze their slope–elevation distributions emphasizing glaciated and non-
glaciated realms. In comparable structural units within the extent of the last glacial maximum (LGM) the transi-
tion from increasing to decreasing slopes is located at the equilibrium line altitude (ELA) of the LGM and we
interpret this to be evidence for the impact of glacial erosion. Decay rates of glacial landforms towards steady-
state slopes depend on lithological properties leading to a landscape characterized by different transient states.
Beyond the LGM limits the slope–elevation distributions show localmaximaaswell, but these are located at vary-
ing altitudes implying a tectonic driver. This observation and data from surrounding basins suggests that at least
parts of the European Alps experienced a pre-Pleistocene pulse of tectonic uplift. The resulting presence of
premature low-gradient terrain above the ELA during the global cooling in Plio–Pleistocene times would have
heavily influenced the onset and the extent of an alpine ice cap.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The topography of the European Alps reflects continental collision,
crustal thickening, and buoyancy driven surface uplift overprinted by
erosional processes following topographic gradients (e.g. Ratschbacher
et al., 1991; Frisch et al., 1998; Robl et al., 2008b; Luth et al., 2013).
These processes act on individual spatial and temporal scales and
should in principle be identifiable in the resulting landforms. However,
superposition, spatially non-uniform rates and different timing of these
processes, feedback loops between lithospheric and surface processes,
and the state of (non)-equilibrium of landforms still drive the debate
on the formation of topography and relief in terms of uplift and erosion
in the European Alps (Hergarten et al., 2010; Norton et al., 2010;
Wagner et al., 2010; Sternai et al., 2012).

1.1. Formation and destruction of topography in the Alps

The indentation of the Adriatic micro plate with Europe caused
spatially and temporally variable uplift as a consequence of a complex
eology University of Salzburg
8044 5419.
deformation field due to contrasting rheological properties of crustal
blocks, large scale fault systems, and theMid-Miocene stress field inver-
sion (e.g. Robl et al., 2008b). Deep-seated mantle processes such as slab
breakoff or the delamination of themantle part of the lithospheremight
also be responsible for recent large scale uplift due to increased buoyan-
cy of the EuropeanAlps (Lyon-Caen andMolnar, 1989; von Blankenburg
andDavis, 1995; Duretz et al., 2011; Valera et al., 2011). This leads to the
formation of relief over time which is expressed by increasing topo-
graphic gradients and potential energy.

Simultaneously to uplift, gravity-driven erosional surface processes
act along the topographic gradients and remove newly formed topogra-
phy until a morphological steady-state is established where uplift and
erosion rates are balanced (Montgomery, 2001). The drainage system
represents the backbone of the alpine landscape and is responsible for
bed rock erosion and the long range transport of rocks as bed load, sus-
pension or solution downstream towards the foreland basins (e.g.
Hinderer et al., 2013). Hillslopes constitute the largest parts of a moun-
tain landscapewhere the drainage system sets the lower boundary con-
dition for the hillslope evolution over time. Hillslope gradients adjust to
river incision by mass wasting towards steady-state hillslope angles
(Strahler, 1950; Montgomery, 2001). Gradients in channels and
hillslopes are controlled by the erosional resistance of the lithology sug-
gesting that rock properties are a first-order control on the topographic
evolution of a mountain range.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2015.01.008&domain=pdf
http://dx.doi.org/10.1016/j.gloplacha.2015.01.008
mailto:joerg.robl@sbg.ac.at
http://dx.doi.org/10.1016/j.gloplacha.2015.01.008
http://www.sciencedirect.com/science/journal/09218181
www.elsevier.com/locate/gloplacha


35J. Robl et al. / Global and Planetary Change 127 (2015) 34–49
Mass wasting along hillslopes, bed rock incision in drainage systems
and glacial scouring are conditioned by the climate (e.g. Norton et al.,
2010). A globally recorded cooling trend initiated in Pliocene times
(e.g. Zachos et al., 2001) and culminated in the Pleistocene glaciation cy-
cles. During these glacial stages, a predominant part of the European
Alps was covered by an ice cap and the landscape was reshaped by gla-
cial erosion (e.g. Penck, 1905). Consequently, glacial landforms like
cirques and glacial troughs are abundant throughout the Alps (e.g. van
der Beek and Bourbon, 2008) representing transient landscapes during
inter- and postglacial periods (Norton et al., 2008; Salcher et al., 2014).
As a consequence, the geometry of the drainage system is characterized
by a massive glacially-induced disturbance of former (steady-state?)
longitudinal channel profiles in mountainous regions in the form of
prominent knick points and the so-called “inner gorges” that have
been preserved through repeated alpine glaciations (Montgomery and
Korup, 2011). In addition, a horizontal shift of the main streams may
occur due to both glacial erosion and increased sediment delivery
(Robl et al., 2008a; Garzanti et al., 2011; Monegato and Vezzoli, 2011).

Extensive glacial dissection of the alpine landscape happened since
around 0.87 Ma (Muttoni et al., 2003; Haeuselmann et al., 2007;
Scardia et al., 2012) and resulted in base level lowering of several tens
(and possibly hundreds) of meters in themain channels of theWestern
(Schlunegger and Schneider, 2005; Herman et al., 2011) and Eastern
Alps (Preusser et al., 2010; Reitner et al., 2010). In addition, alpine
base level changes are also related to spatial and temporal variable uplift
rates (Wagner et al., 2010; Meyer et al., 2011; Legrain et al., 2014b) and
the desiccation of theMediterraneanduring theMessinian salinity crisis
(e.g.Willett et al., 2006). Channels transfer the information onbase level
changes upstream by the migration of knick points that incise into the
bed rock (e.g. Whipple et al., 2013), enter tributaries and trigger mass
wasting processes at corresponding hillslopes (Schlunegger, 2002;
Robl et al., 2008a; Schlunegger et al., 2009). This may cause an
orogen-wide reorganization of the drainage system by the migration
of divides and river piracy events (Stüwe et al., 2008; Willett et al.,
2014). Again, the pace of landscape reorganization towards steady-
state strongly depends on lithology (e.g. Hurst et al., 2013).

A feedback between tectonics and climate exists via erosional
unloading of the orogen. Hillslopes locally transfer regolith to confining
streams or glaciers which in turn transport mass from the mountains to
the foreland basins unloading the orogen (e.g. Hinderer et al., 2013).
The orogen responds with flexural isostatic uplift driven by erosion lead-
ing to the formation of additional relief (Gudmundsson, 1994;Wittmann
et al., 2007; Champagnac et al., 2009; Scardia et al., 2012). In contrast to
tectonically controlled uplift, peaks are rising but the mean elevation
andpotential energy of the orogendecrease in sumof erosion and isostat-
ic surface uplift (Wager, 1937; Szekely, 2003; Champagnac et al., 2007).

Kuhlemann et al. (2002) discovered a massive increase of sediment
delivery from the European Alps caused by erosion rates approximately
doubling since around 5 Ma and posed the question on climatic or tec-
tonic drivers. This observation is consistent with the low temperature
thermochronology from the Western and Central Alps indicating a
significant increase of exhumation rates within this time slice (Vernon
et al., 2008). Whatever drivers (climate or tectonics) may have caused
the increased denudation rates and sediment delivery, the alpine land-
scape is currently in a transient state and patterns of processes that
adjust the alpine landscape towards a geomorphic equilibrium are re-
corded constantly as expression of alpine topography and can therefore
be extracted by analyzing digital elevation models.

1.2. The topographic pattern in digital elevation models

Triggered by the pioneering morphometric studies of Frisch et al.
(2000) and Szekely (2001) many authors analyzed digital elevation
models (DEMs) of the Alps to infer tectonic, climatic and lithological
conditioning from topographic gradients and channel slopes (e.g. Robl
et al., 2008a).
Kühni and Pfiffner (2001) analyzed the topographic pattern in the
Swiss Alps and discovered an increase of topographic gradients with
increasing surface elevation up to 1500 m, followed by a constant aver-
age slope of about 25° up to 2900 m and a further steepening in the
summit regions. They interpreted this pattern as the average limiting
slope stability angle for the Swiss Alps that is in good agreement with
the average slope of 25° reported by Schmidt and Montgomery
(1995). The increase in slope at about 2900m is interpreted as a combi-
nation of permafrost stabilizing the regolith cover of the slopes and the
transition from a fluvial to a glacial erosional regime.

Hergarten et al. (2010) analyzed channel slopes at given catchment
sizes instead of topographic gradients to avoid complications intro-
duced by the non-linearity of the stream power formulation. They
interpreted the increase of channel slopeswith increasing surface eleva-
tion up to about 1500–2000mand the decrease of channel slopes above
as evidence for the morphological prematurity of the Alps caused by
accelerated uplift since around 5 Ma. In fact, a recent large scale uplift
event is documented at the periphery of the Alps and in adjacent basins
(Wagner et al., 2010; Cederbom et al., 2011; Gusterhuber et al., 2012;
Legrain et al., 2014a). This is consistent with the observed transient
landscape of the inner Alps where the channel morphology of the
lower regions may be interpreted as morphological equilibrium state
of the recent pulse of uplift. Domains at high altitudes characterized
by reduced channel gradients may represent lower uplift rates that
have driven topography formation before this latest pulse of uplift.

Both studies present strong arguments in favor of their hypotheses
with a consistent but not unique interpretation of the observed pattern.
Alternatively, glacial erosion is thought to cause a similar slope distribu-
tion: Several studies describe a maximum in the hypsometric curve at
the equilibrium line altitude (ELA) in regions characterized by a strong
glacial impact (Brozović et al., 1997; Spotila et al., 2004; Egholm et al.,
2009) and the formation of over-deepened valleys and glacial lakes
with nearly vertical valley flanks (e.g. van der Beek and Bourbon,
2008). Hence, the shape of the hypsometric curve of the Alps may be
caused by a decrease of mean elevation as a consequence of the “glacial
buzz-saw” resulting in lower topographic gradients at and above the
ELA and in the formation of valley scale relief due to glacial dissection
below the ELA (e.g. Sternai et al., 2012).

The slope–elevation distribution of the Alps as observed by Kühni
and Pfiffner (2001) and Hergarten et al. (2010) seems also consistent
with and could therefore be caused by glacial erosion. The scope of
this study is to disentangle the potential influence of prematurity,
slope stability and glacial erosion on the peculiar topography of the
European Alps.
1.3. Hypothetical slope–elevation effects of prematurity, slope stability and
glacial sculpting

Each of the three geomorphological principles described above —

morphological prematurity, slope stability and glacial erosion predicts
an individual characteristic slope–elevation distribution (Fig. 1). As-
suming a simplified mountain range with surface uplift rate linearly in-
creasing towards the main divide (tent-shaped uplift rate), fluvial
equilibrium is represented by an increase of average slope with surface
elevation (Hergarten et al., 2010).

In case of prematurity, the slope–elevation distribution is character-
ized by a turning point from increasing to decreasing slope with eleva-
tion (Fig. 1a). However, spatial variations in uplift are unlikely for the
small scale structural units investigated in this study. Here, we rather
expect uniform uplift rates hence constant slopes over the entire eleva-
tion range in geomorphological equilibrium as long as the distribution
of upstream drainage areas does not change significantly with altitude.
Given uniform uplift, prematurity also features a turning point in the
slope–elevation distribution separating high topographic gradients at
low altitudes from low topographic gradients at high altitudes.
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Fig. 1.Characteristic slope–elevation curves of the three proposed geomorphic concepts for the topographydevelopment of the European Alps: a) state ofmaturity (corresponding to Fig. 7
in Hergarten et al. (2010)), b) slope stability in a mature alpine landscape, and c) glacial buzz-saw.
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A constant slope with increasing surface elevation can also be ex-
pected in rapidly uplifting fluvial areas where hillslopes reach the criti-
cal slope stability angle. The critical slope stability angle imposes a limit
to the topographic gradients varying with the lithological inventory
(Fig. 1b).

Glacial erosion alters fluvial topography in a characteristic way: at
and above the ELA local relief is destroyed by the formation of glacial
cirques (glacial buzz-saw) indicated by a decrease in topographic gradi-
ent, leaving nearly vertical cirque faces and nunataks in the summit re-
gions; glaciated trunk valleys lead to a bimodal slope distribution below
the ELA generally not recognized in standard slope–elevation plots
where only the mean slope is considered as a function of elevation
(Fig. 1c). An exceptional feature of this conceptual pattern is a transition
from increasing to decreasing slope with surface elevation approxi-
mately located at the LGM ELA.

In the European Alps, the observed topography can be expected to
be the result of these principles combined and the persistence of the to-
pographic disequilibrium is controlled by surface process rates towards
a new steady-state and therefore lithology-dependent. There is a con-
sensus that this dependency represents a first-order control on the
steepness of fluvial channels and hillslope gradients in steady-state
and that the response time of a transient landscape is governed by
lithology (Korup and Weidinger, 2011; Montgomery and Korup, 2011;
Hurst et al., 2013).

In this study we employ a novel approach considering not only the
mean slope at a given elevation, but also its statistical distribution. The
method is applied to a set of contiguous domains of themajor structural
units of the European Alps (Bousquet et al., 2012) being characteristic
for the three presented theoretical slope–elevation curves in order to
interpret the topography of the orogen.
2. Data and methods

We follow the approach of Kühni and Pfiffner (2001) and Hergarten
et al. (2010) and analyze the distribution of slope versus surface eleva-
tion of the European Alps (Fig. 2). Our analysis is based on version 4 of
the freely available shuttle radar topography mission (SRTM) DEM
with a resolution of 3 arc sec (Farr and Kobrick, 2000). SRTM tiles
weremosaicked and projected to a Lambert Conformal Conic projection
(EPSG: 3034) with a spatial resolution of 50 m. Slopes in m/m were
calculated by the standard algorithm implemented in GRASS GIS (e.g.
Neteler et al., 2012).

In contrast to previous studies we particularly focus on lithological
and glacial influences.Wefirst split the EuropeanAlps into homogenous
domains characterized by their tectonic position and lithological inven-
tory based on the map “Tectonic Framework of the Alps” (Bousquet
et al., 2012). Subsequently, we analyze the slope–elevation relation for
each segment and compare the results with special emphasis on lithol-
ogy and glaciation.

Hergarten et al. (2010) suggest using channel slopeswithin a limited
range of catchment sizes in order to avoid complications due to the non-
linear contributions of slope and drainage area to fluvial erosion in the
stream power approach. The application of channel slopes for specific
catchment sizes effectively removes the local topographic maxima at
the very headwaters including the steepest parts of the Alps (peaks
and ridges). However, the constraints of their analysis can be relaxed
as results for channel slopes for specific catchment sizes and topograph-
ic gradients employed for this work provide similar information. This
can be expected as cells holding a small upstream drainage area reflect
both hillslope and fluvial process patterns and large catchments sizes
have a minor influence on the slope–elevation distribution due to
their low frequency of occurrence (McNamara et al., 2006). A major ad-
vantage of our approach is the visibility of both the findings of Kühni
and Pfiffner (2001) and of Hergarten et al. (2010) at high altitudes. In
extension of the studies of Kühni and Pfiffner (2001) and of Hergarten
et al. (2010) our approach not only focuses on the mean slope at a
given elevation and its variance, but also takes the shape of the slope
distribution into account. In a first step, the data set consisting of
slope–elevation pairs is subdivided into 50 m wide elevation slices,
and the statistical distribution of the topographic slopes in each slice is
evaluated individually. For a graphical representation of the distribu-
tion, the relative frequency of occurrence of slope values within each
elevation slice is evaluated using 0.025 m/m wide bins. Mean values,
standard deviations, and percentiles (P15.9, P50 and P84.1) are computed
from the original slope values without binning. For a normal distribu-
tion of slopes within an elevation slice, the median value equals the
mean value and the P15.9 and P84.1 percentiles correspond to the mean
value ±1 standard deviation, so that the provided statistics indicate
the deviation from a Gaussian distribution.

3. Expressions of alpine topography

The slope–elevation distribution for the entire Alps shows the previ-
ously discussed pattern with an increase in slope up to about 1800 m
followed by constant mean and median slopes of about 0.52 (~27°) up
to about 2900m (Fig. 2). From there, themean andmedian topographic
gradients increase up to 0.8 (~39°) at summit regions (Fig. 2c,white and
magenta circles). The strongest increase in slope occurs from the valley
floors up to about 1000 m. These findings were described by Kühni and
Pfiffner (2001). However, the behavior of mean and median slopes in
high altitudes coincides with the occurrence of slopes beyond 0.8
(39°) and with mode values (Fig. 2c, white triangles) decreasing with
increasing surface elevation — the pattern described by Hergarten
et al. (2010). While the mode values show considerable scatter this
trend is clearly depicted by the frequency density. These observations
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Fig. 2. Topographic pattern of the European Alps: (a) Topographic map of the orogen color coded for surface elevation above 650m. The 650m elevation cutoff conforms to the threshold
employed by Hergarten et al. (2010) to allow for direct comparison. Red circles and yellow triangles indicate the position of important cities and peaks, respectively. The extent of the LGM
is shown by light blue transparent polygons. The drainage system and important lakes are displayed as blue lines and dark blue polygons. (b) The hypsometric curve of the European Alps
above 650m is represented by the black solid line. Blue bars indicate the normalized area of each elevation class. (c) Slope–elevation distribution for the entire EuropeanAlps above 650m.
White circles andblack error bars indicate themean slope andone standarddeviation for each50melevation slice.Magenta circles show themedian values andmagenta triangles indicate
the 15.8 and 84.1 percentiles so that the range between the triangles includes 68.3% of the data.White trianglesmark themode values for each elevation slice. The number of cells of every
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37J. Robl et al. / Global and Planetary Change 127 (2015) 34–49
are also represented in the histograms that show the distribution of
slopes at specific elevation slices (Fig. 2d1–d3). At low elevations (E =
700 m) we have a maximum at very low slopes and an exponential de-
cline towards high topographic gradients (Fig. 2b). At E = 2100 m the
distribution is characterized by a maximum at slope values around 0.5
and a decrease in frequency towards larger and smaller slopes. The
distribution is slightly skewed right. At E = 3500 m the distribution is
considerable skewed towards very large slopes (Fig. 2d1–d3).

The slope–elevation distribution of the entire Alps derived by the
methodology outlined above is consistentwith the observations and in-
terpretations of Kühni and Pfiffner (2001) (mean and median values),
as well as Hergarten et al. (2010) (density and mode values), but may
also be explained by glacial erosion (Fig. 1). The bulge in the hypsomet-
ric curve roughly at the LGM ELA is equivalent to reduced topographic
gradients and is interpreted as the characteristic pattern of a landscape
coined by the “glacial buzz-saw” (Egholm et al., 2009). However, as
outlined in Fig. 1a, slopes decreasing with surface elevation can also
be an expression of a premature landscape. An exclusive statement on
the prevailing process can therefore not be derived from a single Alps-
wide analysis as it is biased by the very heterogeneous lithological
inventory and the glacial history of the mountain range. In addition, a
possible recent pulse of uplift may be characterized by spatiotemporal
variability. Hence, we explore the isolated effects of prematurity, slope
stability, and glaciation on the topography by analyzing the slope–



Fig. 3. Important structural units and locations: Spatial position of all analyzed contiguous domains of the main structural units of the Alps described in this study and links to figures
depicting the slope–elevation distributions of these domains in detail. The position of aerial photos, important cities, summits, lakes, and drainages systems are plotted for orientation.
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elevation distribution of homogenous domains of the major structural
units of the European Alps individually (Fig. 3).

Field observations clearly illustrate that areas characterized by dif-
ferent lithology host different landforms and that the glaciated domains
of the Alps differ significantly in their appearance from domains with-
out glacial impact (Fig. 4). Therefore, we begin our analysis by
confronting qualitative landscape observations of four iconic regions
from theWestern and Eastern Alps with their slope–elevation distribu-
tions. These four regions were selected to represent alpine landscapes
characterized by (3.1) glacial imprint and high landform persistence,
(3.2) glacial imprint and low landform persistence, (3.3) low surface
process rates due to karstification and subsurface run-off and (3.4) flu-
vial landscape prematurity caused by a recent pulse of uplift.

3.1. Glaciated with high landform persistence: the Mont Blanc Massif

The Mont Blanc Massif consists predominantly of polyphase, high
grade metamorphic rocks and is representative for an alpine landscape
with strong glacial imprint. While lower elevation slices are character-
ized by trunk valleys including active glacial erosion above 1800m, spa-
cious areas at higher altitudes are occupied by cirques bordered by very
steep ridges and horns (Figs. 3, 4a). This qualitative description iswell in
line with the observed slope–elevation distribution for the Mont Blanc
Massif region as outlined in Fig. 3 and shown in Fig. 4a (inset) and
also consistent with the proposed hypothetical slope–elevation curve
for a glaciated landscape (Fig. 1c). Trunk valleys at lower altitudes
imply a bimodal landscape characterized by a high frequency of occur-
rence for both high and low slopes in the slope–elevation distribution.
The mode of the slope distribution is the largest in the elevation slices
between 1500 and 2000 m and roughly coincides with the position of
the LGMELA (Ivy-Ochs et al., 2006, 2008). From this elevation range on-
wards — the lower limit where spacious cirques are observed — the to-
pographic gradients decrease with increasing surface elevation. Over
the entire distribution, the standard deviation of the slopes exceeds
0.2 due to the occurrence of very steep landscape patches with slope
values above 1 representing trunk valley flanks, cirque faces, and ridges.
At summit regions these ridges, faces, and horns become predominant
relative to the cirque floors causing an increase of themean andmedian
slope values. Nevertheless, themodal slope values further decreasewith
increasing surface elevation up to about E = 3800 m, but towards the
highest peaks a rapid increase to mode values exceeding 0.8 can be ob-
served which is well in line with the slope characteristics for the nuna-
taks realm proposed in Fig. 1c. However, data scarcity in the highest
elevation slices reduces the reliability of the related signals.

3.2. Glaciated with low landform persistence: the Engadin Window

TheEngadinWindowwithpeaks above 3000m (e.g. Stammerspitze,
Figs. 3, 4b) is located at the transition from the Western to the Eastern
Alps in the center of the orogen — a region that was intensely glaciated
several times during the Pleistocene. However, the landscape character-
istics of this area differ significantly from those of theMont BlancMassif.
The surface is dissected by numerous gullies and channels indicating
water as the driving agent of erosion. Relics of glacial landforms have
widely vanished and are observed only locally in areas of recent glacia-
tion. In general, the landscape steepens with increasing surface eleva-
tion towards the highest summits of the Engadin Window like the
Stammerspitze (Piz Tschütta).

This characteristic is quantitatively shown in the slope–elevation
distribution that startswith very low topographic gradients at the valley
floor of the Inn River (Fig. 4b, inset). The landscape steepens along the
glacially sculpted flanks of the Inn valley and reaches a maximum in
slope at about 1100m followed by planation surfaces (valley shoulders)
occurring at about 1300 m. From there on, the topographic gradients
(mode values) increase continuously with elevation up to the summit
regions with an accelerated increase in slope from 2600 m onwards.
The mean slope also indicates a slope maximum at 1100 m but does
not signify the planation surfaces of the valley shoulders due to a bi-
modal slope distribution in the respective elevation range. From
1300m to 2700m themean slope increases only slightly but is followed
by a strong increase towards the highest peaks of the area. While the
Mont Blanc Massif features a wide range of topographic gradients



Fig. 4. Expressions of alpine topography shown in aerial photos from www.alpengeologie.org (Stüwe and Homberger, 2012) and corresponding slope–elevation distributions as insets.
(a) Mont Blanc (b) Stammerspitze (c) Dachstein and (d) Koralpe. Note that a similar photo of the Dachstein—Augenstein landscape was presented by Frisch et al. (2000) and Frisch
et al. (2001).
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caused by ridges and peaks (high slopes) and cirque and trunk floors
(low slopes), the slope–elevation distribution of the Engadin Window
generally shows lower slopes and a reduced standard deviation. The
lack of a glacial pattern in the EngadinWindow nourishes the suspicion
that the decay of glacial landforms happens at higher rates (and
has probably started slightly earlier) as in the Mont Blanc Massif. In
accordance to the concept of slope stability the persistence of non-
equilibrium landforms in the Engadin Window is lower than in the
Mont Blanc Massif and therefore highly lithology-dependent.

3.3. Regions with low surface process rates: the Dachstein Massif

The Dachstein Massif belongs to the glaciated part of the Northern
Calcareous Alps (NCA) and shows outstanding morphological features
that are not observed in the two examples described above, but are rep-
resentative for this structural unit: planation surfaces and vertical faces
(Figs. 3, 4c). The “upper planation surface”, the so called Augenstein
landscape at about 2000 m, is well known for hosting fluvial gravels of
Oligocene toMiocene age (Frisch et al., 2001). A secondEnns-valley par-
allel planation surface at about 1000 m is observed, but its age and sig-
nificance in terms of landscape evolution are still unclear (Frisch et al.,
2000; Keil andNeubauer, 2011). The twoplanation surfaces are separat-
ed by vertical faces especially at the southern boundary of the Massif.
These field observations are consistent with the slope–elevation distri-
bution of the area outlined as “Dachstein” in Fig. 3. While the low gradi-
ent elevation slices at about 500 m and 700 m mark the valley floors
north and south of the Dachstein Massif, respectively, the landscape is
strongly bimodal between 900 m and 1400 m. Within this elevation
range spacious planation surfaces and steep near-vertical faces occur,
featuring highest mean and modal slopes. The abundance of very low
slopes between 1400 and 2100 m represents a paleo-surface, the dom-
inant morphological feature in this elevation range. Beyond the plateau
of the Augenstein landscape the relief steepens up to about 2500 m but
the average slope decreases again towards the still glaciated regions
near the summit. The persistence of paleo-surfaces and the lack of a flu-
vial erosion pattern can be attributed to the extensive karstification and
missing surface run-off, which is a widespread phenomenon in the NCA
and another example for lithology-dependent morphology.

3.4. Never glaciated regions at the fringe of the Alps: the Pohorje Massif

The Pohorje at the south-eastern border of the Eastern Alps was
never glaciated during the Pleistocene glaciation cycles. It consists also
of high grade metamorphic rocks of the Koralpe-Wölz nappe system
and a plutonic body (granodioritic to tonalitic composition) of Miocene
age that outcrops in the center of the range (Figs. 3, 4d). The Pohorje is
split into a northern and southern domain by the deeply incised gorge of
the Drava River. As the range does not consist of karstifiable rocks, sur-
face run-off prevails and causes steep, incised channels at lower eleva-
tions separated by knick points from gentle headwaters at higher
altitudes where a spacious paleo-surface occurs (Robl et al., 2008a)
(Fig. 4d). The observation of a smooth and gentle landscape is consistent
with the generally low slopes for this domain as implied by the slope–
elevation distribution (Fig. 4d inset). Themean slopes for almost the en-
tire elevation range are far below the critical slope stability angle. Here
we discover a strong increase in slope from 300 to 500 m followed by

http://www.alpengeologie.org
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a significant drop in themean andmode values of slope in the elevation
range between 500 und 700 m. This low gradient surface coincides ex-
actly in altitude with the occurrence of a dry and wide Drava River par-
allel valley (Ribnica basin). The average topographic gradients increase
again to the highest values at about 1000 m. This is consistent with the
observation of deeply incised channels (perpendicular to the dry valley)
and steep corresponding hillslopes in this elevation range. This maxi-
mum in slope is followed by a significant decrease towards to the
highest peaks where the landscape is composed of spacious and gentle
paleo-surfaces covered abundantly bymoorlands. Interestingly, the cor-
responding reduced slope angles at higher elevations are also character-
istic for glaciated domains (e.g. Mont Blanc Massif). However, here they
occur far below the alpine LGM ELA (Ivy-Ochs et al., 2008) and can
therefore not be explained by glacial erosion.Moreover, a high standard
deviation in slope related to glacial troughs and cirques as observed in
the Mont Blanc area is missing in the Pohorje. Effects related to
slope stability can be ruled out as well because observed topographic
gradients are generally below the critical slope stability angle.
Conversely, themorphology of the landscape is consistentwith a prema-
ture state that was proposed for the entire European Alps (Hergarten
et al., 2010) and may therefore be related to a recent pulse of uplift
(Figs. 4d, 1a).

In summary, the four characteristic landscape types demonstrate a
high landform diversity caused by glacial sculpting, tectonic uplift and
variable persistence of transient landforms controlled by lithology.

4. Quantitative analysis of glacial, lithological and tectonic effects

The analysis of the four iconic landscapes that are frequently ob-
served in the European Alps correlate well with the hypothetical
slope–elevation curves discussed in Fig. 1. The presence of glacial mor-
phology (e.g. cirques) coincides with pronounced deviations in the
slope–elevation distribution from the hypothetical steady-state
(Fig. 1a): a decrease of topographic gradients with increasing surface
elevation is observed at higher altitudes. However, deviations are also
observed in the non-glaciated parts of the Alps indicating prematurity.
In the following sections we systematically explore the slope–elevation
distribution of numerous contiguous domains of the main structural
units of the European Alps and interpret their slope–elevation patterns
in terms of (4.1) glacial effects, (4.2) lithological effects and (4.3) tectonic
effects.

4.1. Glacial effects

As described in several studies (e.g. Frisch et al., 2000) and indicated
by the four examples presented above, the lithological inventory, glacial
imprint, and uplift history are controlling parameters of the topographic
expression of the EuropeanAlps. Consequently, themorphological char-
acteristics of regions at various positions within the orogen should be
similar as long as lithological properties, glacial imprint, and latest tec-
tonic history are comparable. To proof this assumption we explore the
topographic expression of the Pre-alpine basement and the External
Massifs that can be directly compared in terms of their structural posi-
tion, lithological inventory and glacial history but are spatially distribut-
ed over several hundred kilometers from the Western to the Eastern
Alps (Fig. 3).

4.1.1. The Pre-alpine basement at various spatial positions
Here we compare the slope–elevation distribution of the Tauern

Window in the Eastern Alps with the Lepontine which is located in
the Western Alps. Both areas belong to the “Pre-alpine basement” of
the European Continent, but are about 250 km apart from each other
(Figs. 3, 5). The Pre-alpine basement is part of the metamorphic nappes
from the distal Europeanmargin. It consists of high grade metamorphic
rocks and covers the center of the Tauern Window and large domains
of the Lepontine (Fig. 5a). In addition, this domain represents a
characteristic alpine landscape featuring persistent imprint of past
glaciations. The slope-elevation distributions are consistent, both inter-
nally (e.g. western and eastern Tauern Window) and between the
Lepontine and the Tauern Window area. In addition, they show the
same pattern as the lithologically and glacially similar Mont Blanc
Massif (Figs. 5b, c, 4a). The largest areas of the Pre-alpine basement
units are located at a surface elevation between 2000 and 2500 m
(Fig. 5d). The highest slopes occur at about 1500 m and decrease with
increasing surface elevation up to 2600 m. At about 2900 m there is a
second maximum in the slope–elevation distribution. From here to
the summit region the slopes decrease again. This trend is clearly visible
in the three histograms showing the frequency of slopes at the 400 m,
the 1600 m, and the 2800 m elevation slices (Fig. 5d1–d3).

Gentle slopes are dominant at low elevations but their frequency of
occurrence decreases rapidly with increasing surface elevation. The fre-
quency distribution of slopes at 1600 m looks like a Gaussian distribu-
tion at the first glance but features two distinct deviations: the
distribution is bimodal with one maximum at 0.55 and a second at
0.65 (Fig. 5d2). In addition, the distribution is slightly right-skewed
towards large slopes. The distribution becomes increasingly skewed to-
wards large slopes with increasing surface elevation as shown at the
2800 m elevation slice. Here, the mode value of the highest frequency
is shifted to 0.48 and the distribution shows a long tail towards slopes
above 1.

Thewestern TauernWindow and thewestern Lepontine (Antigorio)
are large and continuous areas consisting of Pre-alpine basement rocks
and are depicted in detail in Fig. 5e, f. Both domains show the same char-
acteristics in the slope–elevation distribution with an increase of slopes
with increasing surface elevation up to about 1500 m, followed by an
upward decrease of mean slopes. Both domains include substantial
areaswith anaverage slope above 30°. These slopes are located between
1200 and 2200m and between 800 and 2000m in theWestern Tauern
Window and the Antigorio, respectively.
4.1.2. The External Massifs at various spatial positions
The External Massifs, as part of the Helvetic nappes, belong to the

European Continent and can be directly compared to the Pre-alpine
basement in terms of their tectonostratigraphic position, lithology,
and glacial history. The polyphase crystalline rocks of the External
Massifs break through theMesozoic sedimentary cover at the peripher-
al part of theWestern Alps (Figs. 3, 6). Interestingly, some of the highest
peaks of the Alps including the Mont Blanc are located tens of kilo-
meters north of the Alpine main divide. Here we explore the slope–
elevation distribution of several External Massifs at various spatial posi-
tions that reflect landform diversity from the highly glaciated Aar- and
Mont Blanc Massif to the slightly glaciated Argentera Massif in the
northern and southern part of the Western Alps, respectively (Fig. 6a).

The highest mode values for slope occur at the 1800 m elevation
slice marking a local maximum in the slope–elevation distribution
followed by a decrease of slope with elevation (Fig. 6b). A damped but
similar trend is observed in the mean and median slopes. However, at
elevations above 3000 m the mode values further decrease upwards,
while the occurrence of very steep landscape patches expressed by
the high standard deviation causes an increase in mean slope with alti-
tude. Alongwith the statisticalmeasures the eye-catching similarities in
the topographic expressions of the External Massifs and the Pre-alpine
basement units support the assumption of a lithology- and glacial
imprint-controlled topography of the European Alps. The Aar, Mont
Blanc, Aiguille Rouges, Pelvoux-Ecrins, and Argentera Massifs undoubt-
edly show the transition from increasing to decreasing slopes with sur-
face elevation roughly between 1500 and 2000 m. However, this trend
is less clear with only mode values peaking slightly below 2000 m in
the two analyzed domains of the Belledonne Massif. This could be ex-
plained by varying fractions of outcropping rock types composing the
lithological inventory (e.g. Raumer et al., 1993). A significantly different



Fig. 5. Topographic pattern of the Pre-alpine basement. (a) Topographicmap of theAlps and surrounding regions. Contiguous domains of the Pre-alpine basement are indicated by colored
polygons. Mean (circles) andmode values (triangles) of slope at 50m elevation slices for (b) three areas of the Lepontine and (c) two areas of the TauernWindow. Symbol colors coincide
with the colors of the polygons in (a). (d) Slope–elevation distribution of all landscape patches of the Pre-alpine basement. Histograms (d1)–(d3) show the frequency of slopes for the
entire areas of the Pre-alpine basement at E = 400 m, E = 1600 m, and E = 2800 m, respectively. (e) and (f) show the slope–elevation distributions of the Western Tauern Window
and the Western Lepontine, respectively. The extent of the two domains is indicated by color-coded polygons in (a).
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distribution is observed in the unglaciated Tanneron Massif at the
Mediterranean coast (Fig. 6c–j).

4.1.3. Topographic similarities across the European Alps
The examples above demonstrate that the topographic expression of

the European Alps with similar lithology and glacial imprint show
comparable patterns in their slope–elevation relation. The transition
in the slope–elevation distribution from increasing to decreasing slopes
occurs between 1500 and 2000 m in all glaciated domains of the Pre-
alpine basement units and External Massifs. The altitude of the local
maximum coincides conspicuously well with the reported elevation
range of the LGM ELA for the European Alps (e.g. Ivy-Ochs et al., 2008)



Fig. 6. Topographic pattern of the External Massifs. (a) Topographic map of the Alps and surrounding regions. Contiguous domains of the External Massifs are annotated and indicated by
red polygons. (b) Slope–elevation distribution of all landscape patches of the External Massifs. (c)–(j) show the slope–elevation distribution of contiguous domains represented by poly-
gons in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and is therefore consistent with the glacial buzz-saw hypothesis. How-
ever, the southernmost External Massif, the Argentera Massif, is located
outside the contiguously glaciated part of the Alps but also shows a to-
pographic expression characteristic for glaciated domains with its most
prominent features: a local maximum of slope in an elevation range
consistent with the LGM ELA, and a generally high standard deviation
(Figs. 1c, 3, 6j). This nourishes the suspicion that the amount of glacia-
tion was underestimated for the southern massifs (e.g. Ehlers et al.,
2011).

4.2. Lithological effects

The lithology dependence of topographic signatures observed in
slope–elevation distributions (Figs. 4, 5) is further tested by comparing
eleven homogenous and adjacent structural units of the Central Alps.
The chosen domains were covered by an ice cap during the LGM and
precursor glaciations and align to a north–south transect from the Sub-
alpine Molasse to the Adamello intrusion (Figs. 3, 7). A comparison of
the individual slope–elevation distributions shows considerable varia-
tions among adjacent domains and confirms that the lithological inven-
tory represents as a first-order parameter for alpine landscape
evolution. Despite all differences, the structural units can be grouped
according to clearly distinguishable patterns in their topographic
expressions.

The most obvious pattern is found in structural units consisting of
high grademetamorphic rocks like the Silvretta nappe systemandmag-
matic intrusions as the Adamello pluton (Fig. 7h, j, k, l). This pattern is
consistentwith the slope–elevation distributions of the TauernWindow
and the Lepontine (Fig. 5) and the External Massifs (Fig. 6) as well as
with the hypothetical signal of glacially coined mountain landscapes
(Fig. 1c). In addition, the transition from increasing to decreasing slopes
with surface elevation is located roughly at 1700mwhich is well in line
with the proposed LGM ELA (e.g. Ivy-Ochs et al., 2008).

The Engadin Window and the Sesvenna domain consisting of
Permo-Mesozoic rocks (Fig. 7f, i) are located adjacent to the domains
described above but are characterized by a contrasting slope–elevation
distribution. Here, slopes continuously steepen with elevation as
described in detail for the Stammerspitze located within the Engadin
Window (Fig. 4b). Despite a glacial history similar to adjacent domains,
the alpine topographydoes not conform to the conceptual glacial slope–
elevation distribution (Fig. 1c) and also lacks the local slope maximum
at about 1700 m reported above. Consequently, the persistence of
non-equilibrium landforms in rocks related to the Valais Ocean (e.g.
Bündner Schiefer) is lower than in the gneisses of the Ötztal Crystalline
or the granitic rocks of the Adamello.

The Bavarian and the Tyrolean nappes of the NCA and their
tectonostratigraphic base, the Greywacke zone, show uniform slope–
elevation distributions, but do not conform to any of the concepts in
Fig. 1 at first glance. However, the local slope maximum of all three
slope–elevation patterns is located between 1500 and 1800 m (Fig. 7d,
e, g). In addition, pronounced depressions in the slope–elevation distri-
butions of the Bavarian nappes and the Noric nappes of the Greywacke
zone located at 2100 and 1700m, respectively, correlate well in altitude
with the abundant occurrence of glacial cirques in these domains. A
major difference between these domains is the standard deviation of
slopes in all elevation slices which is much lower for the Greywacke



Fig. 7. Topographic pattern of 11 adjacent contiguous domains of contrasting structural units in the glaciated part of the Central Alps. (a) Topographic map of the European Alps and sur-
rounding regions. Contiguous domains of different structural units are indicated by color-coded polygons. (b)–(l) show the slope–elevation distribution of contiguous domains represent-
ed by polygons in (a).
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zone indicating rocks less resistant to erosion and the rapid decay of
small scale steep glacial landforms. This goes along with reduced topo-
graphic gradients over all elevation slices which were already observed
by Szekely (2001) and Szekely et al. (2002).

At the northern border of the Alps, numerous lakes and gargantuan
moraines indicate a strong glacial imprint due to Piedmont glaciers
which should be represented somehow in the slope–elevation distribu-
tion of the Subalpine Molasse (Fig. 7b). The highest portions of this re-
gion barely reach the LGM ELA, and therefore glacial cirques did not
evolve, hence the slope–elevation distribution only represents the
sub-ELA segment of the conceptual glacial signal (Fig. 1c). The turn in
slopewidelymissing in the SubalpineMolasse is clearly detected rough-
ly at 1600 m in the about 400 m higher mountains of the Helvetic
nappes (Fig. 7c). In both domains a bimodal landscape comprising of
flat valley floors and steep flanks is detected in the scatter of the mode
values. As common for glaciated regions, a large standard deviation
of the slope values exists throughout the entire slope–elevation
distribution.
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The observed topographic patterns of all eleven domains are well in
line with the glacial buzz-saw concept, but the persistence of glacial
morphology varies significantly with lithology.

4.3. Tectonic effects

The predominant part of the European Alps experienced significant
glacial impact during the Pleistocene, while the transition zone from
the Eastern Alps to the Pannonian Basin and the southern termination
of the Western Alps were never or only slightly glaciated (Figs. 3, 8).
This facilitates exploring the state of equilibrium of these parts of the
European Alps without the disturbance by glacial erosion.

The analysis of eight homogeneous domains of the Eastern Alps
(Fig. 8b–i) and six domains of the Western Alps (Fig. 8j–o) reveals a
strong lithology-dependence of the topographic expressions. In addi-
tion, a transition from increasing to decreasing slopes with elevation is
detected similar to glaciated regions, which conforms to the concepts
outlined in Fig. 1. In contrast to glacially coined areas, the turning
point in the slope–elevation distributions is located at different vertical
positions in the Western and Eastern Alps. Within both regions and in
strong contrast to areas within the LGM extent the standard deviation
for slopes is significantly lower.

4.3.1. Non-glaciated domains of the Eastern Alps
In the non-glaciated domains of the Eastern Alps topographic gradi-

ents are lower over the entire elevation range compared to the glaciated
structural units described above and the local maxima in the slope–
elevation distributions are located between 800 and 1200 m hence
far below the LGM ELA. Some areas like the Semmering Wechsel
(Fig. 8b), the Strallegg (Fig. 8f), and the Pohorje (Figs. 8g, 4d) are char-
acterized by spacious, gentle surfaces at high altitudes and incised chan-
nels with steep hillslopes at lower elevations. The Paleozoic of Graz
shows a similar pattern except for a small area at the highest elevation
range above 1500 m where numerous vertical faces consisting of
karstifiable limestone lead to the gentle summit region (Fig. 8c). The
slope–elevation distributions for these regions are well in line with
the proposed hypothetical slope–elevation relation for a premature
landscape in a fluvially dominated environment (Fig. 1a). Similar but
less distinct patterns are also observed in the slope–elevation distribu-
tions of the Koralpe, Saualpe, andGleinalpe, with the first twomountain
ranges showing extremely low topographic gradients (Fig. 8d, e, h). The
increased standard deviation between 500 and 1000 m due to the oc-
currence of a considerable amount of slopes at and above 30° coincides
well with deeply incised torrents and corresponding steep hillslopes. All
three mountain ranges feature a maximum in slope at the summit re-
gions roughly at 2000 m which corresponds nicely to the occurrence
of small scale, isolated cirques. Beside of small scale glacial disturbances
near the peaks, the slope–elevation distribution of the Gleinalpe with
small standard deviations in slope and a local maximum in the slope–
elevation distribution at roughly 1200 m conforms to prematurity. The
Bavarian nappes of the “Ybbstaler Alpen” consist of carbonatic rocks
with a significant amount of subsurface run-off. They are characterized
by a bimodal landscape with steep faces and plateaus featuring a long
term persistence of landforms due to karstification indicating the high
diversity of topographic expressions due to lithology-dependence
(Fig. 8i).

4.3.2. Non-glaciated domains of the Western Alps
The homogeneous structural units of the non-glaciated Western

Alps are several hundred kilometers apart from the eastern border of
the European Alps and show striking geomorphic features as well. The
deformed Mesozoic cover of the “Dauphiné-Provence” region features
a slope–elevation distribution with a continuous increase of slope
with altitude interpretable as a geomorphic steady-state for uplift
rates increasing nonlinearly from the peripheral lowlands to themoun-
tains (Fig. 8m). The Mono-metamorphic cover near Castelmagno
and Stroppo (Briançonnais) and the Bündner Schiefer (South Penninic
ophiolites) of the Voltri region display a similar bow-shaped slope–
elevation pattern as the Pohorje in the Eastern Alps, even though the
transition from increasing to decreasing slopes with elevation in the
first of the two areas is roughly located at 1500 m and the mean slope
is significantly higher over the entire elevation range (Fig. 8g, j, k). How-
ever, there are no signs of a glacial history present in these structural
units but their topographic expression is consistent with a premature
state of the landscape. The Zone Houlliere in the Ligurian Alps and the
Variscian basement nappes of the Dora Maira are located outside the
contiguously glaciated Alps (Ehlers et al., 2011) and the lower three
quarters of the slope–elevation distributions are similar to the units
described previously. In contrast, standard deviations increase consider-
ably in the upper quarter. This is complemented by a bimodal landscape
caused by the coexistence of steep and flat terrain conforming to glacial
landforms limited to summit regions. The Argentera Massif shows the
same features in the topographic expression as all External Massifs in
the glaciated part of the Alps. This includes a generally high standard
deviation and a local maximum in slope located between 1500 and
2000 m suggesting extensive glacial sculpting contradicting the dataset
of Ehlers et al. (2011) in this region.

The non-glaciated domains of the Alps show a transition from
increasing to decreasing slopes consistent with the conceptual signal
of a premature fluvial landscape (Fig. 1a). These domains feature local
maxima in the slope–elevation distributions at various altitudes fre-
quently located below the LGM ELA. They are characterized by a lower
standard deviation in slope compared to domains located within the
LGM extent. Glacial imprint limited to high altitudes exists in several
structural units at the periphery of the Western and also Eastern
Alps and is clearly detectable via a strong increase in the standard
deviation of slope. However, the presence of these small glacial pertur-
bations does not contradict the conception of a pre-Pleistocene non-
equilibrium landscape.

5. Discussion

The slope–elevation distributions from contiguous domains of the
main structural units of the Alps show a peculiar bow-shaped pattern
with a turning point in slope in glaciated and unglaciated domains
throughout the orogen. The absence of this pattern in some areas is
distinctly related with lithology and higher process rates towards
steady-state hillslopes. To separate the glacial from the tectonic effects
on the topography of the Alps we (5.1) confront differences in the
slope–elevation distributions from glaciated and unglaciated areas,
(5.2) explore the time-dependent evolution of slope–elevation distribu-
tionswith a 2-dimensional numerical model and (5.3) present a consis-
tent interpretation for the apparently contradicting observation of a
local maximum in slope at intermediate altitudes in both realms: the
glaciated and the never glaciated.

5.1. Slope–elevation relationship for glaciated versus unglaciated areas

In the glaciated realm, the surface expression originated from glacial
erosion during the Pleistocene climate depression and is manifested in
the slope–elevation distribution. The transition from increasing to
decreasing slopes occurs roughly at similar altitudes throughout the gla-
ciated orogen and conforms to the vertical position of the LGM ELA. This
suggests a glacial origin for this morpho-metric predicted by the glacial
buzz-saw hypothesis. In contrast, a tectonic cause would imply alpine-
wide uniform uplift rates and synchronous onset contradicting recent
geodetic leveling data within the Alps (Ruess and Höggerl, 2002;
Schlatter et al., 2005) as well as the reported uplift and erosion patterns
recorded in theMolasse Basin since 8Ma (Genser et al., 2007; Cederbom
et al., 2011; Gusterhuber et al., 2012). The standard deviations of slope
in glaciated areas clearly exceed those of the non-glaciated regions
with a strong increase above the LGM ELA. This is caused by low-
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gradient cirque floors occurring in concert with steep cirque walls,
ridges, and horns. However, the existence and persistence of the glacial
topographic expression vary with lithological properties. This is clearly
documented by the landforms of adjacent domains with contrasting
lithological inventory. While glaciated landscapes are preserved in
rocks of low erodibility (e.g. granitic rocks of the Adamello) glacial char-
acteristics can hardly be detected in highly erodible rocks (e.g. schists of
the Engadin). Following the slope stability concept this may be best ex-
plained by higher surface process rates in over-steepened terrain and
therefore an advanced state of glacial-to-fluvial landscape transition.

In the non-glaciated realm, the topographic expression depends on
lithology as well, indicated by variations in mean andmaximum slopes.
In comparable structural units, the standard deviation in slope is signif-
icantly lower in domains outside the LGM extent compared with the
glaciated counterparts. Spectacularly, never glaciated regions also fea-
ture a transition from increasing to decreasing slopes. In contrast to gla-
ciated areas, these local maxima are located at various altitudes and
generally far below the LGM ELA at the eastern border of the Alps.
This suggests a tectonically rather than a glacially influenced surface ex-
pression representing a premature landscape. The slope–elevation dis-
tribution of such a tectonically controlled non-equilibrium is most
prominently observed at the transition from the Eastern Alps to the
Pannonian Basin but there is also evidence for a similar signal in the
Western Alps. Consequently, the question arises whether the prematu-
rity observed at the fringe of the Alps can be representative for the en-
tire mountain range as proposed by Hergarten et al. (2010) and is
superimposed by a glacial signal leading to the observation of
glacially-sculpted and tectonically-driven landscapes. Small glacial per-
turbations in domains outside the contiguous LGM extent (e.g. Fig. 8e)
gives a clue on how a premature topography is partly transformed to
feature glacial landscape characteristics. An extensive transformation
towards a fully featured glacial landscape can be expected within the
LGM extent.

5.2. From prematurity towards a steady-state slope–elevation distribution

In order to interpret the bow shaped slope–elevation distribution
from the non-glaciated parts of the Alps with a transition from increas-
ing to decreasing topographic gradients at various altitudes we revisit
the numerical study of Robl et al. (2008b) and explore the development
of topography and related statistical metrics over time. For this, we
apply a 2-dimensional numerical model describing the collision of the
Adriatic indenter with Europe by a thin viscous sheet approach
(England and McKenzie, 1982; Houseman and England, 1986; Robl
and Stüwe, 2005) coupled with a detachment limited, stream power-
based landscape evolution model (Howard, 1994; Hergarten, 2002).
Boundary conditions describing convergence and east-directed lateral
extrusion, geometry of domains featuring contrasting rheology, position
of four pre-defined faults and model parameters for viscous deforma-
tion and fluvial erosion are explained in detail by Robl et al. (2008b).

In addition to tectonic constraints on extension in the Eastern Alps
during continental convergence the model results are also consistent
with many first-order topographic features including the drainage sys-
tem, the position of the main drainage divides, the occurrence of
orogen-parallel valleys and characteristic elbow shaped bends of the
main streams. The topographic evolution and state of maturity of the
virtual Eastern Alps are explored at different time slices where rising to-
pography and increasing topographic gradients towards steady-state
are directly observed (Fig. 9).

After 10Ma of convergence a complex topographic pattern develops
due to contrasts in rheology, the geometry of the Adriatic indenter,
Fig. 8. Topographic pattern of 14 adjacent contiguous domains of contrasting structural units in
Alps and surrounding regions. Contiguous domains of different structural units indicated by co
represented by polygons in (a).
faults, and the applied boundary conditions describing the counter-
clockwise rotation of the Adriatic plate with a maximum convergence
rate of 10mm/y at the easternmost edge of the indenter and zero stress
eastern boundary allowing lateral extrusion towards the Pannonian
basin. The evolution of drainage systems is controlled by gradients of
the rising topography. Fluvial equilibrium is induced from the low
lying forelands towards the elevated but gently sloped center of the
orogen. This is indicated by the fluvial pattern of erosion that develops
over time by the upstream migration of knick points separating non-
equilibrium paleo-surfaces from landscape patches where uplift rates
are already balanced by erosion rates. This leads to the development
of a typical bow-shaped slope–elevation distribution which is well in
line with the signal of a non-equilibrium fluvial landscape (Fig. 1a)
and frequently observedwithin the never glaciated fringe of the Eastern
Alps.

After 20 Ma of convergence large areas of the orogen are still in a
transient state represented by the pronounced transition from increas-
ing to decreasing slopes with surface elevation and plateaus at high al-
titudes. Near steady-state is reached at about 30 Ma of convergence.
Nevertheless, even at this time step, the fraction of surface patches in
a transient state increases with altitude represented by decreasing
slopes. Topographic gradients of the model topography are in general
lower than in the European Alps and are controlled by the contributing
drainage area according to the detachment limited stream power ap-
proach describing fluvial erosion. Due to the spatial resolution of the
mesh, small contributing drainage areas and therefore steep slopes are
missing in the model results. Timing and rates towards morphological
equilibrium depend on the erodibility of rocks, a property that is still
not well constrained.

However, the observed relation of slope and elevation in of the
European Alps can largely be reproduced by a numerical model that ac-
counts for crustal shortening, tectonically driven uplift and fluvial
erosion without considering glacial effects. This clearly indicates that a
transition from increasing to decreasing slopes in orogens is not
necessarily a result of glacial imprint butmay be caused by crustal thick-
ening as a consequence of plate convergence or by other tectonic causes
leading to accelerated uplift (e.g. slab break-off). In a fluvial non-
equilibrium landscape, the vertical position of the turning point in the
slope–elevation distribution is a measure of maturity andmay be locat-
ed at different elevations for spatiotemporal variations in uplift rate and
rock erodibility. This explains that the transition from increasing to
decreasing slopes with elevation becomes more gradual over time in a
complex collisional orogen like the European Alps and demands for an
analysis spatially constrained to individual structural units as performed
in this study.

5.3. Recent uplift and a climate depression

As clearly shown by the results of the numerical description of the
Eastern Alps, fluvial prematurity is characterized by a bow-shaped
slope–elevation distribution with a distinct local maximum in slope at
intermediate elevations. The position of the turning point migrates to
higher elevations with increasing maturity of the range and may there-
fore be interpreted as rough metric for the state of equilibrium of the
orogen, so that recent uplift can be detected by our analysis.

A recent pulse of tectonic uplift has affected at least the Eastern
Alps and is manifested by the sedimentary record of the adjacent
Northern Molasse basin (Genser et al., 2007; Cederbom et al., 2011;
Gusterhuber et al., 2012), the occurrence of strath terraces along
major alpine rivers at the transition from the Eastern Alps to the
Pannonian Basin (Wagner et al., 2011), and burial ages from fluvial
the non-glaciated periphery of the European Alps. (a) Topographic map of the European
lor-coded polygons. (b)–(o) show the slope–elevation distribution of contiguous domains
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Fig. 9. Time-dependent evolution of alpine topography based on a coupled numerical model (Robl et al., 2008b) for three different time steps and the corresponding slope–elevation
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pebbles in caves (Wagner et al., 2010; Meyer et al., 2011). In addition,
very lowexhumation and long-termerosion rates in the central uplands
of the Eastern Alps (e.g. Ötztal Crystalline — northwest of the tip of the
Adriatic indenter; (Baran et al., 2014)) and an increase of the sediment
delivery from the Alps to the foreland basins over the last 5 Ma (e.g.
Kuhlemann, 2007) imply low topographic gradients present at high al-
titudes before the onset of alpine glaciations. This is consistent with a
pre-Pleistocene non-equilibrium landscape caused by increased uplift
rates in the recent geological past. A similar topographic pattern de-
velops in numerical experiments for the Eastern Alps. After about
20 Ma of convergence and most prominent northwest of the indenter
tip the model shows low gradient paleo-surfaces in higher altitudes
that are characterized by lower erosion rates and less exhumation com-
pared to the surrounding already equilibrated low-lying areas (Fig. 9).

Whatever process causes or contributes to the present uplift pattern,
a pre-Pleistocene pulse of uplift accompanied by prematurity of the
European Alps would have essentially influenced onset and extent of
the Pleistocene alpine glaciations. Uplift of the non-equilibrium alpine
topography and synchronous global cooling during Plio–Pleistocene
times (e.g. Zachos et al., 2001) would position spacious low-gradient
areas at or above the ELA. These large elevated paleo-surfaces repre-
sented by areal maxima in the hypsometric curve would promote the
accumulation of ice in a similar way as suggested by Pedersen and
Egholm (2013) for glacially preconditioned terrain during repeated gla-
ciation cycles. Thismayhappen due to surface uplift, climate depression,
or both. Once the areal maxima are covered by glaciers, glacial erosion
would adjust the vertical position of these maxima to the ELA. This
would be indicated by a similar vertical position of the turning point
in slope throughout the glaciated part of the Alps conforming to both
the glacial buzz-saw hypothesis and the prematurity of the alpine
orogen. Consequently, another facet can be added to the chicken and
egg problem of topography development in the European Alps: a
major part of themost recent uplift ratesmay be accredited to erosional
unloading and isostatic rebound (Kuhlemann et al., 2002; Champagnac
et al., 2007), but onset and extent of Pleistocene glaciation may have
been heavily influenced by surface uplift driven by tectonics.

6. Conclusion

The main results of our analysis of the relationship between slope
and surface elevation for contiguous domains of important structural
units of the European Alps are:

a. Large parts of the European Alps are characterized by a transition
from increasing to decreasing slopes at intermediate altitudes be-
tween 1500 and 2000m. This pattern is consistent with both a tran-
sient landscape that may be explained by fluvial prematurity due to
recent uplift (Hergarten et al., 2010) and with the concept of the
glacial buzz-saw (e.g. Brozović et al., 1997) as well.

b. A detailed analysis of slope–elevation distributions for contiguous
domains of the main structural units of the Alps clearly indicates a
strong lithology-dependence of the topographic expression. We in-
terpret contrasting slope–elevation patterns of adjacent domains
with a similar glacial and tectonic history as a result of the highly
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variable process celerity towards steady-state slopes for different
lithological inventories.

c. All over the glaciated realm of the Alps high-grade metamorphic
(e.g. External Massifs) or magmatic rocks (e.g. Adamello intrusion)
are characterized by a transition from increasing to decreasing
slopes roughly at the LGM ELA, while this signal has vanished in
rocks related to the Valais ocean (e.g. Engadin Window). We inter-
pret the local maximum in slope at the LGM ELA as the impact of
the glacial buzz-saw and the long term persistence of glacial land-
forms. These domains may also feature inherited glacial landforms
from precursor glaciations.

d. A transition from increasing to decreasing slopes with elevation is
also explored beyond the LGM extent, but the vertical position of
the turning point varies and is in generally located below the LGM
ELA. We interpret this pattern as evidence for young tectonically
driven uplift. This uplift event may have affected large parts of the
European Alps but was overprinted by the Pleistocene glaciation
cycles.

e. Our interpretation is supported by numerical modeling results that
reproduce the observed slope–elevation distribution of the
European Alps by numerically describing crustal shortening, tecton-
ically driven uplift and fluvial erosion, but neglecting glacial effects.

f. Our interpretation is also consistent with proposed uplift rates from
the non-glaciated eastern border of the Alps (Frisch et al., 2000;
Wagner et al., 2010; Wagner et al., 2011) and from adjacent basins
(Genser et al., 2007; Cederbom et al., 2011; Gusterhuber et al.,
2012), and allows to expand these findings also to the glaciated
parts of the Alps.

g. We suggest that a large scale recent pulse of surface uplift driven by
tectonics may have heavily influenced onset and extent of the glaci-
ation during the Pleistocene climate depression. The tectonic signal
of this recent pulse of uplift – a local maximum in slope at various
vertical positions – is superimposed by the signal of the glacial
buzz-saw so that the turning point in the slope-elevation distribu-
tions within the LGM extent becomes located roughly at the LGM
ELA. Fluvial prematurity is therefore only directly observed at the
fringe of the orogen but it is likely that large parts of the orogen
were in a premature state with a transition from increasing to
decreasing slopes at intermediate altitudes even before the onset
of the Pleistocene glaciation cycles.
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