
17

Austrian Journal of Earth Sciences           Vienna           2023           Volume 116             17 - 38            DOI: 10.17738/ajes.2023.0002

Old orogen – young topography: Evidence for relief rejuvenation in 
the Bohemian Massif

Klaus Wetzlinger1, Jörg Robl1*, Moritz Liebl1, Fabian Dremel1, Kurt Stüwe2 and Christoph von Hagke1

1 ) Department of Environment and Biodiversity, Division of Geology and Physical Geography, University of Salzburg, 5020 Salzburg, Austria
2 ) Institute for Earth Sciences, University of Graz, 8020 Graz, Austria 
*) Corresponding author: Jörg Robl 

KEYWORDS: landscape evolution. relief rejuvenation, Bohemian Massif, divide 
migration, fluvial erosion

Abstract 
The Bohemian Massif is the relic of a major Paleozoic mountain range that is known to have exhumed and its surface 

levelled in the Permian, but its Neogene landscape evolution is largely unconstrained. The landscape is characterized by 
rolling hills and extended planation surfaces above an elevation of about 500 m. However, at lower elevations deeply 
incised gorges confined by steep hillslopes are abundant and contrast impressively with the low relief landscapes above. 
Rivers with a bimodal morphology (i.e. steep at lower elevations and gentle at higher elevations) drain either to the north 
into the Vltava (Moldau) River or to the south into the Danube River. Hence, a continental drainage divide runs through 
the Bohemian Massif. Here, we quantify spatial characteristics of the Bohemian Massif landforms by computing landscape 
metrics like steepness index or geophysical relief derived from digital elevation models. From this we infer temporal 
change of the landscape in the past and predict them for the future evolution of the region. 

We show that the landscape is characterized by out-of-equilibrium river profiles with knickpoints abundantly at eleva-
tions between 450 m and 550 m separating steep channel segments at lower elevations from less steep channels at high-
er elevations. Hypsometric maxima at or close above knickpoint elevations, along with high and low values in geophysical 
relief as indicator for the degree of fluvial landscape dissection downstream and upstream of major knickpoints, support 
the idea of landscape bimodality. Furthermore, we find a distinct drainage divide asymmetry, which causes the reor-
ganization of the drainage network of the region. Across-divide gradients in channel steepness predict the northward 
migration of the Danube-Vltava drainage divide including growth and shrinkage of tributary catchments, thus controlling 
changes in the Central European drainage pattern. 

All aspects suggest that the region experienced relief rejuvenation during the last few million years. We suggest that 
this relief rejuvenation is related to the inversion of the Molasse basin with a long wavelength rock uplift pattern and low 
uplift rates. Vertical motion of crustal blocks at discrete faults may locally affect the uplift pattern. However, the contrast-
ing bedrock properties between the sedimentary cover (Molasse sediments) and the crystalline basement (Bohemian 
Massif) cause substantial differences in erosion rate and are thus the superior control on the topographic variations of the 
entire region.

Austrian Journal of Earth Sciences           Vienna 2022 Volume 115 1 - 14 DOI: 10.17738/ajes.2022.0001

1

Abstract
The 2200 m thick Cretaceous units of well Gänserndorf UeT3 have been biostratigraphically analyzed based on cuttings 
from 3210 m to 5140 m. The deposits from the Tirolic Glinzendorf Syncline (a part of the buried Northern Calcareous 
Alps) can be largely correlated with the Lower Gosau Subgroup of the Grünbach Syncline. An exception is the basal unit, 
which has no equivalent in the Grünbach Syncline. This lower unit is subdivided into a non-marine lower and a largely 
marine upper part. No age constraints are available for the lower part, whereas the upper part has a possible age range 
from middle Turonian to Coniacian. For this unit, which is documented for the first time from the Glinzendorf Syncline, we 
propose Glinzendorf Formation as new lithostratigraphic term. 

The Glinzendorf Fm. is overlain by the Grünbach Fm., which is intercalated by a thick unit of conglomerates. These are 
interpreted as equivalents of the Dreistetten Conglomerate Mb. The calcareous nannofossils of these units suggest a latest 
Santonian to early Campanian age. Non-marine conditions prevailed during deposition of the Grünbach Fm., but marine 
incursions are indicated for parts of the Dreistetten Conglomerate Mb. The top of the Grünbach Fm. is formed by an about 
50-m-thick unit of coal, rich in Characeae oogonia, which, together with the Dreistetten conglomerates serve as marker
layer for correlation with the outcrops in the Grünbach Syncline. The Grünbach Fm. is overlain by marls and silty shales
of the Piesting Fm. for which a late Campanian and Maastrichtian age is documented. Marine conditions predominated
during this interval. The topmost unit in well Gänserndorf UeT3 is overthrusted on the Maastrichtian Piesting Fm. and
represents Campanian sandstones and conglomerates of the Grünbach Fm. This Gänserndorf Thrust is detected and
biostratigraphically constrained for the first time.
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1. Introduction
The Glinzendorf Syncline is an about 70 km long and up
to 8 km wide, SW-NE trending structure in the Vienna
Basin, which was briefly described by Wessely (1984;
1992) and Hamilton et al. (1990). It is part of the Tirolic
nappe system and reaches from Himberg in Austria in the 
SE to Jakubov, Gajary and Záhorská Ves in Slovakia in the
NE (Wessely et al., 1993; Ralbovský and Ostrolucký, 1996)
(Fig. 1). The structure is completely covered by Neogene
deposits.

The Glinzendorf Syncline is part of a series of surface 
and subsurface outcrops of the Cretaceous to Paleogene 
Gosau Group, which range from the Gießhübl and 
Grünbach-Neue Welt outcrops along the southwestern 
margin of the Vienna Basin to the Brezová and Myjava 

region in Slovakia in the Western Carpathians (Plöchinger 
et al., 1961; Schlagintweit and Wagreich, 1992; Wagreich 
and Marschalko, 1995; Hofer et al., 2013) (Fig. 1). These 
occurrences are linked by subsurface outcrops, such as 
the Gießhübl and Glinzendorf synclines and the Prottes 
and Studienka Gosau (Wessely, 1992; 1993; 2006; Hofer et 
al., 2013 and literature therein). According to Wessely et 
al. (1993), the Glinzendorf Syncline might continue into 
the Grünbach Syncline in the SE, but this was doubted by 
Hofer et al. (2013). 

Although the Glinzendorf Syncline is covered by about 
3000 m of Neogene sediments, several wells have reached 
and drilled the Cretaceous units. Wessely (1984; 1993; 
2006), Wessely et al. (1993) and Hofer et al. (2013) mention 
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1. Introduction 
Most mountain ranges with peak elevations exceeding 

three kilometers such as the European Alps, the Hima
laya or the Andes evolve at convergent plate boundaries, 
where crustal shortening and thickening drive isostatic 
uplift, which eventually leads to high topography (e.g. 
England and Houseman, 1986; Robl and Stüwe, 2005a, b). 
However, several regions on Earth, where these moun-
tain-building processes ceased a long time ago, indicate 
that high topography can be formed or at least main-
tained in absence of orogenic processes at plate bound-
aries. Prominent examples for such regions are the Appa-
lachian mountains (Miller et al., 2013; Dethier et al., 2014), 
the western Indian margin (Mandal et al., 2015), or the 
Massif Central (Olivetti et al., 2016). Another area with sig-
nificant topography in an ancient mountain range is the 
Bohemian Massif (BM). 

The BM represents the remnant of a major Paleozoic 
mountain range, which originally formed during the Va-
riscan orogeny more than 300 Myrs ago (e.g. O’Brien and 
Carswell, 1993; Kroner and Romer, 2013; Franke, 2014). 
However, the initial topography, which formed at a con-
vergent plate boundary, was largely eroded and leveled 
in the Permian (Hejl et al., 1997; Hejl et al., 2003; Bourgeois 
et al., 2007; Ziegler and Dèzes, 2007; Lange et al., 2008; 
Danišík et al., 2010) but experienced several phases of up-
lift and subsidence hereinafter (for details see Ziegler and 
Dèzes, 2007 and references therein). Apatite fission-track 
ages indicate a slow but steady exhumation in the Early 
Cretaceous (Hejl et al., 2003; Vamvaka et al., 2014) and a 
reburial in the Late Cretaceous (Hejl et al., 2003; Wessely, 
2006). For the late Cenozoic, different mechanisms such 
as plume-related delamination of the mantle-lithosphere 
or lithospheric unloading triggering a renewed uplift 
event are discussed. This uplift appears to have affected 
large parts of the Eastern Alps, the Molasse Basin and the 
BM (Genser et al., 2007; Gusterhuber et al., 2012; Baran et 
al., 2014), but its topographic expression has only been 
described in detail for some areas at the eastern fringe of 
the Alps (Robl et al., 2008a; Wagner et al., 2010; Wagner 
et al., 2011; Legrain et al., 2014; Legrain et al., 2015; Robl et 
al., 2015; Stüwe and Hohmann, 2021), for the Hausruck – 
Kobernaußerwald region in the Molasse Basin (Baumann 
et al., 2018) and for the fault bounded Budějovice basin 
(Popotnig et al., 2013) and the sudetic marginal fault 
(Badura et al., 2007) in the Bohemian Massif. 

In this study we test the hypothesis of relief rejuvena-
tion and related drainage network reorganization in the 
southern BM by analyzing properties of the drainage sys-
tem and related hillslopes. Therefore, we employ a series 
of morphometric analyses such as hypsometric curves 
and integrals, longitudinal channel profiles, normalized 
steepness index (ksn) and c mapping, slope-elevation 
distributions, and geophysical relief along rivers and tor-
rents. 

2. Geological and geomorphological background
The BM covers large parts of the Czech Republic, parts of 

eastern Germany, southern Poland and northern Austria. 
Representing a classical “Mittelgebirge”, the highest ele-
vations hardly exceed 1400 m above sea level (a.s.l.). Con-
sistently, the landscape of the study area is predominant-
ly characterized by gentle topographic features such as 
rolling hills and wide valleys. However, these topographic 
observations only apply for the central higher part of the 
mountain range, while the landscape close to the receiv-
ing streams is heavily dissected with steep channels flow-
ing in narrow gorges. The continental divide follows the 
crest of the BM and separates tributaries of the Danube 
River from those of the Vltava (Moldau) River. As we aim 
to predict aspects of the Central European drainage reor-
ganization we focus on this area around the continental 
divide in the southern BM. The Black Sea and the North 
Sea represent the base levels of the Danube and the Elbe 
drainage system with the Vltava as its largest tributary. 
According to the large-scale topographic gradient, the 
tributaries of the Danube R. and the Vltava River drain 
roughly towards south and north. The southern fringe of 
the BM is covered by sediments of the Northern Neogene 
Alpine Foreland Basin. The Danube River follows the spur 
of the BM, erodes the sedimentary cover but also incises 
the crystalline basement. In the latter case the Danube 
valley forms deep gorges. Neogene sediments occur also 
north of the continental drainage divide (e.g. Budweis 
and Trebon basins) in the Vltava catchment (Cháb et al., 
2007; Ziegler and Dèzes, 2007; Homolová et al., 2012; Ts-
chegg and Decker, 2013). The southern BM is dissected by 
a conjugate system of NW-SE striking dextral and NE-SW 
striking sinistral strike slip shear zones (e.g. Lenhardt et 
al., 2007). The orientations of these tectonic faults cor-
respond roughly to directions of streams, which deviate 
distinctly from the overall topographic gradient. Even 
the Danube River follows one of these NW-SE striking 
faults tens of kilometers.

Geologically, the BM formed during the Variscan Orog-
eny with the so called Moldanubian zone covering the 
southeastern part of the orogen (Kossmat, 1927) (Fig. 2). 
The Moldanubian Zone is subdivided into the Moldanu-
bian Nappes (Gföhl Unit, the Ostrong Unit and the 
Drosendorf Unit), the Bavaricum, and the South Bohemi-
an Batholith (Linner et al., 2011). The Bavaricum forms an 
independent tectonic unit, which is distinguished from 
Moldanubian nappes on the basis of deformation style 
and metamorphic conditions (Fuchs and Matura, 1976; 
Finger et al., 2007). In the late stage of Variscan orogeny 
(between 340 and 300 Myrs), both units, the Moldanu-
bian Nappes and the Bavaricum were intruded by a large 
amount of syn- and posttectonic granitic rocks, which 
form in their entirety the South Bohemian Batholith (Fin-
ger et al., 2009; Linner et al., 2011).

Conjugate crustal scale strike slip zones are connected 
with the asymmetric exhumation of the southern BM in 
the late stages of the Variscan orogeny (Brandmayr et al., 
1999) (Fig. 2). In the western part, these are the NW-SE 
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striking Pfahl and Danube shear zones, and in the eastern 
part, these are the NE-SW striking Rodl-Kaplice, Karlstifter 
and Vitis shear zones (and the Diendorf-Boskovice fault 
east of the study area). Due to a regional Miocene-Plio-
cene uplift event pre-existing crustal discontinuities 
within the BM were reactivated (Ziegler and Dèzes, 2007). 
The European Cenozoic Rift System (ECRIS) is an active 
fault system, which cause exhumation rates of up to 1.75 
mm/yr in Variscan Massifs such as the Armorican Massif, 
the Massif Central, the Rhenish Massif and the northern 
parts of the BM (Ziegler and Dèzes, 2007). Clearly, faults 
dissected the bedrock of the investigated region and 
force rivers to follow the fault traces even if they deviate 
significantly from the general topographic gradient (Figs. 
1, 2). 

2.1 Geomorphological history 
Little is known about the topography of the Bohemi-

an Massif during the Variscan orogeny. However, Franke 
(2014) suggested that the mountain height of the Vari-
scan orogen was strongly limited by its low mechani-
cal strength. Direct evidence for the geomorphological 
evolution of the Variscan Massif dates back to the Late 
Carboniferous and Early Permian, where a Molasse basin 
formed (e.g. Schäfer, 1989). In the Late Permian, planation 
surfaces within the BM evolved due to a major erosion-
al phase (Balatka and Kalvoda, 2008). Carboniferous and 
Permian sediments are also known from the eastern end 
of the BM (Wessely, 2006). However, there is a lack of geo-
morphological information from the Triassic to the Late 
Cretaceous (Pánek and Kapustová, 2016). In the Late Cre-
taceous a widespread marine transgression took place 
as indicated by apatite fission track ages evidencing for 
a sedimentary reburial of about one kilometer (Hejl et al., 
2003; Vamvaka et al., 2014). Thermochronological data 
from planation surfaces at the Karkonosze Mts. (NE of 
the Czech Republic) indicate that they were exhumed in 
the Late Cretaceous after the removal of Cretaceous sed-
iments (Danišík et al., 2010). Nevertheless, the exhuma-
tion history of other domains of the BM is still unknown 
(Pánek and Kapustová, 2016). In the Paleogene and Neo-
gene, fluctuating climatic conditions in combination with 
neotectonic activity controlled the topographic evo-
lution (Ziegler and Dèzes, 2007; Pánek and Kapustová, 
2016). Throughout the Pleistocene deep fluvial incision 
and the formation of canyon-like valleys (e.g. Vltava R.) 
was interpreted as the expression of intense uplift at that 
time (Pánek and Kapustová, 2016). Today, the topography 
of the BM is characterized by extended planation surfaces 
at higher elevations, which are peripherally dissected by 
deep gorges. The river morphology dramatically chang-
es from meandering, low gradient channels at the central 
parts of the plateau to high gradient river segments at 
the plateau rims close to the receiving streams. T-shaped 
river junctions, where two rivers drain in the same valley 
but in opposite direction and turn their flow direction at 
the confluence point by about 90°, are observed (Fig. 1, 

Große Mühl). Such distinct flow direction changes in con-
cert with wind gaps are often attributed to river piracy 
events (Robl et al., 2008b; Robl et al., 2017a) and hence 
may evidence for recent drainage network reorganiza-
tion in the BM.

2.2 Drainage system 
Two major drainage systems, the Danube drainage 

system in the south and the Labe (Elbe) drainage system 
(with the Vltava as its largest tributary) in the north con-
trolled the morphological evolution of the BM. The two 
catchments are separated by an E-W striking continen-
tal drainage divide that is also known as the European 
watershed. Tyráček and Havlíček (2009) reconstructed 
the Miocene drainage pattern within the Czech Repub-
lic (and hence predominantly north of the continental 
divide). They suggested that the upper part of the Labe 
catchment drained eastwards to the Paratethys, and that 
rivers from Western Bohemia terminated in Neogene 
freshwater lakes situated in the northwest of the country. 
In their reconstruction, the southern part of the Vltava 
catchment drained southwards to the Alpine foreland.

Currently the Danube River follows the southern spur 
of the BM. Its riverbed consists either of sediments of the 
Molasse Basin (also Quaternary sediments), or of crys-
talline rocks of the BM. While the Danube valley is wide 
and features gentle valley flanks in sections draining in 
the Molasse Basin, deep gorges with steep valley flanks 
are characteristic for the crystalline bedrock of the BM 
indicating the strong contrast in bedrock erodibility of 
the two units. The flow direction of the Danube River 
changed several times since the Oligocene (e.g. Kuhle-
mann et al., 2006). Until the end of Early Miocene, the 
Danube and all major rivers draining the northern side 
of the Eastern Alps terminated in the Molasse Sea. With 
the siltation of the Molasse Sea in the Mid-Miocene, the 
Danube drained towards the west, before basin inver-
sion, uplift and tilting of the Alpine foreland resulted in 
the present flow (e.g. Kuhlemann et al., 2006). From 11 
Ma on, the Danube drainage system started to drain the 
Molasse Basin from west to east (Mackenbach, 1984). The 
today’s course of the Danube River developed from this 
early river system in the Pleistocene (Hantke, 1993). 

The Vltava River is a tributary of the Elbe River and the 
longest river within the Czech Republic. The Vltava Riv-
er originates in the South Bohemia Region near Kvilda 
(southwestern part of the Czech Republic). At Melník the 
Vltava River confluences with the Elbe River, which even-
tually drains into the North Sea. Similar to the Danube 
River, the evolution of the modern Vltava River began 
in the Early Pleistocene and is controlled by neotectonic 
uplift and climate change (Pánek and Kapustová, 2016). 
Interestingly, the erosion rate was found to be depen-
dent on changes of climatic conditions throughout the 
Pleistocene with Middle Pleistocene humid interglacial/
interstadial conditions leading to intense fluvial incision 
[60-80 cm/kyrs] and subsequently to the formation of 
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deep valleys of the Vltava River (Balatka and Kalvoda, 
2008; Pánek and Kapustová, 2016).

3. Data and Methods 
The topographic analyses are performed on digital el-

evation models (DEM) for Austria and the Czech Republic 
with a spatial resolution of 10 m. To merge the two DEMs, 
they were reprojected to a common coordinate system 
(MGI Austria Lambert, 130 EPSG:31297). ArcMap 10.6.1 
(ESRI Inc.) was used for the generation of base maps. 
Morphological analyses of the stream network were per-
formed with standard approaches as implemented in To-
poToolbox (Schwanghart and Kuhn, 2010; Schwanghart 
and Scherler, 2014) and a tool provided by Hergarten et 
al. (2016) for c mapping. In particular, the following anal-
yses are applied.

3.1 Hypsometric analysis and geophysical relief
Hypsometric curves and the hypsometric integral (the 

area under the hypsometric curve) are used to indicate 
different topographic states. For example, it is known that 
hypsometric integrals close to 0.5 along with S-shaped 
hypsometric curves are characteristic for a topographic 
steady state (Strahler, 1952; Ohmori, 1993; Cheng et al., 
2012). As such, the hypsometric curve and its integral (HI) 
allows the comparison of catchments that differ in size 
and catchment relief (i.e. elevation difference between 
outlet and the highest mountain peak of the catchment) 
(Strahler, 1952). To achieve this, the normalized cumula-
tive distribution of area against elevation is applied. To 
calculate HI, we determine the area fractions for 50 m 
wide elevation bins, sum them up, and then divide them 
by the number of bins.

The geophysical relief is a diagnostic indicator to es-
timate the mean erosion rate (e.g. Champagnac et al., 
2007). It is computed by subtracting the current topogra-
phy from a surface which connects summit flats at similar 
elevations at a given circular moving window (Small and 
Anderson, 1998). A window size of 1000 m was chosen for 
the calculation of the geophysical relief. The comparison 
with the longitudinal river profiles of the studied catch-
ments aimed to reveal differences in geophysical relief 
up- and downstream of knickpoints.

3.2 Longitudinal river profiles 
Longitudinal channel profiles are used because it is 

well known that they are indicative for tectonic and cli-
matic conditions (e.g. Wobus et al., 2006; Kirby and Whip-
ple, 2012; Robl et al., 2017b). The morphological analysis 
of the drainage system was performed with TopoToolbox 
(Schwanghart and Scherler, 2014). Channel segments and 
contributing drainage area are computed by a standard 
single flow algorithm (D8) (O’Callaghan and Mark, 1984). 
The threshold drainage area for extraction of the drain-
age network was set to 1 km2. To obtain channel profiles, 

we started at given outflow coordinates and extracted 
the elevation values along the calculated flow path in 
upstream direction. Knickpoints are defined by sharp 
convex sections in longitudinal channel profiles and are 
detected by fitting steady state profiles to measured 
channel segments by applying the “knickpointfinder” 
function of Topotoolbox (Schwanghart and Scherler, 
2014, 2017). The default threshold value for the vertical 
offset of 20 m between measured and modelled profiles 
is used and hence only major knickpoints are considered.

For the interpretation of channel profiles, we have ex-
tracted the steepness index ks from the fluvial channels 
to compare the ability of the rivers to incise into the bed-
rock. The steepness index is typically expressed as ks = 
A-q (dH/dx) which is also known as Flint’s law (Flint, 1974). 
In this expression, A is the contributing drainage area 
(as a proxy for the discharge of a river), q is the concav-
ity index, H is the elevation and x marks the longitudinal 
coordinate increasing upstream from the outlet (x = 0). 
Hence, dH/dx represents the channel slope. For graded 
rivers in geomorphic steady state (rivers that erode ev-
erywhere at the same rate under uniform conditions) in 
detachment limited fluvial regimes, ks is constant along 
a river and is proportional to erosion rate. This allows a di-
rect comparison of rivers with catchment sizes that differ 
by several orders of magnitude. As ks and q are strongly 
correlated, a direct comparison of the channel steepness 
between individual rivers require the definition of a refer-
ence concavity index (qref). Based on the analysis of longi-
tudinal river profiles most of the recent studies apply qref 
= 0.45 or qref = 0.5 (Hack, 1957; Whipple, 2004; Wobus et 
al., 2006; Lague, 2014; Robl et al., 2017a; Robl et al., 2017b). 
In this study we use qref = 0.5. Then the steepness index 
is referred to as normalized steepness index ksn with the 
unit meters. Assuming a uniform uplift rate, erodibility, 
and climate, fluvial landscapes exhibit spatially constant 
ksn values. Therefore, any deviations from such an equilib-
rium state (knickpoints) should be detectable in a ksn map 
and can be interpreted in terms of spatial or temporal 
changes in substrate properties, climatic conditioning, or 
tectonic forcing.

3.3 c mapping 
A rather new approach to the analysis of bedrock river 

profiles is the c transformation (Perron and Royden, 2013; 
Royden and Taylor Perron, 2013). It is based on the inte-
gration of the steady-state form (where the uplift rate U 
equals the erosion rate E) of the stream power equation 
(Howard et al., 1994; Lague, 2014), where the change in 
surface elevation of time t is given by:
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The erosional efficiency is represented by K, which 
is a lumped parameter including the resistance of the 
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bedrock to erosion but also climatic properties such 
as precipitation rate gradients or flood frequency, or 
sediment transport processes (e.g. Harel et al., 2016). The 
exponents m and n give the contribution of contributing 
drainage area and channel slope to river incision. The 
curvature of the channel profile results from an increase 
in contributing drainage area with downstream distance. 
This makes it difficult to detect spatial or temporal 
changes in uplift rate from the geometry of the fluvial 
channel. Transforming the longitudinal coordinate x 
to a new coordinate c eliminates the curvature of the 
river profile introduced by the contributing drainage 
area and facilitates the detection of tectonic, lithologic, 
and climatic signals and transient states in river profiles 
with varying catchment sizes (Perron and Royden, 
2013; Royden and Taylor Perron, 2013). The contributing 
drainage area can be eliminated if the transformation 
meets the following criterion:

(2)
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The quantity c is an integral function of the position 
in the channel network starting from an arbitrary given 
reference point x0. The arbitrary reference catchment size 
A0 gives c dimensions of length, and only affects the ab-
solute scale of the values. The erosion rate can then be 
written as follows:

(4)
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	 Assuming n = 1 in Eq. 4, one can easily deduce that 
c serves as a metric for the steady-state elevation of a 
channel at location x. Assuming uniform tectonic con-
ditions and substrate properties, steady-state channel 
profiles turn into straight lines by plotting c against H. 
As can easily be seen, the slope of the channel profile is 
proportional to the normalized steepness index (ksn). If 
the elevation drop of rivers on both sides of a common 
drainage divide is the same, which is achieved by defin-
ing the same base-level elevation for the c integration, 
rivers with smaller c at the common divide are on aver-
age steeper (higher ksn) than those with larger c (Perron 
and Royden, 2013). This is exploited by the so called c 
mapping where the drainage network is color-coded for 
c and across divide differences in mean channel steep-
ness and hence erosion rate (assuming uniform condi-
tions) can be directly investigated (Willett et al., 2014).

c values were computed for all channels with a con-
tributing drainage area A0 = 1 km2, q = 0.5 and different 
base levels H(x0) = 150 and 400 m. The chosen baselevel 

determines the considered area computing c. A lower 
base level means a larger distance from the base level to 
the investigated drainage divide and thus larger catch-
ments are considered. As a consequence, low base levels 
will represent a large-scale pattern of c including far field 
effects, while a high base level shows the c pattern at the 
tributary scale (for more details see Trost et al., 2020; Fan 
et al., 2021).

3.4 Slope-elevation distribution 
We examine the relationship between slope distribu-

tion and elevation, a method that has been used in both 
fluvial and glacial terrain to characterize the topographic 
state of a landscape (Kühni and Pfiffner, 2001; Hergarten 
et al., 2010; Robl et al., 2015; Liebl et al., 2021). Slopes are 
calculated for each cell by a standard single flow algo-
rithm (D8). The slopes are following the steepest descent 
along the flow paths. The slope data are classified into 50 
m wide elevation bins. For each bin the mean and per-
centiles (P25, P50, and P75) are calculated. The relative 
frequency distribution of slope values is assessed using 
0.02 m/m wide slope bins to provide a graphical repre-
sentation of the slope distribution per elevation bin (Robl 
et al., 2015).

4. Results 
Field observations in concert with morphological anal-

yses reveal distinct topographic differences between the 
Danube and Vltava drainage systems but also differences 
within the respective catchments. Here, a clear elevation 
dependence of the topographic features is particularly 
evident, with steep landforms occurring near the receiv-
ing streams (e.g. Danube) and less steep ones at higher 
elevations. 

4.1 Field observations 
At lower elevations and here in particular at the south-

ern flank of the BM close to the Danube the landscape 
is characterized by high amplitude, low wavelength 
features. Near Schlögen, the Danube has carved a deep 
gorge with steep hillslopes into the crystalline bedrock of 
the BM. Figures 3a and 3b show the so called Schlögener 
Schlingen with steep ∼200 m high valley flanks and flat 
hilltops that occur roughly at the same altitude (∼ 500 m 
a.s.l.). At the hilltops Quaternary sediments consisting of 
fluvial gravels from the former Danube are preserved. At 
elevations above 500 m a.s.l., the landscape is character-
ized by long wavelength, low amplitude landforms such 
as smooth hills separated by abundantly meandering riv-
ers with wide and flat valley floors. Towards the north, 
the elevation increases progressively (Fig. 3c). However, 
Fig. 3d shows that there is more than one distinct level of 
planation surfaces. The transition between the low relief 
landscapes at higher elevations (≥ 500 m a.s.l.) and the 
current base level of the Danube (∼ 260 m a.s.l.) features 
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(e) Pesenbach Bedrock Channel (340 m a.s.l.) (f) Pesenbach Bedrock Channel  410 m a.s.l.  

Figure 3: Field observations at the southern flank of the BM. Landscape impressions around the Schlögener Schlingen: (a) View to the W, (b) View to 
the E, (c) View to the N, (d) View to the SE.  For exact location see Fig. 1. (e) Downstream shot of Pesenbach. (∼ 340 m a.s.l. / South 160o), (f) Segment of 
Pesenbach located downstream of the knickpoint. The picture was taken at an elevation of ∼ 410 m a.s.l..

a series of north-south running gorges with high chan-
nel gradients, very high local relief and hillslopes with 
abundant evidence of rapid mass movements (Fig. 3e, f). 
Knickpoints in rivers occur at elevations between 400 and 
500 m a.s.l. and separate steep channel segments down-
stream from less steep channel segments upstream. The 
same applies to breaks in slope, which separate low gra-
dient hillslopes roughly above 500 m a.s.l. from steep 
hillslopes below. The Pesenbach, a tributary to the Dan-
ube, is exemplary for these north-south flowing rivers 
(Fig. 1, 3e, f). Starting at its confluence with the Danube 
and following the Pesenbach upstream, the river features 
very low channel gradients for about 10 km. However, 
further upstream the channel steepness increases sub-

stantially. This river segment is characterized by a narrow, 
5 to 10 m wide bedrock channel (Fig. 3e) with up to 50 
m, almost vertical valley flanks. Boulders of various sizes 
as relics of rock falls at the valley floors, small steps with 
little waterfalls and pools, and blank bedrock sections as 
evidence for hillslope processes (e.g. rockfalls) and fluvial 
incision are abundant features of this river segment (Fig. 
3f). Upstream of this steep and rather short segment, a 
several tens of kilometer long river segment follows, 
which is well in line with smooth landscape of the BM 
above an altitude of about 500 m a.s.l.. Low channel gra-
dients, gentle valley flanks and a low relief characterize 
this river landscape. 

Old orogen – young topography: Evidence for relief rejuvenation in the Bohemian Massif
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4.2 Tectonic Lineaments and drainage network 
Within the study area NW-SE striking dextral and NE-

SW striking sinistral systems of conjugate strike slip shear 
zones are found (Fig. 2). From west to east these are the 
Danube shear zone and the Pfahl shear zone, both north-
west-southeast trending shear zones, and the Rodl shear 
zone, the Karlstift shear zone and the Vitis shear zone, all 
northeast-southwest trending shear zones. Further in the 
east, outside the investigated area, there is the Diendorf 
shear zone, which completes the conjugate strike slip 
shear zone system in the southern BM. 

Comparing the principal direction of streams of the 
study area with the orientation of tectonic lineaments, 
we observe a concordance of flow direction and fault 
orientation for river segments of several tens of kilome-
ters. The Danube at the western part of the study area as 
well as the upper reach of the Große Mühl follow north-
west-southeast trending shear zones (Danube shear 
zone and Pfahl shear zone). Interestingly, further in the 
north the headwaters of the Vltava River are parallel to 
the mentioned shear zones downstream to the point 
where the conjugated northeast-southwest trending 
Rodl shear zone intersect the river course. The flow di-
rection of the river Rodl and of the upper reach of the 
river Malše is consistent with the orientation of the Rodl 
shear zone. Further in the east, the orientation of the 
Karlstift and the Vitis shear zone is found only vaguely, 
if at all, in the orientation of the river segments. How-
ever, the drainage network within the whole study area 
features predominantly northwest-southeast or north-
east-southwest trending channels. Even the continental 
divide separating the Danube from the Vltava drainage 
system is in line with the orientation of the dominant 
fault systems of the region. In the west, the watershed 
strikes northwest-southeast and changes its direction to 
northeast-southwest approximately at the intersection 
with the Rodl shear zone.

4.3 Hypsometric analysis 
The occurrence of spacious planation surfaces at mid- 

and high elevation and steep channels and hillslopes 
close to the base level of the receiving streams are re-
flected in a characteristic pattern in the hypsometry of 
the investigated catchments (Figs. 4, 5). The three west-
ernmost tributaries of the Danube that are characterized 
by similar channel profiles, show also similar hypsometric 
properties (Fig. 4a-c). The areal maxima occur at an el-
evation of about 500 m a.s.l. and hence at the position 
of the major knickpoints in channels that separate steep 
from less steep channel segments in downstream and 
upstream direction, respectively. Such a hypsometry 
causes a S-shaped hypsometric curve with hypsometric 
integrals of about 0.5. Only the Große Mühl features a dis-
tinctly lower hypsometric integral, which is due to the in-
fluence of the peak elevation on the analysis. The highest 
mountain peak of the study area is located in the Große 
Mühl catchment (see Fig. 1). The Rodl River with its main 

course following the Rodl fault also shows a pronounced 
hypsometric maximum but at about 700 m a.s.l.. Further 
east, the Haselbach and the river Gusen do not show pro-
nounced hypsometric maxima but a similar proportion 
of area from the base level to the summit areas, which 
is reflected by a fairly linear hypsometric curve. While 
the Feldaist catchment again shows similar hypsometric 
properties than the four westernmost catchments with 
an S-shaped hypsometric curve, the hypsometric max-
ima of the two easternmost catchments (i.e. the rivers 
Waldeist and Naarn) are located at high elevations be-
tween 900 and 750 m a.s.l., which is expressed by a con-
cave upward hypsometric curve with high hypsometric 
integrals of HI = 0.57 and HI = 0.59 (Fig. 4).

The Vltava and its tributaries show also spatial but 
less distinct trends in their hypsometry (Fig. 5). The Vl-
tava catchment upstream of Budweis shows a hypso-
metric maximum at mid-altitude (∼ 750 m a.s.l.) and a 
corresponding S-shaped hypsometric curve with a hyp-
sometric integral of 0.40. Tributaries of the western and 
northern part of the Vltava catchment such as the Vetší 
Vltavice, Polecnice and Stražný have hypsometric maxi-
ma at elevations between 600 and 700 m a.s.l. and similar 
hypsometric curves but vary in their hypsometric inte-
grals. The catchments Vetší Vltavice and Polecnice both 
have hypsometric integrals of 0.36 whereas the Stražný 
catchment features a higher hypsometric integral of 0.49. 
Although the Malše and the Stropnice catchments have 
a long common drainage divide, they show distinct dif-
ferences in their hypsometric properties. The catchment 
Malše features a concave upward to slightly S-shaped 
hypsometric curve with a hypsometric integral of 0.42 
while the catchment Stropnice shows a convex upward 
hypsometric curve with a very low hypsometric integral 
of 0.20. This is in as far not surprising because the Strop-
nice mainly drains flat areas north of the BM but reach-
es significant surface elevation at the watershed to the 
Malše catchment. 

4.4 Longitudinal channel profiles 
Field observations suggesting a clear elevation depen-

dence of the topographic features are confirmed by a 
series of quantitative, morphometric analyses. Longitu-
dinal channel profiles of tributaries of the Danube show 
a strong correlation between elevation or elevation dif-
ference to the receiving stream and channel gradients 
(Fig. 6). Despite increasing catchment size and thus run-
off in downstream direction, channel gradients increase 
sharply about 200 to 300 m above Danube base level. 
However, beside this altitudinal trend, we observe also 
significant differences in channel geometry between the 
western and eastern part of the study region. 

A number of rivers in the western part of the study 
area (Kleine Mühl, Große Mühl, Pesenbach and Rodl) 
show similar morphological features (Fig. 6a - d). They 
are all characterized by few kilometers long, steep head-
water segment followed by a tens of kilometers long 
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low gradient segment. These low gradient segments are 
abruptly terminated by prominent knickpoints rough-
ly at the same elevation level (∼ 450 m). Downstream of 
the knickpoints, channel segments show very high gra-
dients until they finally reach the plain Danube valley, 
where the channel gradient abruptly decreases. The two 
westernmost rivers (Fig. 6a, b) lack this segment, as they 
confluence with the Danube near the “Schlögener Sch-
lingen” where the Danube flows through a deep and nar-
row gorge without flood plains. Further east, geometric 
properties of channel length profiles change distinctly. 
The Haselbach shows a well graded channel profile with 
a decreasing channel gradient in downstream direction 
(Fig. 6e). Knickpoints are missing. The further rivers to the 
east (Gusen, Feldaist, Waldaist, Aist and Naarn) show a 

shift in the channel geometry from fairly well graded in 
the west (Gusen) to almost linear in the east (Waldaist) 
(Fig. 6f - i). All these rivers show a series of knickpoints. 

North of the continental divide tributaries of the Vltava 
reveal similar channel geometries (Fig. 7) than tributaries 
of the Danube but less clear spatial trends. The channel 
length profile Vltava-Budweis shows a prominent knick-
point (Fig. 7a). The upper reach of the Vltava forms a well 
graded channel, which leads into a completely flat sec-
tion (representing the Lipno reservoir lake) immediately 
upstream the knickpoint. However, the position of the 
dam was deliberately chosen in the vicinity of an exist-
ing knickpoint, and the two distinct river segments re-
tain their characteristics even if the dam and the artificial 
lake with a maximum depth of 22 m are removed from 
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Figure 4: Hypsometric analysis of the Danube tributary catchments. Blue bars indicate the relative fraction of area for each 50 m elevation slice. The 
black line shows the hypsometric curve. HI is the hypsometric integral.
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the analysis (see Fig. 1 for the position of the reservoir). 
Downstream from the knickpoint a very steep channel 
segment continues, which eventually transitions into a 
river segment where the channel gradient remains al-
most constant for about 80 km despite the fact that the 
catchment size is doubled from 1000 to 2000 km2 along 
this river segment. The channel length profiles of Vetší Vl-
tavice and Všímarský potok both have steep headwaters 
with a following decrease in channel gradient. The same 
applies to the river Polecnice, which differ only slightly 
but its lower lying origin and a series of small steps along 
its profile. The eastern region of the Vltava catchment 
is drained by the river Malše and its tributary Stropnice. 
Along the Malše few knickpoints are observed. The two 
most prominent knickpoints are located in its upper 
reach and near the confluence with the Vltava River. Its 
tributary, the Stropnice, also reveals a distinctive knick-
point separating a segment with very steep headwaters 
from a segment with a low and roughly constant channel 
gradient. 

4.5 Knickpoints
Large knickpoints in longitudinal river profiles, where 

the characteristics of the channel and the valley flanks 
change abruptly, are found both on the Danube and on 

the Vltava side of the continental divide (Fig. 8). South of 
the continental divide (Danube drainage system), knick-
points occur over a wide elevations range between ∼ 400 
m a.s.l. and ∼ 850 m a.s.l. and in almost every investigat-
ed catchment. However, a distinct cluster of knickpoints 
at approximately 450 m a.s.l. is observed at the western-
most Danube tributaries of the study area (Kleine Mühl, 
Große Mühl, Pesenbach and Rodl). While catchments fur-
ther to the east do not show such a strong break in chan-
nel slope at this elevation an increase of mean knickpoint 
elevation towards east is observed, and hence in down-
stream direction the Danube as common base level (Fig. 
6). The highest knickpoints are found at the easternmost 
catchments and are located at 850 m a.s.l. (Feldaist) and 
840 m a.s.l. (Waldaist). North of the continental divide 
(Vltava drainage system) knickpoints are located slightly 
higher compared to those of the Danube drainage sys-
tem (Figs. 7, 8). They occur at elevations of around 700 m 
a.s.l. (Vltava-Budweis KP1, Vltava-Budweis KP2, Maltsch 
KP2). Interestingly, the northeasternmost catchments 
(Maltsch and Stropnice) show comparable knickpoint el-
evations such as the rivers south of it (Feldaist, Waldaist 
and Naarn). 
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Figure 5: Hypsometric analysis of the Vltava tributary catchments. Red bars indicate the relative fraction of area for each 50 m elevation slice. The 
black line shows the hypsometric curve. HI is the hypsometric integral.
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4.6 Hypsometric analysis and knickpoints 
Comparing the hypsometric analysis with the eleva-

tion of knickpoints (Fig. 4), the catchments of the rivers 
Kleine Mühl, Große Mühl, Pesenbach and Rodl feature a 
clear trend. Their area-elevation distributions show an 
abrupt increase of area at elevations above their lowest 
lying knickpoints. Below, the hypsometric analysis show 
a rapid decrease in area before entering the Danube. For 
the other catchments, this trend is less clear. However, for 
some knickpoints an altitudinal link between a hypso-
metric maximum and the location of a knickpoint occurs. 
For example, in the Waldaist catchment, the hypsometric 
maximum is well in line with the elevation of knickpoint 
KP2 (840 m a.s.l.). The catchment of river Naarn shows 
similar hypsometric properties such as the adjacent 
Waldaist catchment but features noticeable differences 

in knickpoint elevation. North of the main drainage di-
vide, the biggest catchment Vltava-Budweis features an 
abrupt increase of area (Fig. 5) at elevations around the 
knickpoints (KP1 Vltava-Budweis 667 m a.s.l. and KP2 
Vltava-Budweis 724 m a.s.l.). Within this catchment the 
smaller catchments Strážný and Polecnice show at these 
elevations a rapid decrease of area. For the easternmost 
catchments of the rivers Malše and Stropnice a link be-
tween the hypsometric properties and the location of 
knickpoints is difficult to make. In the case of the catch-
ment Stropnice the knickpoint KP Stropnice lies within a 
gradually decreasing area-elevation distribution in up-
stream direction. A similar situation is observed in the 
Maltsch catchment where the knickpoints KP1 and KP2 
are located at elevations where no visible change in the 
area-elevation distribution is found. 
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Figure 6: Upstream channel profiles (black lines) and geophysical relief along the channel profiles (blue lines) of selected catchments of the Danube 
drainage system. Major knickpoints (“KP”, black squares) are shown and their elevation is labelled. See Fig. 1 for their spatial position.
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4.7 Geophysical relief 
Geophysical relief along channel profiles allows quan-

tifying the field observation that channel segments 
downstream of major knickpoints are steeper, narrower 
and bordered by much steeper hillslopes than upstream 
(Figs. 3, 6, 7). By combining longitudinal river profiles and 
geophysical relief we now link channel and hillslope prop-
erties to decipher the co-evolution of the drainage and 
hillslope system in the BM. In particular, the westernmost 
tributaries of the Danube (Fig. 6a-d) show an impressive 
link between knickpoint position, channel steepness and 
geophysical relief. These catchments (i.e. Kleine Mühl, 
Große Mühl, Pesenbach and Rodl) feature high geophysi-
cal relief values up to 300 m close to the confluence with 
the Danube where the channels are steep. The geophysi-
cal relief values decrease towards the knickpoints. Lowest 
geophysical relief values are observed along the channel 
segments immediately upstream the knickpoints. Catch-
ments in the east (i.e. Gusen, Feldaist, Waldaist and Naarn) 
show similarities in both their stream profiles and their 
geophysical relief along the course of the rivers. Starting 
at their outlets and going upstream, geophysical relief 
increases to values of about 300 m at mid-altitudes, and 
decrease rapidly towards the headwaters. The Haselbach 
with its well graded channel profile, located between the 
western and eastern group of catchments, shows fairly 
high (∼ 300 m) and rather uniform geophysical relief val-
ues along its course. Only close to its confluence with the 
Danube, where the valley width exceeds the size of the 

sliding window to compute the geophysical relief, a sud-
den drop in geophysical relief is observed. 

North of the continental divide, in the upper reach 
of the Vltava River, we observe the same relationship 
between knickpoint position, channel steepness and 
geophysical relief (Fig. 7a). The major knickpoints sepa-
rate the profile in a segment of high geophysical relief 
values (up to approximately 350 m) downstream and in 
a segment of noticeably lower geophysical relief values 
upstream. The small tributaries draining the western 
and northwestern Vltava catchment (Fig. 7b-d) show 
a decrease in geophysical relief from their confluence 
towards their origin. The easternmost catchments Stro-
pnice and Malše have similar geophysical relief profiles. 
They are characterized by high values at the headwaters 
(both reach a maximum of 250 m) and a steady decrease 
downstream followed by a slight increase towards their 
confluence.

4.8 Normalized steepness index
The previous analyses have characterized the geom-

etry of individual rivers and adjacent hillslopes. Consis-
tent with results from these analyses, figure 9 shows the 
spatial distribution of steepness index (ksn) in channels. 
The westernmost tributaries of the Danube (Kleine Mühl, 
Große Mühl, Pesenbach and Rodl) confluence with the 
Danube where it incises into the basement rocks of the 
BM and forms a deep gorge. There, the tributaries show 
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very high ksn values close to their confluence with the 
Danube and distinctly lower values upstream of major 
knickpoints in their channel profiles. However, close to 
their drainage divides, and in particular north of the di-
vide-parallel valley of the Große Mühl, ksn values increase 
again. A similar succession of segments with high, low 
and high ksn values is also observed north of the conti-
nental divide in the Vltava catchment. East of the city of 
Linz, tributaries of the Danube feature very low ksn at ele-
vations close to the base level and higher ksn at mid-eleva-
tion river segments. As the upper reaches show distinctly 
lower ksn values, channel segments of different steepness 
are separated by knickpoints at mid-elevations. 

4.9 c mapping 
Differences in channel steepness between tributaries 

of the Danube and the Vltava catchment are also indicat-
ed by the c pattern (Fig. 10). Across-divide differences in 
c between streams of the two catchments are high along 
the entire drainage divide. Tributaries of the Danube fea-
ture distinctly lower c values than those of the Vltava Riv-
er on the directly opposing sides of the drainage divide. 
Lower c is tantamount to a higher channel steepness in-
dex averaged from the same base level to the origin of 
the stream at a common drainage divide. The greatest 
across-divide differences in c occur at the western (e.g. 
Große Mühl) and eastern most rivers (e.g. Naarn) of the 
study area and at a low base level (150 m a.s.l.), where 
large parts of the respective catchments are considered 
computing c (Fig. 10 a). However, across divide gradients 
in c become smaller but mainly persist, even by defin-
ing a very high base level (400 m a.s.l.) for computing 
c (Fig. 10 b). Then only parts of the respective tributary 
catchments are considered. Gradients vanish only in the 
central part of the study region (e.g. Rodl). The decrease 
of across divide gradients in c with increasing base level 
indicates that in particular the lower reaches of Danube 
tributaries feature a higher channel steepness compared 
to those of the Vltava. 

4.10 Slope-elevation distributions 
Slope-elevation distributions of the BM were comput-

ed for four different domains based on previous analysis 
indicating a topographic west-east transition within the 
study area (Fig. 11). These domains represent the western 
and the eastern part of the Danube and the Vltava catch-
ment, respectively. 

The slope-elevation distribution of the western do-
main of the Danube catchment features a turning point 
at about 450 to 500 m a.s.l. whereas the eastern domain 
features a turning point at higher elevations of about 
800 to 900 m a.s.l. (Fig. 11 b, c). Turning points of both 
domains are followed by a significant decrease of slope 
towards higher elevations. The turning point of the 
western domain coincides with the average elevation of 
the knickpoint cluster occurring in this region. The two 

contrasting slope-elevation distributions of the Danube 
catchment coincide with other morphological differenc-
es (e.g. channel length profiles) between the western 
and eastern part of the study region. The slope-elevation 
distribution of the Vltava catchment features less distinct 
turning points and distinctly lower mean slopes com-
pared to the Danube tributaries (Fig. 11d-f). In particular 
at lower elevations, mean slopes are up to three times 
higher at the Danube tributaries than at those of the Vl-
tava. Above the prominent turning point in the slope dis-
tributions of the western and eastern Danube tributaries, 
respectively, mean slopes are similar in catchments on 
both sides of the drainage divide.

5. Discussion 
Observations and a morphometric analysis of the 

present drainage and hillslope system in the southern 
BM indicate strong geomorphic disequilibrium that can 
best be interpreted in terms of progressive landscape 
rejuvenation. It is reflected in landscape bimodality, 
where deeply incised valleys at lower elevations con-
trast low relief landscapes at higher elevations. The spa-
tial distribution of these two different landscape types, 
which occur in direct vicinity but reflect different stages 
of landscape evolution, is constrained by the position of 
knickpoints separating channel segments of different 
steepness (Fig.  9), hypsometric maxima at mid to high 
elevations (Figs. 4 and 5) and maxima in geophysical re-
lief at low elevations (Figs. 6 and 7). The transition from 
steep to low gradient landscapes is consistent with the 
vertical position of slope maxima in the slope-elevation 
distributions, which roughly coincide with the knickpoint 
cluster around 400 – 500 m a.s.l. (Fig. 8). In our study area 
we found that the observed strong variations in channel 
steepness and hence the position of major knickpoints is 
generally unrelated to lithological contacts and the po-
sition of faults traces (Fig. 2). However, in the following 
we develop scenarios that are consistent with the topo-
graphic features of the landscape where both temporal 
and spatial variations in bedrock properties and faults 
governing the timing and rate of uplift exert first order 
controls on landscape evolution. Irrespective of these 
scenarios, we interpret the low-lying high relief areas be-
low the knickpoints as the modern landscape in equilib-
rium with the current uplift rate, base level, and substrate 
properties and suggest that the high-lying low relief ar-
eas reflect a relic landscape. 

5.1 Migration of Danube-Vltava drainage divide 
The observed adjustment of landscape geometry is ac-

companied by the reorganization of river networks and 
may eventually control the position of the continental 
drainage divide. For predicting the potential direction 
of divide migration c mapping has been employed (Wil-
lett et al., 2014; Robl et al., 2017a; Robl et al., 2017b; Forte 
and Whipple, 2018; Trost et al., 2020). The results indicate 
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a strong drainage divide asymmetry with a steep side 
(lower c values) at the Danube and a less steep side at 
the Vltava (higher c values) domain. While divide asym-
metry is observed at different base levels, the compari-
son of figures 10a and 10b clearly indicates that the main 
contribution to the asymmetry originates from the steep 
lower reaches of the Danube tributaries. Assuming uni-
form conditions (e.g. substrate properties, uplift rate, cli-
mate) steep channels correspond to higher erosion rates 
and in turn drive the migration of the divide towards the 
less steep side. Divide migration does not begin until the 
knickpoints separating steep from less steep channel 
segments have reached the drainage divide (Robl et al., 
2017b; Fan et al., 2021). However, the assumption of uni-
form conditions has to be justified. The southern BM is 
built up by different major tectonic units of the Variscan 
orogen (Fig. 2) which, however, entirely consist of high-
grade metamorphic rocks (i.e. gneisses, granulites) and 
granitic intrusives. It is therefore unlikely that the strong 
across divide differences in c are related to contrasting 
bedrock properties as all these rock types are character-
ized by a high resistance against erosion. We therefore 
interpret across divide gradients in c as an indication for 

drainage divide mobility. in this case, the Danube will 
expand its catchment size on expense of those of the 
Vltava. According to this interpretation, the continental 
divide will progressively migrate towards north once the 
knickpoints have reached the drainage divide. 

We suggest that the reorganization of drainage net-
works as indicated by c also takes place within the 
Danube and Vltava drainage system. Low gradient, di-
vide-parallel river segments on both sides of the conti-
nental divide are increasingly shortened by headward 
eroding steep north-south (Danube) and south-north 
(Vltava) flowing rivers. This process eventually causes ma-
jor river piracy events, which are then reflected by char-
acteristic features in the plan view geometry (i.e. sudden 
changes in flow direction at the capture point) and in the 
profile geometry (i.e. mobile knickpoints upstream of the 
capture point) of the rivers (Robl et al., 2008a; Robl et al., 
2017a; Trost et al., 2020). In the BM there are several can-
didates that may have experienced a river capture event, 
which however, would have to be confirmed by field 
work. This could be the case of the northwest - southeast 
running upper reach of the Vltava, which parallels the 
continental divide by tens of kilometers before the river 
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abruptly changes its direction towards the north forming 
a deeply incised gorge confined towards its upper reach 
by a mobile knickpoint. Another candidate for such a 
major river piracy event might be the river Große Mühl 
with its prominent T-shaped river junction. There, the 
two largest headwaters of the river Große Mühl follow 
the same northwest-southeast propagating valley but 
drain in opposite directions. At the confluence point the 
river abruptly changes its flow direction towards south. 
Whether the elbow shaped and T-shaped river section 
are indicative of river capture events in the BM would 
need to be substantiated by further investigation (e.g., 
determination of erosion rates). 

5.2 Scenarios of relief rejuvenation 
A variety of different drivers have been discussed for 

landscape bimodality including (a) glacial overprinting 
of a fluvially conditioned landscape (Brocklehurst and 
Whipple, 2004; Egholm et al., 2009; Liebl et al., 2021), (b) 
temporal changes and / or spatial changes in uplift rate 
(Miller et al., 2013; Robl et al., 2015; Robl et al., 2017b; Li-
ebl et al., 2021) and bedrock properties (Forte et al., 2016; 
Baumann et al., 2018; Gallen, 2018). In the BM, glacial ero-
sion as a driver can be largely excluded, as the region is 
outside the major Pleistocene glacial advances with evi-
dence for only a few small glaciers (Nývlt et al., 2011). 

Synthesizing findings from our morphological study 
with the deposition and exhumation history of the 
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nearby Molasse basin (Genser et al., 2007; Gusterhuber 
et al., 2012; Baran et al., 2014), the most likely interpre-
tation of the observed topographic pattern appears to 
be a recent regional uplift event (Davis, 1899; Wobus et 
al., 2006; Hergarten et al., 2010; Robl et al., 2017b). As a 
characteristic feature, mobile knickpoints evolve in mar-
ginal regions and migrate upstream the channels, with-
out corresponding to lithologic contacts or tectonic 

structures (e.g. Wobus et al., 2006; Robl et al., 2017b). This 
results in out-of-equilibrium rivers segmented by knick-
points, which lie on the same topographic contour (Fig. 
8) (Whipple and Tucker, 1999; Bishop et al., 2005; Wobus 
et al., 2006). In this scenario, the signal of a large-scale up-
lift event, which affected major parts of the Eastern Alps 
and adjacent regions (e.g. Wagner et al., 2010; Baran et al., 
2014; Legrain et al., 2015) is progressively transmitted to 
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the BM via the Danube and Vltava rivers and their tribu-
taries. The Danube itself is largely absent of geomorphic 
disequilibrium features (Robl et al., 2008a) and appears 
to have been antecedent. This is also testified by the im-
pressive northwards turn of the Danube from its course 
in the molasse basin towards the elevated topography of 
the BM in the Strudengau near Dornach and the “Schlö-
gener Schlingen” in the west. These meanders are likely 
to have been initiated before uplift and retained their 
shape antecedently through the uplift event. Converse-
ly, the extended low relief landscape some 200 m above 
the Danube becomes progressively adjusted towards 
current conditions and allows to predict future changes 
in the landscape. As a consequence of this relief rejuve-
nation, steep and low gradient channel segments rep-
resent the modern and relic landscape patches, respec-
tively. While many of the morphological properties of the 
southern Bohemian Massif are consistent with landscape 
rejuvenation by an uplift event as principal control, the 
occurrence of several terrain steps and the differences in 
the elevation of these terrain steps between the western 

and eastern Danube tributaries cannot be explained by 
one large-scale uplift event. An explanation for these 
peculiarities may be found in the fault pattern and the 
lithological contrast between the Neogene sedimentary 
cover and the crystalline basement. 

Comparisons with the geological map show that the 
drainage topology is very similar to the present fault sys-
tem ECRIS (European Cenozoic Rift System) (Ziegler and 
Dèzes, 2007). It seems that the stream network is adjust-
ing to the evolution of the ECRIS, which is associated with 
uplift in the Neogene (Ziegler and Dèzes, 2007). While we 
did not find clear evidence for fault-related changes in 
the geometry of longitudinal river profiles, the impact of 
faults on the channel geometry is reported for some re-
gions in the Bohemian Massif (Badura et al., 2007; Popot-
nig et al., 2013). There, vertical offset at active faults and 
hence a gradient in the uplift rate field exerts a strong 
control on the channel steepness in the vicinity of these 
faults. This, however, does not contradict the idea of a 
large-scale young uplift event but rather indicates that 
individual fault-bounded blocks in the Bohemian Massif 

Figure 11: Slope-elevation distributions of the BM. (a) and (d) show the slope-elevation distribution of the main catchments Danube and the Vltava.
(b) – (f) show sub domains with catchments predominantly east and west of the Rodl fault and its northern continuation. The inset shows the inves-
tigated domain (yellow area).
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rise at different rates. Such a scenario is consistent with 
the contrasting morphology (i.e. knickpoint position, el-
evation of hypsometric maxima, slope elevation distribu-
tion) of the Danube tributaries west and east of the Rodl 
fault, which finds its continuation in the Rudolfov-Blan-
ice fault (Vltava catchment), where Popotnig et al. (2013) 
found strong morphological evidence for recent fault 
activity. 

Bed rock erodibility and its variation in space and time 
represents a strong control on landscape morphology 
and channel steepness conditions (e.g. Forte et al., 2016; 
Baumann et al., 2018; Gallen, 2018; Bernard et al., 2019). 
Contrast in rock erodibility can lead to completely differ-
ent topographic features despite uniform climatic and 
tectonic forcing (e.g. Forte et al., 2016; e.g. Baumann et 
al., 2018; Gallen, 2018; Bernard et al., 2019). As the crys-
talline basement of the Bohemian Massif dips southward 
beneath the sediments of the Molasse Basin, the easily 
erodible cover rocks lie adjacent to, but also above, the 
erosion-resistant rocks of the crystalline basement. A 
similar situation occurs also north of the continental di-
vide in the Vltava catchment. We suggest that the Mo-
lasse Basin and the BM where uplifted jointly but that the 
observed morphological differences between the BM 
and the adjacent Molasse Basin are controlled by con-
trasting bedrock properties. The higher channel slopes 
and eventually higher relief in the BM compared to those 
of the Molasse Basin is in this scenario associated with 
the higher resistance of the crystalline bedrock to ero-
sion. 

The transition from easily erodible sediments of the 
Molasse Basin to much less erodible rocks of crystalline 
basement and the associated emergence of differently 
steep landscapes involves not only a spatial but also a 
temporal component. Continuous surface uplift in com-
bination with a sediment pile becoming thicker towards 
the south, causes rivers, such as the Danube, to incise to 
the point where the crystalline basement is reached. Be-
cause of the lower erodibility of these rocks, the channel 
gradients existing at that time (yet in equilibrium with 
the more easily erodible rocks of the Molasse Basin) are 
not sufficient to balance the rate of uplift by the rate of 
erosion. As long as the profile geometry of these rivers is 
not adjusted to the new substrate properties by channel 
steepening, they will be uplifted. In this scenario, such 
rivers are becoming increasingly prone to be captured by 
rivers further south still flowing in easily erodible Molasse 
sediments and thus at a lower elevation. Such a scenario 
could nicely explain the shift of the Danube River towards 
south. The succeeding rapid baselevel fall can consistent-
ly explain the emergence of a stepped landscape during 
continuous long-lasting uplift at low rates. Such a scenar-
io does not involve large gradients in the uplift rate nor 
the occurrence of multiple enigmatic uplift pulses within 
the study region, but the transmission of the uplift signal 
via major rivers (i.e. Danube, Vltava) from the far field. The 
strong lithological contrasts suffice creating the varying 
topographic expressions between regions covered by 

Neogene sediments and crystalline basement and can 
also lead to transient river profiles with steep lower and 
less steep upper reaches as observed in the western Dan-
ube tributaries.

The timing of the inferred young uplift of several hun-
dred vertical meters in the southern BM is not very well 
constrained, but it is clearly younger than the time scale 
of fluvially driven geomorphic equilibration. It is thus 
likely to be of the order of a few million years. Attempts 
to decipher the role of uplift in the region of the BM have 
been made by recent studies (Ziegler and Dèzes, 2007; 
Gusterhuber et al., 2012; Baran et al., 2014) discussing 
lithospheric processes as the driving forces behind uplift. 
However, an uplift event in the last few million years re-
gardless of the cause can consistently explain the present 
topographic characteristics. 

The coexistence of different influences that affect 
channel steepness and relief morphology in similar ways 
can lead to ambiguity about the origin of morphological 
features (Wobus et al., 2006; Robl et al., 2015; Liebl et al., 
2021). While the impact of glaciers can be ruled out, nei-
ther control in the latter two cases (i.e. gradients in the 
uplift rates, contrasting substrate properties) can typi-
cally be dismissed or be used as the only explanation on 
the basis of a morphometric analysis. The scenarios de-
scribed show that an interplay of large-scale uplift, local 
fault activity, and contrasting bedrock properties caused 
most likely the morphological peculiarities of the BM. To 
reveal the respective contributions of these controls and 
to decipher the recent erosion history requires in addi-
tion to the morphometric analysis a comprehensive field 
study based on neotectonics and on cosmogenic nu-
clides (10Be and 26Al) of river sediments. 

6. Conclusions 
In this study we investigated landscape properties of 

the BM to constrain the latest topographic evolution. 
Based on morphological analyses in combination with 
observations we come to the following conclusions:

In the BM, there is strong evidence for landscape bimo-
dality. It is expressed in the co-existence of modern and 
relic landscapes, which exhibit different morphologies. 
Low-lying modern landscapes feature high relief surfac-
es with deeply incised gorges whereas relic landscapes at 
higher elevations are characterized by low relief surfaces 
with wide valleys and planation surfaces.

•	 The occurrence of knickpoint clusters in the BM do 
not correspond to lithological contacts or tectonic 
structures. The knickpoints are located at similar ele-
vations, and we attribute these knickpoints to either 
temporal changes in uplift rate or a baselevel lower-
ing due to a major river piracy event or a combina-
tion of both. 

•	 Across divide gradients in c, with steeper channels at 
the Danube side on average indicate a northward mi-
gration of the Danube-Vltava drainage divide. Con-
sequently, the Danube catchment grows on expense 
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of the Vltava catchment, which eventually causes 
major river piracy events.

•	 We attribute the mountainous landscape and relief 
rejuvenation of the BM to uplift of several hundred 
vertical meters on a time scale that is short compared 
to the time scale of fluvial equilibration. 

•	 We suggest that the occurrence of contrasting bed-
rock properties between Molasse sediments and the 
crystalline basement represents a superior control 
on the topographic evolution of the entire region. 
The transition from soft sediments of the Molasse 
basin to much less erodible basement rocks during 
progressive river incision in a setting of low but long 
lasting uplift distinctly changes the channel steep-
ness and relief, the course of the receiving streams, 
and their susceptibility to sudden changes in flow 
direction (river capture).
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