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[1] Landscape evolution is controlled by the development and organization of drainage
basins. As a landscape evolves, drainage reorganization events can occur via river capture
or piracy, whereby one river basin grows at the expense of another. The river downstream
of a capture location will generate a transient topographic response as the added water
discharge increases sediment transport and erosion efficiency. This erosional response will
propagate upstream through both the captured and original river basins. Here we focus on
quantifying the impact of drainage reorganization along the Rhine/Aare River system
(~45,000 km2) during the late Pliocene/early Pleistocene, where gravel remnants indicate
total incision of ~650m during the last ~4.2Myr in the region of the recent Aare-Rhine
confluence. We develop a numerical model of drainage capture to quantify the range of
possible magnitudes of erosion and the transient river response resulting from the
reorganization of the Rhine River. The model accounts for both fluvial incision and
sediment transport. Our model estimates 400–800m of river elevation change (lowering
profiles) during the last ~4Myr due to river capture events, providing an important
component to the recent exhumation budget of the Swiss Alpine Foreland. The model
indicates a rapid response to capture events (re-equilibration timescale of ~1Myr). The
predicted incision magnitudes are consistent with incision measured from the elevation of
Pliocene and early Pleistocene river gravels, suggesting that across northern Switzerland, a
significant amount of incision can be explained by drainage reorganization.
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1. Introduction

[2] Topography results from a competition between
tectonic movements that generate it and climate-driven pro-
cesses that erode it. Changes in erosion rates are therefore
often attributed to a change in either tectonic or climatic
conditions [e.g., Molnar and England, 1990; Raymo and
Ruddiman, 1992; Whipple, 2009]. An alternative and often
less frequently considered mechanism for changing catch-
ment erosion rates is the internal dynamics of geomorphic
processes. For example, the reorganization of rivers within
and amongst drainage basins (e.g., by river capture) can

change catchment erosion rates by increasing the discharge
and sediment flux of the river downstream of the capture
location [Bishop, 1995]. Accelerated erosion produced by
capture events generates a pulse of erosion throughout a
catchment and lowers slopes to grade in equilibrium with
the new discharge [Langbein and Leopold, 1964]. This pulse
of erosion is also propagated upstream through both the cap-
tured and original river basins. Few studies have quantified
the rates and magnitudes of fluvial erosion associated with
river capture events [e.g., Gunnell and Harbor, 2010;
Schlunegger and Mosar, 2011; Prince et al., 2011;
Andrews et al., 2012; Brocard et al., 2012], and we
are not aware of studies that have explored the implica-
tions of drainage capture for landscape evolution with a
numerical model.
[3] Large drainage basin reorganization events are

proposed to have occurred in a number of river basins
around the world including the Colorado [Lucchitta,
1979], Rhine [Petit et al., 1996; Ziegler and Fraefel,
2009], Snake [Beranek et al., 2006], Yellow [Craddock
et al., 2010], Yangtze [Clark et al., 2004], Indus [Clift
and Blusztajn, 2005], Ohio [Gray, 1991], and Zambezi
[Thomas and Shaw, 1988] Rivers. Understanding the impact
of drainage reorganization on erosion rates and processes is
fundamental to understanding the controls on catchment
denudation and landscape evolution in these regions.

Additional supporting information may be found in the online version of
this article.
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[4] Here we use a simple river incision model to quantify
the possible and plausible river responses to the magnitude
of drainage area changes consistent with the reorganization
of the Rhine River in central Europe, perhaps the best docu-
mented case of drainage reorganization in the recent
geologic past (Figure 1a) [Petit et al., 1996; Berger et al.,
2005; Ziegler and Fraefel, 2009; Schlunegger and Mosar,
2011]. Fluvial gravels along the uppermost Danube indicate
that prior to ~4.2Ma, a paleo-river flowed to the northeast
from Waldshut to Blumberg (Figure 1b). This paleo-river
connected the Aare and Danube River systems and drained
the Swiss Alps through the Danube to the Black Sea.
Following at least two drainage capture events between 4.2
and 2.9Ma, the Aare-Rhine River was rerouted through
the Upper Rhine Graben to its modern flow path (Figure 1a)
[Ziegler and Fraefel, 2009]. The contributing drainage area
upstream of Waldshut (~45,000 km2) that formerly drained
to the Danube is about one third of the modern contributing
drainage area of the modern Rhine River at the North Sea.
The addition of this large drainage area and discharge to its
present course through the reach between Waldshut and
Basel (Figure 1) and then through the Upper Rhine Graben
is likely to have increased the sediment transport and bed-
rock erosion potential of the Rhine River. Incision caused

by this event is propagated upstream through the Alpine
Foreland and eventually reaches the Alps. The magnitude
of the incision generated by this drainage reorganization is
unknown but likely greater than 250m [Schlunegger and
Mosar, 2011]. Recent interest in quantifying climate and tec-
tonic controls on erosion in the Alps and its foreland
[Kuhlemann et al., 2002; Champagnac et al., 2007; Norton
et al., 2008; Vernon et al., 2009; Willett, 2010; Schlunegger
and Mosar, 2011] motivates a quantitative understanding of
the magnitude and evolution of erosion occurring from
drainage reorganization events. Understanding the controls
on past erosion in the region is relevant to evaluating the
impacts of future erosion on potential radioactive waste
disposal sites in northern Switzerland.
[5] Here we complement previous work and quantify the

spatial and temporal response of a river undergoing drainage
reorganization. We use a 1-D fluvial erosion model that
incorporates both sediment transport and bedrock incision
to simulate the transient evolution of the Rhine River profile
to a capture event. Using the constraints provided by
previous geologic and geomorphic studies of the Alps, the
model is calibrated to the Rhine River. Predictions from
fluvial erosion models are often shrouded in uncertainty
due to natural variability in model parameters. Because of
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Figure 1. (a) Overview of the Rhine Basin with locations of major drainage reorganization events
labeled with red stars. (b) Overview of the modern and paleo-river systems near the locations of probable
drainage capture events. The towns of Basel and Waldshut are extensively referred to in the text for
geographic reference. Also note the location of the Blumberg gravels relative to the modern Aare River.
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this, a sensitivity analysis of our “best estimate” model
simulation was conducted with plausible variations in model
parameters. This approach produced a wide range of possi-
ble solutions for the dynamics of Rhine catchment evolution.
Finally, we discuss the implications of the results on the
evolution of the topography in the Alps and Alpine
Foreland, including incision magnitude and rate estimates at
the Aare-Rhine confluence in the easternmost Jura Mountains
(Figure 1).
[6] Although we focus on the Rhine River, the results also

have implications for capture events in other regions. The
model illustrates how drainage reorganization influences
the dynamics of the river profile. Moreover, by modeling a
range of parameter combinations, we quantify which physi-
cal parameters are important in controlling river response to
drainage reorganization. Lastly, we note that the modeling
framework presented in this paper can be adapted to other
geographic locations where reasonable constraints on the
relevant parameters can be made.

2. Geologic Background

[7] Ziegler and Fraefel [2009] provided a thorough
review of the evolution of drainage patterns in northern
Switzerland throughout the Neogene and Quaternary
(~20Ma to modern). The review covers a broad range of
previous work as well as an analysis of water and wind gaps
in the modern Jura that help describe more recent changes in
the regional river system. They developed a series of paleo-
geographic maps that describe the drainage basin history in
this region. We use their reconstructions to focus on major
reorganization events within the Aare-Rhine system since
the early Pliocene (Figure 1). Sedimentological evidence
suggests that the paleo-Aare flowed toward the Danube

(and eventually into the Black Sea) forming the Aare-
Danube system prior to ~4.2Ma (Figure 2a) [Manz, 1934;
Liniger, 1966; Villinger, 1986; Hofmann, 1996; Petit et al.,
1996]. Around ~4.2Ma, drainage reorganization diverted
the Aare-Danube toward the paleo-Doubs River (and even-
tually into the Mediterranean Sea) forming the Aare-Doubs
system (Figure 2b) [Petit et al., 1996]. At ~2.9Ma, the
Aare-Doubs was captured by the Rhine River resulting in an
early Aare-Rhine system draining through the Upper Rhine
Graben and eventually into the North Sea (Figures 1 and 2c)
[Petit et al., 1996; Hagedorn and Boenigk, 2008]. Addition-
ally, a portion of the Alpine Rhine remained isolated from
the Aare-Doubs system and continued flowing to the Danube
until the late to middle Quaternary (~1.7–0.8Ma; Figures 1
and 2d) [Villinger, 1998; Ziegler and Fraefel, 2009; Muttoni
et al., 2003].
[8] Several lines of evidence support the drainage history

outlined in the preceding paragraph. One example is the
existence of central Alpine-derived fluvial clasts (epidote-
bearing quartz gravels) located at the modern drainage
divide between the Danube and Rhine basins near Blumberg
[Manz, 1934; Figure 1]. These gravels are interpreted to be a
result of the northeast flowing Aare-Danube River system.
The ages of these gravels remain speculative, but they are
thought to have existed since at least the early Pliocene
(>4.2Ma) [Villinger, 1998] and are preserved today at an
elevation of ~880m above sea level (Figures 1 and 3,
Blumberg gravels), which is approximately 180m above
the modern local river elevations and ~560m above the
modern Aare-Rhine confluence near Waldshut.
[9] It is difficult to explain the existence of the Blumberg

gravels without a paleo-Aare river that flowed to the northeast
and into the Danube rather than turning west-northwest as it
currently does. Previous interpretations of the elevation of these
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Figure 2. Schematic of drainage evolution in northern Switzerland. See text for explanation of evidence
for drainage organization. (a) Aare-Danube system pre-4.2 Ma. (b) Aare-Doubs system 4.2–2.9 Ma. The
Aare River is integrated into the Doubs River. (c) Aare-Rhine 2.9–1.7 Ma. The Aare is rerouted through
the Upper Rhine Graben. Note that the timing for the capture of the Alpine Rhine is not precisely known
(between 1.7 and 0.8 Ma; see text for further explanations). (d) Aare-Rhine, 1.7 Ma to modern. The Alpine
Rhine is integrated with the Aare-Rhine system.
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gravels were used to argue for post-depositional differential
rock uplift in the Black Forest [Müller et al., 2002]; however,
this argument relies on assigning a correlative age to the
Geissberg gravels, which are found upstream in the eastern
Jura, at an elevation of ~590m (Figures 1 and 3). The
Blumberg gravels remain undated, and thus assigning a correl-
ative age is unsupported by any geochronological data.
Moreover, others have interpreted the Geissberg gravels to
post-date the Aare-Danube system [Bitterli-Dreher et al.,
2007]. An alternative end-member interpretation would be that
the rock uplift (relative to sea level) at this location is negligi-
ble, and the elevation of the Blumberg gravels denotes the
pre-capture elevation of the Aare-Danube system. Such an
interpretation provides an important marker for the topographic
and erosional history of the Alpine Foreland and the Alps as the
river basin upstream of the gravels must have been more than
880m in elevation relative tomodern sea level prior to drainage
reorganization (assuming little or no rock uplift in the south-
eastern Black Forest). If this is the case, then we can estimate
the paleo-elevation of the river upstream. The straight-line
distance from the modern Aare-Hochrhine confluence to the
Blumberg gravels is ~40 km. Assuming a modest slope similar
to the modern Rhine of 0.0025, the paleo-Aare-Danube was
~100m higher at Waldshut than the location of the modern
Blumberg gravels (Figure 3), providing an estimate, albeit
speculative, of pre-capture elevation of approximately 1000m
near Waldshut. We note that this does not include any post-
deposition rock uplift of the Blumberg gravels (southeastern
Black Forest) relative to Waldshut and is therefore likely
a maximum, corresponding to incision of ~650m over the last
~4.2Myr in the region of the modern Aare-Rhine confluence.
[10] The reorganization of the Rhine from its Aare-

Danube drainage configuration is supported by the arrival
of Alpine-derived fluvial clasts near Basel, Switzerland
(Figure 1, Sundgau gravels) at ~4.2Ma [Liniger, 1966; Petit
et al., 1996]. Remains of these gravels can be traced along
the Doubs River (at an elevation of ~200m above the
modern river) in eastern France suggesting that the reorgani-
zation of the Aare-Danube system resulted in flow into the

paleo-Doubs and toward the Mediterranean (Figure 1). The
elevation of these gravels relative to the modern river is vari-
able and may be influenced by post-depositional tectonic uplift
[Giamboni et al., 2004; Ustaszewski and Schmid, 2006;
Madritsch et al., 2009]. These gravels are dated to the middle
to late Pliocene (4.2–2.9Ma) [Petit et al., 1996].
[11] Additional evidence supporting an alternate drainage

route of the Aare-Rhine system is the absence of Alpine ma-
terial in the Upper Rhine Graben sediments prior to the latest
Pliocene (~2.9–2.5Ma) [Rolf et al., 2008; Hagedorn and
Boenigk, 2008]. The arrival of central Alpine clasts in the
Upper Rhine Graben, noted by heavy mineral analysis, marks
the establishment of the modern course of the Aare-Rhine
system with headwaters beginning in the central Alps [e.g.,
Liniger, 1966; Boenigk, 1987; Hagedorn, 2004; Hoselmann,
2008; Kemna, 2008; Weidenfeller and Knipping, 2008].
[12] The Aare-Rhine Basin continued to grow at the

expense of the Danube (including the “Alpine Rhine-
Danube”) throughout the Quaternary (since 2.6Ma;
Figure 3). This is evidenced by a series of gravel terrace
levels, which can be mapped in the region of the modern
Rhine and Aare Rivers [Preusser et al., 2011]. The Höhere
(higher) Deckenschotter (1.8–2.5Ma; [Bolliger et al.,
1996]) and the Tiefere (lower) Deckenschotter form distinct
terrace levels, which are located 100–300m and 50–200m
above the modern river course, respectively (Figure 3). For
both levels, the vertical distance between terrace level and
modern river course decreases in the downstream direction.
The distribution and pebble content of these Pleistocene
gravels suggest that the Alpine Rhine (corresponding to the
modern stretch of the Rhine upstream of Lake Constance;
drainage area ~20,000 km2), was still flowing toward
the Danube after the first establishment of the North Sea-
flowing Rhine [Villinger, 2003]. At some point during the
Pleistocene, the Alpine Rhine-Danube was captured down-
stream of Lake Constance [Ellwanger et al., 2003; Preusser,
2008]. It is, however, questionable whether the whole drain-
age area was captured at once or whether the increase in size
occurred stepwise [Ziegler and Fraefel, 2009; Preusser
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et al., 2011]. Although not as well constrained, this integration
is believed to have occurred around 1.7Ma according to
Ziegler and Fraefel [2009]. More recently, the Wutach River
captured parts of the headwaters of the Danube at ~18 ka
[Hebestreit, 1995]. This ~200 km2 capture event caused a wave
of incision in theWutach River. Maximum erosion rates on the
order of 25mm/yr have been inferred from late Quaternary-
Holocene terrace levels [Einsele and Ricken, 1995]. The inci-
sion resulting from the drainage reorganization established
the Wutach Gorge [Morel et al., 2003].

3. Methods

[13] To simulate the effects of drainage reorganization on
river evolution, we developed a 1-D numerical model that
incorporates both sediment transport mechanics and bedrock
incision processes (Figure 4). We begin by describing the
governing equations of the model that quantify changes in
bed sediment thickness and bedrock elevation. Then, we
describe how this model is used to model drainage capture.
Next, we discuss appropriate parameter values for the Rhine
River and a sensitivity analysis of these values. We then
compare the predicted fluvial relief (maximum-minimum
elevation) and concavity to the modern Rhine River
morphology as a test of model results.

3.1. Governing Equations

[14] The elevation of the riverbed, z, over time, t, is governed
by the mass balance equation:

@z

@t
¼ U � E h ¼ 0

@z

@t
¼ U þ @h

@t
h > 0

(1)

where U is the rate of rock uplift (or subsidence) relative to
the geoid, E is the rate of bedrock erosion, and h is the thick-
ness of sediment above bedrock. Bedrock erosion only
occurs when sediment depth is zero (Figure 4). This allows
the modeled river profile to transition from transporting
sediment to eroding bedrock (or vice versa) depending on
the environmental conditions.
[15] The evolution of sediment depth is governed by the

Exner equation for the conservation of mass on a river bed
[e.g., Paola and Voller, 2005]

@h

@t
¼ � 1

Wrs 1� lp
� � @Qs

@x
(2)

where W is the width of the channel, rs is the rock density,
lp is the sediment porosity, and Qs is the sediment mass flux
in the downstream direction, x. @ Qs/@ x is the divergence
of bed load sediment flux in the downstream direction
(sediment transported out of the reach minus sediment
supplied to the reach; Figure 4).
[16] Sediment is supplied to the reach by sediment

transport from the reach immediately upstream and any local
sediment sources delivered by tributaries. The local material
is a result of the erosion occurring in the additional drainage
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area gained as the river flows downstream, @ A. Sediment
supply, Qs, can therefore be calculated

Qs ¼ Qi�1
O þ brsEL@A (3)

where QO
i� 1 denotes the magnitude of sediment transported

out of the upstream reach and is calculated based on the sum
(or difference) of sediment supply and material entrained/
eroded (or deposited) on the bed of the upstream reach. If
enough sediment is available for transport, this value will
equal the transport capacity of the upstream reach. If the
reach is sediment starved (i.e., transport capacity is greater
than the sum of sediment supply and available bed sedi-
ment), all available sediment is transported downstream.
The second term on the right side of the equation represents
the amount of bed load supplied by the additional drainage
area gained in the downstream direction, where EL is the
mean erosion rate in that area and b is the fraction of the
eroded material in the bed load size fraction. Estimates of
b along the Rhine suggest a dependence on drainage area,
A [Schlunegger and Hinderer, 2003], which we adopt here

b ¼ �5:06 log Aþ 52:5 (4)

where the parameters are calculated empirically.
[17] The bed load transport capacity, QT, of the river is

calculated using an empirically derived formula [Wong and
Parker, 2006] that depends on river shear stress, tb, and
the median grain size, D.

QT ¼ 3:97rsW
tb

rs � rð ÞgD� tc�

� �3=2
D3=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rs � rð Þ

r
g

s
(5)

where tc* is the critical Shields stress, r is water density,
and g is the gravitational acceleration constant. Note that this
bed load transport formulation does not explicitly account
for the hiding and protrusion effects of variable sediment
size. If the sediment transport capacity is greater than
the supply, Qs, then sediment is removed from the bed (the
sediment reservoir is represented by h) and added to
the transported sediment mass until either the transported
sediment mass equals the capacity or bed sediment thick-
ness, h, equals zero.
[18] Shear stress is calculated using Manning’s equation

for a rectangular channel

tb ¼ rg
nQW

W

� �3=5

S7=10 (6)

where Qw is water discharge, S is channel slope, and n is a
roughness factor, assumed equal to 0.04 for all simulations
here, a value consistent for gravel bed rivers [Chow, 1959;
Barnes, 1967]. Water discharge is assumed to be a function
of upstream contributing drainage area

Qw ¼ kQA (7)

where kQ is an effective runoff rate to produce the average an-
nual flood along the Rhine (see section A.1.2 for further expla-
nation), and A the drainage area. Channel width is a function of
water discharge (Qw) and a scaling coefficient (kw):

W ¼ kwQw
0:5 (8)

which is supported by empirical and theoretical studies
[Montgomery and Gran, 2001; Yanites and Tucker, 2010].
For the purposes of this study, Qw is held steady. We later
discuss the implications of this assumption.
[19] If sediment depth is zero, exposed bedrock on the

river bed is eroded (equation (1)). We assume a simple shear
stress-dependent bedrock erosion rule

E ¼ Kf tb (9)

where kf is the bedrock erodibility and dependent on rock
type and erosion process. These equations (1)–(9) are solved
in an explicit, finite difference algorithm with time steps on
the order of 1 year to maintain stability in the numerical
solution while calculating the river profile evolution.

3.2. Model Setup for the Rhine River

[20] River profiles of the modern Aare-Rhine River were
extracted from a 90m Shuttle Radar Topography Mission
digital elevation model [Farr et al., 2007] to quantify
distance downstream and drainage area. We also extracted
the latitude and longitude of each point along the river to
allow assignment of model parameters that depend on local
geology, such as rock uplift or erodibility. For example, rock
uplift as revealed by leveling data is a maximum in the core
of the Alps and decays toward the foreland (section A.1.1)
[Gubler et al., 1981; Schlatter et al., 2005]. Using the geog-
raphy of the extracted river profile to estimate the distance
from the core of the Alps, we assign values of rock uplift
along the flow path of the river. This leads to the non-
monotonic decline of rock uplift with distance downstream
(Figure 5). We discuss a model scenario exploring spatial
variations in erodibility in section 4.3.
3.2.1. Pre-Capture River Profile
[21] River capture is simulated by initially separating the

river profile into two independent river profiles, one
upstream (Figure 6a, red profile) and one downstream
(Figure 6a, blue profile) of the capture location (Figure 6a, Lcap).
The drainage area at the capture point on the upstream profile
(Figure 6b, Acap) is subtracted from all points on the down-
stream profile to estimate the drainage area prior to the capture
event. Values of water discharge, channel width, and sediment
characteristics (e.g., grain size) are then calculated based on the
adjusted drainage areas (Figure 5). These pre-capture river
profiles are run to steady state (i.e., erosion or sedimentation
equals the rate of rock uplift or subsidence) using the equations
described above to provide an initial condition for the captured
river profile. Note that the final pre-capture steady state geom-
etries are not sensitive to the initial elevations prescribed along
the river. For example, starting the model with a constant eleva-
tion (plateau) or a profile that gradually slopes from 6000 m at
the upstream end to sea level results in the same steady state
geometry. By running these initial profiles to steady state, as
opposed to a transient river system, we isolate the impacts
of drainage capture on river profile evolution. After the pre-
capture steady state condition is achieved, the second simula-
tion begins and uses the pre-capture steady state geometry as
the initial condition. By comparing the pre-capture geometry
to the evolving, post-capture river profile, we quantify the
topographic adjustment to a drainage reorganization event.
[22] In this first simulation (pre-capture), the base level of

the downstream river is tied to sea-level, and the base level
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of the upstream river profile (Figure 4a, red profile) is tied to
the elevation of the highest point (upstream location) on the
downstream river profile (Figure 4a, blue profile). Such a
geometric constraint must occur for the capture event to take
place. We set the upstream location on this lower profile to
be equal to a small (but not first order) drainage basin
(~10 km2) prior to the capture event. It is difficult to envision
a reorganization event occurring that jumps directly to a large
river without passing through any smaller tributaries, yet fluvial
relief is concentrated in small drainage areas, potentially gener-
ating an unrealistically high capture elevation if the upstream
location was assumed to be located on a drainage divide.
Setting the drainage area to 10 km2 accounts for both of these
issues by generating a reasonable capture elevation in the base-
line model (see section 4.1 below) without the need for a long
horizontal distance between the two merging rivers.
[23] In our simplified setup, we model a single, large-

magnitude capture event. Thereby, the downstream profile
represents the river flowing through the Upper Rhine
Graben and to the North Sea prior to the integration of
the Aare-Rhine system. The upstream profile represents the
Aare-Danube headwater stream that flowed to the modern
Danube and eventually to the Black Sea, which is located
~2800km downstream of the capture location. In this model
framework, the relief of the downstream profile flowing
through the Upper Rhine Graben sets the elevation of the
modeled capture location. An alternative approach would be
to model the entire Aare-Danube system to the Black Sea;
however, this would require estimates of the parameter values
described above and in Table 1 for the modern Danube, which,
for the most part, are less constrained than the modern Rhine.

We avoid this approach as it opens up two possible issues with
regard to interpreting the model results: (1) it might generate an
Aare-Danube system with a lower elevation than the Upper
Rhine Graben, and therefore forcing a capture to the down-
stream and higher profile would be nonsensical; and (2) if the
modeled profile were higher than the Upper Rhine Graben
river, then it would induce an additional base level signal in
the incision wave. Although such a base level signal is possi-
ble, our focus is to understand the magnitude of incision
because of the change in drainage area. By pinning the
upstream profile to the eventual downstream profile, we ensure
that the erosion signal is purely a function of drainage reorgani-
zation and not because of elevation differences.
3.2.2. Post-capture Transient Profile Adjustment
[24] At the time of capture (second simulation), the drain-

age area at the capture point on the upstream profile is added
to all of the points on the downstream profile, and new
values of water discharge, channel width, and sediment
characteristics are calculated (Figure 5). Furthermore, sedi-
ment transported out of the upstream profile is added to the
sediment supply of the first node on the downstream profile,
effectively linking these two previously independent river
systems into one river profile. The model then simulates
the transient evolution of this integrated river system as it
adjusts to the new environmental conditions.
[25] The development of the modern Rhine Basin has a

complex history (see section 2). Given uncertainties in age con-
straints for the timing of capture and potential model sensitivity
to parameter choices, predicting the exact erosional history with
a numerical model is difficult. However, by exploring a simple
scenario with only one large capture in which the modern
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drainage basin upstream of Waldshut integrates through the
Upper Rhine Graben provides valuable insight into two impor-
tant parameters in the evolution of the Alpine Foreland.
[26] 1. It provides an estimate of river incision magnitude

that can be attributed to drainage reorganization. Even if the
integration occurs at different times, the cumulative incision
effect of all the captures will be the same as the magnitude of
all the captures occurring in a single event.
[27] 2. It provides a minimum estimate of the timescale of

the transient erosional response following capture.
[28] We use this scenario as a baseline simulation. Justifi-

cation of the parameterization of this baseline simulation can
be found in section A and Table 1. Furthermore, from this
baseline simulation, we explore model sensitivity to a
number of parameters using this capture scenario to isolate
the effects of parameter choices on model results. In the
discussion section, we explore the implications of a more
complex drainage reorganization history on landscape
evolution in northern Switzerland.

3.3. Model Caveats and Sensitivity Analysis

[29] Many parameters are constrained by prior studies of
the modern system (Table 1) and are used in a baseline
model (see sections 4.1 below and A). The model assumes
that these parameter values are constant throughout the
simulation duration with the exception of the effects of
drainage capture; however, this is an oversimplification.
We note, however, that how these parameters varied through
time along the Rhine River is not known, and therefore,
model results should be viewed as estimates of plausible
and probable system responses to drainage reorganization
over the range of parameter space explored here. For exam-
ple, glacial-interglacial climate cycles likely influence the
value of water discharge over time. Knowing how a greater
(or smaller) value of water discharge effects the model
results helps interpret the implications of the numerical
model and is the purpose of conducting a sensitivity analy-
sis. To test the importance of parameter choices on the
model results, we run a series of sensitivity analyses that
are described in section 4. We test the sensitivity of model
results to rock uplift, bedrock erodibility, sediment grain size
characteristics, capture location, and water discharge
(Table 1). The maximum/minimum values (Table 1) in the
sensitivity analysis are meant to provide end-member scenarios
of the model simulation to bound plausible river response
scenarios to drainage reorganization in this region.

4. Results

[30] We present the baseline simulation and sensitivity
analysis results, which provide rich information concerning
the transience of the incision. The results are presented in
Figures 6–12 and show the history of river elevation and
erosion rates as a function of distance downstream. In the
presentation of our results, we simplify the analysis and
focus on three variables that highlight the nature of the river
response: (1) the magnitude of elevation change of the
riverbed at the capture point, which controls the incision mag-
nitude that propagates upstream; (2) the maximum erosion rate;
and (3) the time duration between capture and the final steady
state profile, which quantifies the timescale of river adjustment.
To define when a profile has reached steady state, we calculate
the percent change in elevation relative to the previous model
output, typically in ~50 kyr intervals. If the maximum percent
change along the entire profile is less than 1%, we assume
the river has achieved steady state, and we define this timescale
as the “topographic adjustment” time. Choosing values smaller
than 1% has little effect on the transience timescale estimate.
Other important parameters, such as initial and final topo-
graphic relief, provide model validation for discerning the reli-
ability of model results.

4.1. Baseline Model Results

[31] Figure 7 shows the model results for the parameter set
based on our best estimates for the Rhine River (Table 1,
baseline model). Prior to capture, the river profile is in
topographic steady state (Figure 7a, upper black line),
where erosion/sedimentation rate equals the rate of rock
uplift/subsidence. Following capture, the river profile
downstream of the capture point evolves in response to
the increase in drainage area. The transient river profiles
(Figure 7a, colored lines) record the profile morphology
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Table 1. Model Parametersa
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every ~67 kyr (15 profiles) following the capture until the
river reaches a new steady state at ~1 Myr. This baseline
model results in an ~725 m elevation change immediately
upstream of the capture point due to drainage reorganiza-
tion (Table 2 and Figure 6a). This additional incision is
beyond the erosion necessary to maintain topographic
steady state. For example, a reach of river that experiences
0.3 mm/yr of rock uplift would have eroded ~1025 m of

material over the 1 Myr of profile adjustment (725 m from
the capture, 300 m from maintaining steady state).
[32] The difference between the pre-capture and post-

capture river profiles decays downstream of the capture point
to where no elevation change occurs at ~650 km downstream
(Figure 7a). Between ~650 and 1000 km, a slight (<40 m) gain
in elevation occurs by a rapid (<130 kyr) transient increase
in the rate of sediment aggradation in the Upper Rhine

Table 1. Continued

aGrey boxes represent sensitivity analysis. Baseline model values are bold.
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Graben. Downstream of ~1000 km, the two profiles are nearly
indistinguishable.
[33] Figure 7b shows the evolution of erosion rates along the

river for 15 time slices (0–1 Myr following capture) while the
profile responds to the transience of the drainage reorganiza-
tion. Upstream of the capture point, erosion rate increases
everywhere almost instantaneously with a maximum at the
capture point. The maximum erosion rate of ~11mm/yr occurs
just downstream of the capture point and immediately follow-
ing the capture event (note that due to regularly spaced time
slices, the maximum erosion rate may not be shown in the
figure). It should be noted that this peak erosion, although
large, is short lived and quickly decays as shown by
subsequent lines. The peak erosion migrates upstream as
the transience propagates through the Rhine River. This
pattern of erosional response (i.e., a migrating knickpoint
superimposed on uniform increase in erosion rate) is a result
of the combination of sediment transport and detachment-
limited erosion fluvial models [Whipple and Tucker, 2002].
[34] In Figure 7c, we plot the total bedrock erosion magni-

tude along the profile following the time of capture. This
value is the time-integrated erosion (different times, again,
are denoted by different colors) and shows how much bed-
rock material has been removed since capture. Note that in
this plot, the erosion of previously deposited river sediments
(i.e., in the Upper Rhine Graben) is ignored to focus only on
bedrock erosion. This results in the sharp break in the plot at
the start of the Upper Rhine Graben (~500 km) where
bedrock is located well below sea level due to long-term
subsidence. We plot the total bedrock erosion that occurs
over 1 Myr following basin integration in black (Figure 7c).
In grey, the magnitude of erosion expected to maintain topo-
graphic steady state over 1 Myr is plotted (i.e., the integral of
rock uplift). The difference between the black and grey lines
is the elevation change due to river capture along the river
profile. This plot highlights the additional erosion occurring
along the Rhine River due to the basin reorganization.

4.2. Sensitivity of Results to Rock Uplift/Subsidence
Patterns

[35] Two simulations were conducted to test the influence
of our rock uplift pattern on model results. First, we changed
rock uplift to a uniform value of 0.5 mm/yr upstream of the
Upper Rhine Graben. The evolution of the profile (Figure 8a)
showed little difference in comparison to the baseline model.
As in Figure 7, the pre-capture and post-capture steady state
fluvial profiles are shown in black with transient profiles in
color (Figure 8a). Furthermore, neither the maximum
erosion rate (Figure 8b and Table 2) nor the timescale of
adjustment (Table 2) changed dramatically compared to the
baseline model. In the second simulation, the rate of subsi-
dence in the Upper Rhine Graben was lowered by an order
of magnitude (Table 1). This results in a very similar tran-
sience of the profile compared to the baseline model (Table 2
and Figures 7c and 7d). The elevation difference between the
headwaters and mouth of the river (i.e., fluvial relief) is also
minimally affected in both scenarios (Figures 7a and 7c).

4.3. Sensitivity of Results to Bedrock Erodibility

[36] Four simulations were conducted to test the
sensitivity of river profile evolution to variations in the
lithologic resistance to erosion, the erodibility parameter.
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The erodibility was increased (i.e., a more easily eroded ma-
terial) for two simulations (10�3 and 10�4 m2 s/kg) and de-
creased for one simulation (10�6 m2 s/kg). These values
are chosen to represent a potential range of lithologies from
poorly indurated sedimentary rock to hard, unfractured crys-
talline bedrock. Such a broad range was explored because
erodibility is a poorly quantified parameter for natural sys-
tems (see section A.1.2). Results from previous studies sug-
gest that erodibility values for the lithologies present in our
study area (granite, moderately lithified sediments) have
erodibilities that cover the same range of values used in this
study [Stock and Montgomery, 1999; Yanites et al., 2010].
Few other studies of calibrated river incision models exist
to date, and we therefore use the results of Yanites et al.
[2010] to guide our parameter choice. The fourth simulation
tested the influence of spatial variations in lithology where
erodibility was varied from 10�6 m2 s/kg in the Alpine high-
lands to 10�4 m2 s/kg at the foot of the Jura Mountains. The
impact of bedrock erodibility on the incision magnitude,
maximum erosion rate, and timescale of adjustment on river
evolution is variable. Increasing bedrock erodibility has little
effect on incision magnitude (Table 2 and Figures 8a and
8c), but a strong influence on maximum incision rate
(Figures 9b and 9d) and the timescale of adjustment (Table 2).
The maximum incision rate increases to >100 mm/yr for an
order of magnitude increase in erodibility and to >500 mm/yr
for an increase of 2 orders of magnitude above the baseline
simulation. Both scenarios with higher erodibility adjusted to
a new steady state profile in less than 50 kyr.

[37] Decreasing bedrock erodibility has a relatively small
effect on incision magnitude (Figure 9e) compared to the
baseline model. The maximum elevation change is ~975 m
(~34% higher than the baseline). The maximum rate of incision
of ~2.3 mm/yr is significantly lower than the baseline model.
The timescale for topographic adjustment is much longer
(>10 Myr) than any other simulation tested in this study. We
note that decreasing erodibility results in unrealistically high
fluvial relief (18 km, note the y axis scale in Figure 9e)
highlighting that this value clearly represents an unrealistic
lower end-member for fluvial erodibility in the region.
[38] Variations in lithology with successively higher erod-

ibility in the foreland compared to the Alps have little influ-
ence on either the magnitude of incision or the timescale of
adjustment (Table 2 and Figure 9g). The maximum incision
rate, on the other hand, is twice the rate of the baseline
model (Figure 9h). This suggests a strong spatial variability
in the response, where near the capture point, the profile
adjusts much more quickly in this variable lithology model
than the baseline model. The relief of the profile is sensitive
to the pattern of bedrock erodibility. By incorporating rocks
that are less erodible in the headwaters, relief along the
profile increases by ~1500 m even though more erodible
rocks are present than the baseline simulation. This occurs
because at high erodibility (“soft” rocks), the slope of the
river is strongly influenced by imposed sediment loads,
and thus the river slope is strongly influenced by the sedi-
ment transport capacity. Because the imposed sediment load
is the same between these simulations, a change to even
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higher erodibility has little effect on slope. This results in a
greater sensitivity to less erodible rocks (“hard” rocks;
Figures 9e and 9f) than more erodible rocks (“soft” rocks;
Figures 9a–9d) compared to the baseline model.

4.4. Sensitivity of Results to Sediment Grain Size
Characteristics

[39] Three simulations were conducted to test the model
sensitivity to grain size. Two simulations investigated the
initial grain size assumed in the river headwaters. The first
reduced the grain size by half compared to the baseline

model (10 cm median grain size in the headwaters), whereas
the second doubled the initial grain size. The third simula-
tion tested the assumption that the percent of sediment load
transported by bed load varies downstream [Schlunegger
and Hinderer, 2003] by assuming a uniform bed load
fraction. Model results all showed a strong sensitivity to
grain size (Table 2 and Figure 9). Decreasing the headwaters
median grain size by half reduces the magnitude of incision
to 214 m (a reduction of ~70%), whereas doubling the
median grain to 20 cm increases the magnitude of incision
to >2000 m. This produces unrealistic relief (Figure 9C).
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Further, more than 2 km of erosion in northern Switzer-
land is unlikely as terrace records suggest much less
incision [e.g., Preusser et al., 2011]. Maximum incision rates
and transience timescale are also sensitive to grain size, though
the sensitivity is less than incision magnitude. For example,
with a decrease in grain size (Figures 10a and 10b), the maxi-
mum incision rate is lowered to ~5 mm/yr, and the profile
responds in less than 500 kyr. For an increase in grain size,
maximum incision reaches>20 mm/yr with a profile response
timescale of ~1 Myr.
[40] Assuming a uniform distribution of the proportion of

bed load material (e.g., no downstream dependence of b),
predicts only ~480 m of incision (Table 2 and Figure 9e)
but the maximum incision rate of 9.5 mm/yr is similar to
the baseline model (Table 2 and Figure 10f). The timescale
of response suggests a slightly more rapid equilibration
(<500 kyr) if bed load proportion is constant along the river
profile. This scenario is likely an unrealistic end-member
case due to the tendency for a reduction in grain size in the
downstream direction.

4.5. Sensitivity of Results to Capture Location

[41] The position of the capture point is not precisely
known, which requires an analysis of our assumed capture
location. Locating the capture point 50 km downstream of
the baseline model increases all three profile response
parameters (Table 2). The magnitude of incision increases
to >1100 m (Figure 11a), the maximum incision rate

increases to ~16 mm/yr (Figure 11b), and the timescale of
response increases to ~1 Myr (Table 2). Moving the capture
location 100 km upstream decreases all three parameters.
The magnitude of incision decreases to ~400 m (Figure 11c),
the maximum erosion rate decreases to ~4.9 mm/yr
(Figure 11d), and the profile responds in <500 kyr (Table 2).
[42] The slope of a river in a subsiding reach is highly

sensitive to the interplay between grain size, sediment
supply, and water discharge [Paola et al., 1992, and Sinha
and Parker, 1996]. Moreover, the proportion of bed load
(equation (4)) and grain size both depend on drainage area;
therefore, the distribution of sediment characteristics along
the Rhine River is controlled by the network geometry of
the drainage basin. Because of how subsidence, the drainage
network, and sediment characteristics vary near the bound-
ary of the Upper Rhine Graben, different pre-capture relief
scenarios are generated for the different modeled capture loca-
tions. This leads to the different model results found in this
analysis. In other words, for river reaches near the headwaters,
the increase in drainage area with distance downstream occurs
more slowly in the downstream capture location case than in
the upstream case. This causes steeper slopes over a longer hor-
izontal distance, resulting in more relief in the headwaters.

4.6. Sensitivity of Results to Variations in Discharge

[43] In addition to capture events, water discharge can
also vary in response to climate change, which has un-
doubtedly occurred throughout the evolution of the Rhine
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Figure 11. Model sensitivity to capture location. The evolution of the river profile following capture for
a capture event located (a) 50 km downstream of the baseline model and (c) 100 km upstream of the
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River (e.g., between glacial and interglacial cycles). Two
end-member water discharge scenarios are simulated by
varying the effective runoff parameter kQ (Table 1) by
factors of 5 and 0.2. Variations in water discharge exert a
strong sensitivity on the magnitude of incision and moder-
ate sensitivity on the maximum incision rate or timescale of
adjustment. A fivefold increase in water discharge
decreases the predicted magnitude of incision to ~375 m
(Figure 12a), but the maximum erosion rate and the time-
scale of adjustment are lowered to only ~8.5 mm/yr

(Figure 12b, note the differences in the scale of the y axes)
and 500 kyr (Table 2), respectively. A fivefold decrease in
discharge increases (relative to the baseline) the incision mag-
nitude to ~1250 m (Figure 12c), the maximum erosion rate to
14.8 mm/yr (Figure 12d), and the timescale of adjustment to
800 kyr (Table 2). The difference in behavior is a result of
the very different pre-capture steady state profiles (Figures 12a
and 12c). The relief exhibited by the decreased water discharge
experiment is unrealistically large suggesting that this value of
water discharge is a lower end-member value. We note that

Table 2. Model Results

Run Name Run Figure
Maximum Elevation

Change (m)
Transience

Timescale (Myr)
Maximum Erosion

Rate (mm/yr)
% Difference Of

Incision From Baseline

Baseline Figures 7a–7c 726.4 0.7 11.4 0
Uniform uplift Figures 8a and 8b 773.3 0.8 11.9 6.5
Lower subsidence Figures 8c and 8d 730.8 0.75 11.4 0.6
kf= 10

�3 m2s/kg Figures 9a and 9b 718.8 0.04 590.5 �1
kf = 10

�4 m2s/kg Figures 9c and 9d 718.8 0.047 145.9 �1
kf =10

�6 m2s/kg Figures 9e and 9f 975 10.8 2.3 34.2
Variable lithology Figures 9g and 9h 726.3 0.8 22.2 0
D50 = 5 cm Figures 10a and 10b 214.8 0.45 5.1 �70.4
D50 = 20 cm Figures 10c and 10d 2048.2 1.05 25.5 182
Uniform beta Figures 10e and 10f 481.8 0.45 9.5 �33.7
Capture downstream Figures 11a and 11b 1163.7 1 16.3 60.2
Capture upstream Figures 11c and 11d 404.3 0.45 4.9 �44.3
Qw increase Figures 12a and 12b 377.5 0.5 8.5 �48
Qw decrease Figures 12c and 12d 1267.6 0.8 14.8 74.5
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given the assumption of linear water discharge-precipitation
scaling (see section 3.1) and a modern mean annual precipita-
tion in the Rhine basin of ~630 mm, these values represent
end-member climates with a mean annual precipitation of
130 mm and 3150 mm, well beyond a reasonable value for
the Rhine Basin in the late Cenozoic.

5. Discussion: Application of Results to Northern
Switzerland

[44] Drainage reorganization of the Rhine River has implica-
tions for landscape evolution of the Alpine Foreland in north-
ern Switzerland and the central Alps as well as other regions
where major drainage reorganization has occurred. The follow-
ing discussion compares the model results with observations
within the Rhine basin. This includes (1) the magnitude of
Pliocene-modern erosion due to drainage capture, (2) the
timing and magnitude of incision events along the Rhine River,
and (3) the predicted model concavity and relief.

5.1. Implications for the Erosion of the Rhine River Basin

[45] This study provides a quantitative assessment of the im-
pact of Rhine River reorganization on landscape evolution in
Switzerland. The results suggest that drainage reorganization
can account for a significant amount of Pliocene-modern inci-
sion within the Aare-Rhine River basin in the Alpine Foreland
(Table 2) [Mazurek et al., 2006; Cederbom et al., 2011;
Schlunegger and Mosar, 2011]. The model predictions are
consistent with a number of observations in the region includ-
ing (1) rapid pulses of incision and the abandonment of
regional terrace levels [Graf, 1993; Graf, 2009; Kock et al.,

2009; Preusser et al., 2011], (2) the magnitude of erosion
through the Pliocene-Pleistocene in the Rhine and Danube
basins [Mazurek et al., 2006; Willett and Schlunegger, 2010],
and (3) the pattern of erosion following terrace abandonment
[Preusser et al., 2011] (e.g., rather uniform upstream of the
capture and decaying downstream of capture). We now discuss
each of these predictions and the corresponding observations.
[46] In most model scenarios, the transient response to the

drainage reorganization is considered to have occurred in
less than 1 Myr of model time (Table 2 and Figures 7–12).
The actual timescale of the entire incision event is likely lon-
ger since the reorganization occurred in a stepwise, time
transgressive manner [Ziegler and Fraefel, 2009; Villinger,
1998, 2003]. Nonetheless, the rapidity of geomorphic
response when drainage capture occurs is consistent with
the regional abandonment of terrace levels in the Rhine
basin. The preservation of spatially coherent relict deposits,
such as the Deckenschotter (Figure 3) [Frei, 1912; Graf,
1993], is consistent with the pattern of erosion predicted
by the model (Figure 13), though the magnitudes may vary
(see section 5.2 below).
[47] The results demonstrate that a significant amount of

Plio-Pleistocene erosion (a few hundreds of meters to 800
m) in the Rhine basin upstream of the capture location
(Figure 1b) can be attributed to drainage reorganization.
Spread over 4 Myr, this is equal to an average erosion rate
0.1–0.2 mm/yr. This magnitude of erosion accounts for a
large part of the overall incision in the external Alpine Fore-
land (~1000 m according to Cederbom et al. [2011], Müller
et al. [2002], andMazurek et al. [2006]). It also accounts for
an important fraction of erosion in the internal Alpine
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Foreland and in the Alps over the last few million years
[Vernon et al., 2008; Glotzbach et al., 2010, 2011a, 2011b;
Pignalosa et al., 2011].
[48] As discussed in section 2, the elevation of the

Blumberg gravels suggests that at least ~650 m of erosion
has occurred since deposition (Figure 3). Moreover, Danube
incision near the Blumberg gravels is only ~100 m (eleva-
tion between Blumberg gravels and modern Danube), which
is much less than incision along the Rhine near Waldshut.
This suggests that the erosional intensity in the Rhine basin
has outpaced erosion rates in the Danube basin. Given the
proximity (<50 km) of these locations, neither climate
change nor broad-scale tectonics are likely to be the direct
reason for such large differences in incision. The reorganiza-
tion of drainages is most consistent with this difference in
erosion. Essentially, the Rhine has an increased erosion
capacity due to the increase in water discharge from capture,
thereby causing the pirated Danube catchment to experience
lower water discharge and a reduction in erosion. This is
further evidenced by the migration of the drainage divide
of the Danube, resulting in not only continued drainage area
capture by the Rhine upstream of the Waldshut [e.g., Morel
et al., 2003] but also drainage capture by the Neckar River
along the northern drainage divide of the Danube [Davis,
1899; Wagner, 1929; Hötzl, 1996]. This effect will likely
be a maximum at the upstream end, where the reduction in
stream power along the Danube is greatest and wanes as
the drainage area lost becomes insignificant downstream.
[49] The elevation of the Deckenschotter above modern

river levels provides an estimate of incision since abandon-
ment [Müller et al., 2002; Preusser et al., 2011]. The most
recent major reorganization event is the redirection of the
“Alpine Rhine” upstream of Lake Constance from the
Danube to the Rhine system. The pattern of the Höhere
Deckenschotter abandonment is consistent with this incision
being driven by the reorganization. For example, minimum
erosion occurs at the downstream end of the Deckenschotter
(near Basel). Erosion then monotonically increases to about
the recent outlet location of Lake Constance, where it levels
off. Incision along the Aare system is also fairly uniform
with values consistent with the erosion at the confluence
near Waldshut. Exceptions to this pattern occur toward the
internal Alpine Foreland (e.g., region of Lake Zurich), where
incision magnitudes are greater. This pattern could result
from either glacial overprinting from the Quaternary devel-
opment of glacial overdeepenings or from increasing
tectonic rock uplift toward the Alps. These observations
are consistent with the pattern of river elevation change
predicted by the modeling (Figures 7–13), where a
maximum additional incision (beyond what is necessary to
maintain steady state) occurs at the capture point and is
propagated upstream. The magnitude of incision decays
toward zero downstream of the capture location. Recall that
total incision is the elevation change plus the incision needed
to maintain topographic steady state. Therefore, where rock
uplift is low (e.g., the northern part of the study area),
the long-term incision pattern should mimic model
predictions since the incision needed to maintain steady state
is minimal; however, in areas of higher rock uplift (e.g.,
toward the Alps), the rate of rock uplift will accentuate the
erosion magnitude recorded by the abandonment of the
Deckenschotter in the foreland.

5.2. Implications of Multiple Capture Events for
Landscape Evolution in the Rhine River Basin

[50] The single river capture event simulations
presented so far are useful for understanding the effects
of capture on river incision and analyzing the sensitivity
to model parameters; however, the history of the reorga-
nization is decidedly more complicated than the models
described above. Three major events are generally
accepted concerning capture around the Rhine River (in
order of occurrence):
[51] 1. An Aare-Danube system was captured near the

modern confluence of the Aare-Rhine (specifically the
Hochrhine near Waldshut) creating an Aare-Doubs River
system draining to the Mediterranean. This occurred
sometime around/before 4.2 Ma based on fossils in the
Sundgau gravels dated to 4.2–2.9 Ma [Petit et al., 1996].
[52] 2. The Aare-Doubs system was captured in the area

north of the city of Basel, Switzerland (Figure 1) and formed
the first connections between the Swiss Alps, the Central and
Northern Upper Rhine Graben, and the North Sea (2.9–1.7
Ma based on the arrival of central Alpine mineral
assemblages dated to 2.6 Ma [Weidenfeller and Knipping,
2008; Hoselmann, 2008] and the Sundgau gravels being
not older than 2.9 Ma [Petit et al., 1996].
[53] 3. The Alpine Rhine upstream of Lake Constance was

integrated into the Hochrhine and Aare-Rhine and thus into
the the North Sea flowing Rhine sometime between 1.7
and 0.8 Ma [Ziegler and Fraefel, 2009; Preusser et al.,
2011]. Note that the Alpine Rhine integration may have
occurred in a two-stage process where at least half of the
system was integrated through the Walensee channel
(through the region of Zürich to Waldshut). This was then
followed by the integration of the region around Lake
Constance (Figure 1). Without direct evidence that dates
the integration of these sub-basins, we will assume the
entire Alpine Rhine is captured in only one stage.
[54] To illustrate the potential impact of this more

complicated drainage history, we simulate these three
events successively using our drainage capture model.
The methods for modeling the multiple capture events can
be found in section B.
[55] The results presented in Figure 14 highlight the com-

plexity of these multiple capture events on landscape evolution
in northern Switzerland and the Alps. Each event generates
landscape transience, but the size of the erosion signal varies.
For example, the reorganization of the Aare-Danube to the
Aare-Doubs (event 1) generates in the model an ~500 m wave
of incision up the Aare (Figure 14a). The subsequent
rearrangement through the Upper Rhine Graben 1.3 My later
sends another pulse of incision of ~ 220 m upstream through
the Rhine-Aare system (Figure 14b). Finally, the integration
of the Alpine Rhine 1.9 My later generates another ~40 m of
incision along the Aare-Rhine river system. The 40 m incision
magnitude decays from the location of Waldshut to ~0 m at
Basel (note this is not plotted due to the small magnitude of
elevation change relative to line thickness in Figure 14).
Although not investigated here, all of these events would have
interesting implications for temporarily increasing incision
rates of tributary rivers and enhanced hillslope erosion rates
near the capture location (Figures 1 and 13).
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[56] The modeled results are consistent with the abandon-
ment of at least three terrace levels or gravel deposits.
Although the ages of terrace and gravel deposits are poorly
constrained, we can make some inferences based upon
what is known. The abandonment of the Blumberg gravels
(~600 m above modern Rhine River and ~300 m above
the next terrace level; Figure 3) is most consistent with the
capture of the Aare-Danube by the paleo-Doubs. The step
between the Höhere (higher) and Tiefere (lower)
Deckenschotter (~50–100 m elevation difference; Figure 3),
or possibly the abandonment of the Tiefere Deckenschotter
(~50–200 m above modern river; Figure 3), may be associ-
ated with the capture of the Alpine Rhine [Preusser et al.,
2011], which is likely to have happened somewhere
between Waldshut and Lake Constance. Consequently, ero-
sion would be a maximum in this region (capture location)

and decay downstream. However, the lack of precise dating
of these deposits limits our ability to definitively tie them to
distinct drainage reorganization events. The timing, place,
and course of action of the capture of the Alpine Rhine are
debated [cf. Villinger, 2003; Preusser, 2008; Keller, 2009;
Ziegler and Fraefel, 2009]. The elevation differences
between the terrace levels show a similar pattern to the
model results which predicts incision of ~500, 220, and 40
m for the three modeled events. We note that the mismatch
between the modeled and observed incision is well within
uncertainty in estimates of model parameters. Despite the
simplified modeling approach with three main capture
events, our results show that some of the major steps
between terrace levels in northern Switzerland may be
related to major drainage reorganizations.

5.3. Additional Considerations

5.3.1. Potential Influence of Glacial-Interglacial Cycles
on Results
[57] It is clear that glacial processes have overprinted

fluvial morphology in the upper reaches of the Rhine
[e.g., Norton et al., 2008]. Whether or not the incision
wave due to any of the capture events influenced the erosional
budget of the high Alps depends on the timing of the reorgani-
zation events relative to the onset of glaciation and the magni-
tude of glacial erosion. For example, if glaciers formed and
were erosive enough to lower valley elevations prior to the
arrival of the capture signal, then glacial overprinting could re-
duce the magnitude of the incisional wave when it arrives in the
core of the Alps. Given that the timing of the first capture event
is ~4.2 Ma, well before extensive Alpine glaciations [Muttoni
et al., 2003], and that the incision likely worked its way
through the landscape in 1 Myr (so by 3.2 Ma), at least some
of the Pliocene-modern exhumation of the central Alps is due
to this capture event [Schlunegger and Mosar, 2011]. As the
first known major glacial advance in the Swiss Alps occurred
during the mid-Pleistocene revolution at around 0.87 Ma
[Muttoni et al., 2003], we expect that most of the incision prop-
agated through much of the Alps before being strongly
influenced by glacial processes. Furthermore, even with
glaciers in the Alps, the base level lowering that is generated
by this incision event will propagate to the glaciated part of
the landscape, potentially influencing the type and rate of gla-
cial erosion [e.g., Shuster et al., 2011].
[58] Glacial-interglacial cycles have undoubtedly

influenced sediment and water discharge over timescales of
tens to hundreds kiloyears. Climate was generally drier dur-
ing glacial periods, potentially with up to 60% less precipita-
tion [Peyron et al., 1998], thus our calculated response times
based on modern climate are likely minima. Changes in
grain size during glacial times are not constrained along
the Rhine River. If glacial periods produce coarser sediment,
this would slow the transient response timescale (Table 2);
however, the initial profiles and initial transient waves devel-
oped prior to Alpine glaciation and therefore not influenced
by glacially driven fluctuations in grain size. Further con-
straints on the evolution of Aare-Rhine grain size over the
last 4 Myr will improve the ability to model fluvial response
to drainage organization. Without this information, we kept
water discharge and sediment characteristics steady through
the simulation. This implicitly assumes that the effects of this
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variability average out over multiple glacial-interglacial
timescales.
[59] Sea level variation is another potential control on

fluvial erosion in the Rhine basin, though we note that the
base level effects of sea level depend on the slope of the con-
tinental shelf. Given that the slope of the Rhine Delta is sim-
ilar to the slope of the lower Rhine [Törnqvist et al., 2000],
we do not expect variations in base level from sea level
change to be significant. We also note the rock uplift history
and pattern are not well known in central Europe. Our
model, however, shows limited sensitivity for the evolution
of the river profile, the maximum erosion rate, and profile
adjustment time to rock uplift patterns (Figure 8), suggesting
that our results remain robust.
5.3.2. Flexure and Tectonics
[60] Our modeling does not include the flexural isostatic

response of the crust to the migrating wave of incision. As
the flexural response is a function of the total mass removed,
this calculation would require modeling the transience into
the tributaries and hillslopes of the Rhine, which is beyond
the scope of this study. As an end-member, we can assume
full isostatic compensation and calculate additional rock
uplift due to the incision. Removing 700 m of mass from the
surface will cause a rebound of about 570 m (for a
lithosphere-asthenosphere density ratio of 2700/3300 kg/m3).
This additional rock uplift would drive more erosion providing
a feedback; however, >1.5 km of incision in the external
foreland is beyond any reasonable estimate based on geologic
observations [Cederbom et al., 2011; Müller et al., 2002;
Mazurek et al., 2006]. There are a number of reasons that
this can be considered an overestimate to the contribution
of capture to the rock uplift of the Alps and foreland. For
example, it ignores any flexural support which lowers the
magnitude of rock uplift in response to unloading. Also,
transient waves tend to slow down as drainage area
decreases (Rosenbloom and Anderson [1994] and the
sensitivity test of lower water discharge). Therefore, the
transience may still be actively occurring in the tributaries
and on the hillslopes, and therefore, the average amount of
unloading across the whole landscape is clearly <700 m.
And finally, glacial processes may have overprinted the
river capture contribution. This simple calculation of
isostatic rebound does, however, reveal the importance of
how the evolution of base level in the foreland can have
profound impacts on the exhumation of the adjoining
orogen, especially if the orogen is in a state of decay.
Not only is this important for understanding the
drivers of Alpine exhumation, but it is also important for
other orogens where drainage reorganization events
have occurred.
[61] The Jura was tectonically active between 10 and 4 Ma

[Ziegler and Fraefel, 2009], with some evidence suggesting
continued deformation today [Madritsch et al., 2009]. By
assuming a steady rate of rock uplift, we have likely
oversimplified the tectonic history of the region, both
spatially and temporally. However, given our inability to
constrain past rock uplift rates, we use the modern data to
constrain the general trend of rock uplift [Gubler et al.,
1981; Schlatter et al., 2004] along the river profile. More-
over, the limited sensitivity of our modeling to large-scale
rock uplift variations (Figure 8) suggest that non-steady
tectonic processes would have minimal impact on incision

driven by drainage reorganization. Spatially, local tectonic
processes (e.g., thrusting and folding in the Jura Mountains)
will certainly have an impact on total incision on a local
scale. However, the impact on the shape of the large-scale
river profile will be small.
5.3.3. Driving Mechanisms
[62] The modeling approach presented here forces the

capture to occur at a specified time without a driving mech-
anism initiating the capture. Various mechanisms have been
proposed to drive drainage reorganization in the Alps
[Ziegler and Fraefel, 2009; Schlunegger and Mosar, 2011]
and elsewhere [Bishop, 1995; Brocard et al., 2012]. Such
physical mechanisms include tectonic activity, ice sheets,
landslides, and groundwater processes.
[63] Although many of these processes are plausible

causes of drainage reorganization in the Alpine Foreland, our
preferred mechanism for the capture of the Aare-Danube to
the paleo-Doubs is groundwater sapping. The evidence in
support of this mechanism include (1) the point of capture
occurred in an area where limestone bedrock is common; (2)
the capture of the Aare-Danube occurred before the
development of large ice sheets; (3) there is evidence of
ongoing capture occurring at many locations along the
Danube divide including Danube capture by the Neckar basin
[Davis, 1899] where tectonics, ice sheet, and landslide mecha-
nisms are unlikely; and (4) the Blumberg gravels are deposited
on the Malm limestone, which strikes NE-SW from Blumberg
to Waldshut. This is the same unit in which considerable flow
along the modern Danube River is lost through karst systems
to the Rhine in the region north of Lake Constance [Hötzl,
1996]. If this hypothesis is correct, it has important implications
for the controls on exhumation in orogens such as the Alps.
Essentially, the drainage reorganization is a result of the natural
progression of internal dynamics between the hydrologic and
geomorphic systems, and therefore, the incision wave cannot
be tied to any one specific tectonic or climatic cause. Future
work is clearly needed to address how these drainage organiza-
tion events occur.
[64] Of course a prerequisite for groundwater sapping is

the existence of a catchment with a lower base level close
to the Aare-Danube course. It is possible that a lowering of
river elevations in the neighboring basins helped facilitate
the groundwater-sapping processes. A low base level and a
growing drainage area of the paleo-Doubs catchment could
have resulted from the Messinian salinity crisis, a period of
low sea level in the Mediterranean from ~6.0 to 5.3 Ma. This
event caused the incision of deep gorges in the Rhone valley
[Gargani, 2004]. Taking into account the large uncertainty of
the age of the Aare-Danube capture event (~4.2 Ma), and the
relatively long distance between the Mediterranean and
paleo-Doubs capture location, this scenario is quite possible.
[65] Even though all capture locations are located near

limestone bedrock, influences from other mechanisms for
capture are possible. For example, the second capture
(Aare-Doubs capture by the paleo-Rhine) is located within
the Upper Rhine Graben, and therefore a tectonic cause for
the capture is plausible [Hötzl, 1996; Ziegler and Fraefel,
2009; Schlunegger and Mosar, 2011]. Finally, given the
mid-Pleistocene timing of the reorganization of the Alpine
Rhine, we suspect glacial landscape processes played a role
in the integration of the Alpine Rhine into the Aare-Rhine
system [e.g., Keller, 2009].
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5.4. Model Validation

[66] The analysis presented here reproduces many
geomorphic characteristics of the river systems including
the rate of incision following a capture event, fluvial relief,
and river concavity. For example, estimates of the transient
response of the Wutach River capture suggest a short-lived
erosion pulse of 25 mm/a following the capture [Einsele
and Ricken, 1995]. This is consistent with our estimated
values of maximum incision (Figure 7 and Table 2) for the
time intervals analyzed. The morphologies of the modeled
and modern river profile are also consistent (Figure 15). In
Figure 15, we plot the slope and area of the modern Rhine
River as well as the slope-area relationship for the final
steady state river profile shown in Figure 7. The slope of
the regression line is the river concavity, which is consistent
between the modeled (0.75) and modern Rhine River (0.69).
This scaling persists even when ignoring the glacially

modified portion of the landscape along the Aare-Rhine
(Figure 1) corresponding to a drainage area of less than
~1010 m2 (Figure 15). River concavity is sensitive to patterns
in rock uplift/subsidence, sediment supply, and downstream
changes in grain size [Sinha and Parker, 1996; Gasparini
et al., 2004]. Because multiple parameters control concavity,
its value is not unique with regard to any one factor; how-
ever, combined with the reproduction of fluvial relief and
predictions of incision magnitude consistent with observed
incision since the drainage reorganization, we are confident
that the model captures, at least to the first order, the impacts
of drainage reorganization on the evolution of the Rhine
River in Switzerland over the last few million years. This
suggests that a simple shear stress river erosion model, when
accounting for sediment transport, can roughly capture river
morphodynamics and the impacts of drainage capture along
the Rhine River.
[67] Estimates of a lower magnitude of erosion (e.g., from

small grain size) occur when the initial and final profiles
have reliefs that are quite low compared to the modern
Rhine. Such profiles are not consistent with the modern
relief along the Rhine. Simulations that reproduce the mod-
ern Rhine profile relatively well require at least 400 m of
erosion following drainage reorganization. It therefore
seems plausible that in order to develop the modern Rhine
profile, incision due to drainage capture must have occurred.
This is consistent with the elevation of multiple terrace
levels in the Rhine Basins, both upstream and downstream
of the capture location.

6. Conclusions

[68] The history of drainage basin evolution in central
Europe since the early Pliocene has important implications
for the evolution of the Alps and Alpine Foreland. To
explore the effects of drainage reorganization on landscape
evolution, we modeled the fluvial response to the rerouting
of the paleo-Aare-Danube River system to its modern
course. We used a simple 1-D model of sediment transport
and river erosion with the assumption that the elevation of
the upstream river (Aare-Danube) at the capture location
must have been higher than the point of capture on the
downstream river profile. We found that drainage reorgani-
zation along the Rhine River in central Europe could have
generated more than 400 m of incision upstream of Basel
(Waldshut area, Switzerland; Figure 1). The sensitivity of
results to model parameters was tested and showed that sed-
iment characteristics (e.g., grain size, bed load proportion)
strongly influenced the river dynamics, though all of these
scenarios still predict at least several hundred meters to a ki-
lometer of incision. Regional variations in tectonically
driven rock uplift are found to have minimum effects on
modeled river profile evolution. In any case, drainage reor-
ganization can account for a considerable part of the incision
measured in the external Alpine Foreland over the last few
million years. The transience from these events rapidly
swept through the fluvial reaches upstream of the capture
location, most likely in less than one million years. This
incisional wave also reached the Alps and influenced exhu-
mation, but the magnitude of the drainage reorganization
incision in the Alps is likely less than uplift-induced erosion
and glacial processes in the late Pleistocene. It is clear that
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Figure 15. Morphological comparison between modern
and modeled Rhine River. (a) Comparison between the
baseline model (black) profile and the modern Rhine River
(grey). The modern Rhine above ~500 m has been heavily
influenced by late Quaternary glaciations. (b) Comparison
of Rhine River slope area data (red circles) to simulated
slope area (blue crosses). Simulated profile matches the
Rhine reasonably well. Note that many of the deviations
upstream of 1010 m2 result from glacial overprinting.
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the incisional response of the Rhine River to drainage reor-
ganization must be considered in accounting for controls
on Quaternary landscape evolution in this region.

Appendix A

A.1. Baseline Model Parameters
[69] An initial set of parameters for the previous equations

were chosen as representative values for the modern Rhine
River (Table 1). The simulation conducted with these
parameters is hereafter referred to as the baseline model
and the reference point for comparison with our other simu-
lations. Most of these values were selected from previously
published studies (Table 1). Some values were calculated
here, such as bedrock erodibility, such that river profiles
similar to the modern shape and relief of the Rhine River
evolved from the numerical model. A summary of the model
parameters and the rational for using them are found below
and in Table 1.
A.1.1. Uplift and Subsidence Histories
[70] River erosion is sensitive to the rate of base level fall

(the relative vertical movement of the downstream end of a
given river reach), which is largely controlled by rock uplift
patterns [Whipple and Tucker, 1999]. Rock uplift patterns in
the Alps, Upper Rhine Graben, Rhenish Massif, and Lower
Rhine Graben are estimated from a number of observations
(Figure 5). For example, leveling lines constrain the rate of
rock uplift relative to Basel for much of Switzerland
[Schlatter et al., 2005; Gubler et al., 1981]. The measure-
ments suggest a maximum of ~1 mm/yr in the core of the
Alps and a decline to a reference point located about 40
km east of Basel, where the Rhine flows on crystalline base-
ment of the Black Forest Massif [Schlatter et al., 2005].
Rates of sediment accumulation in the Upper Rhine Graben
and Lower Rhine Graben provide long-term estimates of
subsidence rates. The maximum thickness of Quaternary
sediments in the Upper Rhine Graben was reported to be
around 380 m [Bartz, 1953] and can be as low at 50 m
[Hagedorn and Boenigk, 2008]. We choose a uniform value
of ~0.1 mm/yr subsidence as it represents an average value.
We also choose 0.1 mm/yr subsidence in the Lower Rhine
Graben based on average Quaternary sediment thickness
[Zagwijn, 1989]. Little information exists on rock uplift in
the Rhenish Massif, but ~80 m of incision has taken place
since the mid-Pleistocene, which is consistent with a rock
uplift rate of 0.1 mm/yr [Boenigk and Frechen, 2006].
A.1.2. Geomorphic Variables
[71] Consistent gauging records along the Rhine exist

since the early twentieth century. Pinter et al., [2006]
compiled average annual maximum discharge for 10 gaug-
ing stations between Rheinfelden, Switzerland, and Rees,
Germany. Regressing the average maximum discharge with
drainage area results in a scaling, kQ (see Table 1, discharge
scaling), of ~10�8 (r2 = 0.97) for a linear relationship. A
nonlinear relationship also fits the data (power of 0.7) but
it is difficult to know how much of this relationship has been
affected by anthropogenic modification. Given the high r2

value on the linear regression, we chose this simpler model
for the relationship between drainage area and water
discharge. We chose a coefficient of 2� 10�8. Over an en-
tire year, this value is volumetrically equivalent to a mean
annual precipitation of 628 mm, which is consistent with

observations in the Rhine River basin [Frei and Schär,
1998] although this value has likely varied over glacial-
interglacial periods (see discussion in section 5.3).
[72] We assume a channel width to discharge exponent of

0.5, a value common to many empirical and theoretical
studies [Wohl and David, 2008; Finnegan et al., 2005,
Montgomery and Gran, 2001; Yanites and Tucker, 2010].
The channel width coefficient was selected to provide rea-
sonable width values along the entire flow length of the
Rhine (Figure 5). For example, channel widths measured
from Google Earth measure 70 m at Bern and 250 m at
Basel. We note however that these values are likely less than
bankfull flood stage. Therefore, we choose values to produce
a width of ~100 m at Bern and ~400 m at Basel. A more
detailed analysis is not possible due to anthropogenic modi-
fication of the river.
[73] Quantifying the resistance of bedrock to erosion

processes along the Rhine is a challenging problem. In other
river basins, researchers calibrating river erosion models
have shown that erodibility values can vary over many
orders of magnitude [e.g., Stock and Montgomery, 1999;
Yanites et al., 2010]; however, no river erosion calibration
study has been performed for Alpine and foreland rivers.
Therefore, we rely on the geomorphic constraint of fluvial
relief to choose a baseline erodibility as fluvial relief is
sensitive to the erodibility [Whipple and Tucker, 1999].
A.1.3. Grain Size
[74] Previous work has constrained sediment characteris-

tics as a function of distance downstream. For example,
Mikos [1994] estimated abrasion coefficients for Sternberg’s
law that describes the evolution of grain size as a function of
distance downstream (Figure 5 and Table 1) along the
Alpine Rhine. We found that assuming an initial (0 km)
grain size of 10 cm and a grain size reduction factor of
0.005 best reproduced the available data. This predicts, for
example, the observed mean grain size of 6 cm at 20 km
from the headwaters [Mikos, 1994]. Note that we are
assuming an equivalency between mean and median grain
size; however, the differences between them are likely much
smaller than the methodological uncertainty.
B. Multiple Capture Methods
[75] To accomplish this, we extract the river profile of the

Doubs River from a location near the modern divide with the
Rhine (Figure 1b) to the city of Lyon, France, where
Pliocene marine sediments are found. The section of the
modern Aare-Rhine river between the capture by the
paleo-Doubs and the Upper Rhine Graben (i.e., the reach be-
tween Waldshut and Basel; Figure 1) was initially added to
the paleo-Doubs River to simulate the geography at this time
[Ziegler and Fraefel, 2009]. Therefore, three initial river
profiles are simulated: (1) the Aare River from its headwa-
ters to the town of Waldshut; (2) the Doubs, which
comprises the Rhine from approximately Waldshut to Basel
and extrapolated to the modern location of the Doubs near
the divide; and (3) the Rhine River from the Upper Rhine
Graben (starting downstream of Basel) to the North Sea.
We exclude the drainage area represented by the Alpine
Rhine upstream of Lake Constance since this was not
integrated until the middle Quaternary (event 3 from above).
Therefore, the first two events are simulated with the
drainage area of the Alpine Rhine subtracted from all river
locations downstream of the modern confluence of the
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Aare-Rhine (specifically the Hochrhine) near Waldshut.
The first event is the connection of the Aare River with the
paleo-Doubs at ~4.2 Ma (Figure 14). This system (i.e., the
Aare-Doubs River) evolves for 1.3 Myr until the paleo-
Rhine captures the Aare River near Basel (Figure 14) at
~2.9 Ma, forming the Aare-Rhine. This profile evolves for
~1.9 Myr. The final event represents the Alpine Rhine
(upstream of Lake Constance) integration by adding the
drainage area upstream of Lake Constance at 1 Ma.
[76] The capture of the Aare-Doubs system by the paleo-

Rhine at 2.9 Ma (event 2) requires that the Aare-Doubs river
at the point of capture is at a higher elevation than the cap-
ture point along the paleo-Rhine located downstream of
Basel. To ensure this happens, we offset the base level for
the Doubs River until this condition is satisfied (Figure 14a).
It is possible that this condition could be met by tuning
another model parameter such as grain size or water discharge
along the paleo-Doubs; however, for simplicity and model
comparison purposes, we chose to keep parameters consistent
between modeled profiles. Because of this constraint, our
model results should be considered maximum estimates. The
Doubs profile is given a rock uplift rate of 0.05 mm/yr
[Madritsch et al., 2009], except for the Bresse Graben where
we assume a subsidence of 0.1 mm/yr. All other parameters
are the same as Table 1.
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