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CHAPTER 6 Modeling channel incision & hillslope developement
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CHAPTER

7

Evaluating landscape evolution models with object-based
landform classifications

Submitted as: Anders NS, Seijmonsbergen AC, Bouten, W. Evaluating landscape evolution models
with object-based landform classifications. To Earth Surface Processes and Landforms

Abstract
Dynamic landscape evolution models are recognized means for increasing the understanding of geomorphological processes and their impact on the environment over time. Increased computational
opportunities and availability of high-resolution digital elevation models allow more detailed whole
landscape evolution modeling. Evaluation of the model results remains, however, a challenge. Generally, model results are evaluated on the basis of interpreting topographic change over a digital
surface or longitudinal channel profiles. Geomorphometrical analysis and landform classifications
are, on the other hand, valuable tools for automated identification and characterization of geomorphological features, especially with high-resolution elevation data, at one particular moment
in time. In addition, when multi-temporal data sets are used, landform classifications are valuable
tools for geomorphological change detection. We suggest integrating landform classifications with
dynamic landscape evolution models to visualize and evaluate model dynamics. We introduce a
modular erosion/sedimentation model to simulate post-glacial landscape development in a small
alpine catchment. This model consists of three different modules. Each module describes different
geomorphological processes, i.e. the 1) mechanical weathering of bedrock and production, transportation and deposition of debris through rock fall, 2) fluvial erosion of converging water streams
by incision into bedrock, and 3) redistribution of unconsolidated materials through superficial flow
and slide processes. Model results are visualized with object-based landform classifications to interpret the dynamics of the model. First, segmentation and classification parameters are developed
based on the initial landscape setting. Second, individual landforms are identified, extracted, and
categorized into morphogenetic classes. The segmentation/classification procedure is applied at
several time steps of simulated landscape development. The sequential landform classifications
clearly show the development of fluvial erosion channels which accelerates mechanical weathering
and rock fall. The classifications allow the analysis of simulated topographic change per landform
type and reveals a transition from a glacial towards a fluvial landscape in a quantitative fashion.
We conclude that using simple criteria for the classification of landscape objects into functional
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landforms enables a quick but detailed overview of simulation results and model behavior. Using
landform classifications we partly automated the interpretation which allowed the investigation
of the change of the functioning of a landscape during a simulation. Integrating landform classifications in landscape evolution modeling opens up new opportunities for evaluating complex
dynamics in landscape evolution models, or analyzing scenario-based landscape development and
specific landform evolution.

7.1

Introduction

Dynamic landscape evolution models are recognized means for increasing the understanding of
geomorphological processes and their impact on our environment. They “allow us to visualize
landscape development and provide a powerful tool to sharpening our theories and interpretation
of the landscape” (Tucker and Hancock, 2010). Landscape evolution models are often based on
Digital Elevation Models (DEMs) that are composed of a collection of grid cells that represents
part of the Earth’s surface. The simulated topographic change alters grid cell elevation values
and resembles geomorphological activity (Ahnert, 1976; Coulthard, 2001) such as fluvial erosion
or hillslope erosion (Anders et al., 2009).
The goal of many landscape evolution models is to better understand the functioning of whole
landscapes. The spatial distribution and the development of landforms throughout a landscape
gives such information on the functioning of the system. The development of landforms as a result
of different simulations gives insight in the dynamics of the model, and the impact of different
processes to the functioning of the landscape. For example, aside from channel network extension,
fluvial erosion may also trigger mechanical weathering, rock fall and the formation of debris cones.
The investigation of landform development while simulating different processes increases insight in
the cause-and-effect of different processes and landscape evolution.
A major challenge regarding the evaluation of landscape evolution models is the lack of validation opportunities against real-time measurements of landform development, or sediments/soluble
fluxes, in the field or with an experimental setup (Oreskes et al., 1994; Tucker and Hancock, 2010)
due to the involved time scale at which many geomorphological processes act and the cost efficiency
of measurements. Even when observations are present, it remains challenging to extrapolate results
to longer time frames. Landscape evolution models are evaluated based on the interpretation of
topographic change throughout a digital elevation model (DEM) or channel longitudinal profiles
(e.g. Willgoose et al., 1991a; Tucker and Slingerland, 1994; Coulthard et al., 2002; Braun and
Sambridge, 1997).
Geomorphometry is a potential tool to evaluate landscape evolution models and their dynamics.
Geomorphometrical analyses and classifications of landforms or landform elements are frequently
used to identify and characterize geomorphological features and their spatial distribution in a landscape (Drǎguţ and Blaschke, 2006; Van Asselen and Seijmonsbergen, 2006) at a specific moment in
time. Topographic properties that are derived from DEMs often form the basis for the quantitative
characterization of geomorphological features and geometrical signatures for the (semi-) automated
identification and extraction of landforms. Recent work is focusing on standardizing classification
settings for improving automated extraction of landscape features or landforms (Anders et al.,
2011a; Drǎguţ et al., 2010; Iwahashi and Pike, 2007). Landform classifications can also be used to
visualize the dynamics of landscape evolution models and geomorphological change when applied
to multiple datasets or modeling results in addition to visualization and quantification of landforms at one moment in time. With landscape classifications we are able to directly visualize the
dynamics of landform evolution with respect to their functioning in the landscape. In addition,
the dynamic model can be evaluated both at the landscape scale as on individual landforms due to
the automation of feature extraction procedures. This would, in turn, lead to improved evolution
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models and increase the understanding of the processes that are being modeled.
In this paper we apply landform classifications to qualitatively test the performance of a dynamic simulation model. We focus on modeling and visualizing the evolution of a small high alpine
catchment that is prone to the mechanical weathering of glacially eroded bedrock, shallow mass
wasting processes and fluvial erosion of first order streams. As a basis we use a 1m Light-Detection
And Ranging (LiDAR) Digital Terrain Model (DTM). The model itself comprises three separate
submodels, or modules, of which each module represents different geomorphological processes. The
modules include 1) mechanical weathering of bedrock and rock fall, 2) fluvial erosion, and 3) the
superficial transportation of unconsolidated materials. Based on the initial topography, geometrical signatures are formulated as segmentation and classification rules for the extraction of different
landforms. The segmentation and classification rules are applied at different time steps to visualize and quantify landform and landscape evolution. We tested the model by (de-)activating the
three modules separately and compared landscape classifications to evaluate their impact on whole
landscape evolution.

7.2

Study area and data sources

The test area is a part of a hillslope of a small catchment in Vorarlberg, Austria (Figure 7.1) and is
approximately 2 km2 . The geological setup is part of the so-called ‘Vorarlberger Flysch unit’ that is,
in this area, composed of sedimentary rock formations, predominantly limestones and marls. The
test area is closely located near the tectonic contact with the Upper East Alpine unit, dominated
by dolomitic limestone, that build the highest peaks in the area (Oberhauser et al., 2007). The
Upper East Alpine unit was dragged over the series of Flysch rocks during alpine orogenesis and
resulted in severe tectonic deformation and weakening of rock strength. The geomorphological
development is determined by intense and repeated glacial erosion during the Pleistocene which
has resulted in steepening of slopes.During post-glacial times, this has triggered tensional rebound,
which accelerated a variety of geomorphological processes such as rock slides, rock fall and fluvial
erosion, the latter carving deeply into the disintegrated and weathered bedrock (Friebe, 2007).
Airborne LiDAR data of the test area was available which is part of a dataset which was
acquired for the State of Vorarlberg between August and September 2004 with an Optech ALTM
2050 scanner, with an average point density of ± 1.8–2.4 points m−2 . Non-ground points were
filtered out using the SCOP approach (Kraus and Pfeifer, 1998; Kraus and Otepka, 2005), before
a regularly gridded 1m DTM was constructed using linear least squares interpolation (Kraus and
Mikhail, 1972). The LiDAR DTM was used as starting point for the erosion/sedimentation model.
We also used a series of available high-resolution ortho-rectified panchromatic, true color and
color-infrared (CIR) air photos, ranging from the 1950’s (only panchromatic) to 2010, for visual
inspection.

7.3

Methods

The section is divided in two parts. The first part describes the methods on the erosion/sedimentation
model; the second part presents the feature classification procedure.

7.3.1

The modular erosion and sedimentation model

The goal of this paper is to illustrate the added value of landform classifications to better understand and evaluate the behavior of a landscape evolution model. By doing so, we implemented
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Figure 7.1: The study area is located in Vorarlberg, the westernmost State of Austria. The black rectangle shows
the location of the subset in the right.

a simple modular erosion and sedimentation model using existing theoretical concepts and geomorphic transport functions.
The erosion/sedimentation model is based on two layers of elevation data. The top layer z
represents the terrain surface; the lowest layer b represents the bedrock surface. The difference
between both terrain and bedrock layers represents a layer of unconsolidated materials or regolith
s. The model is built of three modules representing four different geomorphological processes. The
first module describes the production of regolith through the mechanical weathering of bedrock
(1) and the transportation and deposition of rocks by fall (2). The second module represents the
fluvial erosion by stream incision (3), and the third module calculates the superficial transportation
and flow of unconsolidated materials (4). Each module may alter the elevation of the bedrock b
or terrain surface z, and after each time step (= 100 years) regolith thickness s is calculated by
subtracting bedrock elevation from terrain elevation:
s=z−b

(7.1)

The following subsections will focus on the mathematical implementation of the individual modules.
Module 1: Mechanical weathering and rock fall
The first module describes the production of debris through the mechanical weathering and the
transportation and deposition of debris through rock fall. The module is based on a rockfall model
by Dorren et al. (2004).
The model first determines rock fall source areas where rocks detach from the surrounding
bedrock. The rock then bounces into the direction of steepest descent until the velocity of the rock
drops below a certain threshold. Dorren et al. (2004) manually mapped rock fall sources areas,
while others defined sources areas automatically with a slope threshold of > 40◦ (e.g. Dorren, 2003).
We determined source areas by the slope angle derived from the DTM, where areas with a slope
angle of > 50◦ corresponded with field observations and inspections of LiDAR-derived hillshade
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maps and orthorectified air photos. For each grid cell that was indicated as potential source area,
we assumed a 10% chance the specific grid cell would actually produce a rock in the time step in
the model. This 10% chance was determined after visual inspection to produce a realistic amount
of debris during the simulation. The detachment of rocks was assumed to lower the elevation of
the bedrock according to its volume:
4
πR3
δb
=−3
(7.2)
δt
A
Where R is the radius of the rock and A is the grid cell area [m2 ]. The location of rock fall
deposition is calculated based on 1) the falltrack and 2) the velocity of the rock. The direction in
which a rock bounces is calculated with the slope direction, which is based on the Dinf method
(Tarboton, 1997). The Dinf calculates the slope direction in 360 degrees. For more information
on Dinf refer to the Module 2 section. The flight through the air and the velocity of the rock
is determined by modified algorithms of Pfeiffer and Bowen (1989) and Dorren et al. (2004) that
calculate the energy balance before and after a collision (i.e. a bounce) with the slope surface. The
model recalculates the velocity [m s−1 ] in xy (Vxy ) and z (Vz ) direction before and after a bounce
according to its tangential velocity (V tin ):

V tin = Vz sin(β) + Vxy cos(β)

(7.3)

V nin = Vz cos(β) − Vxy sin(β)

(7.4)

Here β is the slope angle [◦ ] of the grid cell where the elevation of the rock equals the terrain
surface, thus bounces. The outgoing velocity after a bounce is calculated with:
s
R2 (Iω 2 + M V t2in )rt
(7.5)
V tout =
I + M R2
Where I is the moment of inertia (=2/5MR2 ) [m kg−1 ], ω is rotational velocity [s−1 ] which is
V tout of the previous bounce divided by R, M is mass of the falling rock [kg], rt is the tangential
restitution coefficient [-] of the energy loss (Dorren et al., 2004) which is a function of surface
roughness and vegetation cover. The outgoing normal velocity is calculated with:
V nout = V nin rn

(7.6)

The outgoing velocities in xy and z direction are calculated by rewriting equations 7.3 and 7.4:
Vxy = V tout cos(β) − V tout sin(β)
Vz =

V nout + Vxy sin(β)
cos(β)

(7.7)
(7.8)

The motion of falling rocks is repeated until the velocity of the moving rock is less than a
threshold velocity after which the rock is deposited. The deposition of rock is assumed to contribute
to the unconsolidated layer’s grid cell in the same way as equation 7.2:
4
πR3
δs
= 3
(7.9)
δt
A
The deposition of rocks produced by the mechanical weathering is considered the only source of
new regolith in this model. The deposited material is redistributed throughout the area by Module
3.
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Module 2: Fluvial incision
Fluvial erosion by streams and rivers is a major process responsible for mountain degradation.
Module 2 includes the implementation of fluvial erosion in the model of the widely used transport
function based on upstream area and slope gradient (e.g. Kirkby, 1971; Seidl and Dietrich, 1992).
The flow direction was calculated by using the Dinf method as described by Tarboton (1997). The
D8 flow direction method (Jenson and Dominque, 1988) calculates the flow direction and upstream
area from cell to cell based on the steepest decent in the eight possible directions in a 3 x 3 cell
window. The Dinf method is comparable to the D8 method but calculates the proportion of flow
from cell to cell, and requires a slope facet that is calculated based on the slope direction in 360
degrees. In such a way the fraction of flow material is related to the contribution of the slope
angle of one grid cell to the slope facet. As a result, the actual flow occurs in the two grid cells
which share the same slope facet. The Dinf method is therefore also able to model divergence of
flow, and streams that are wider than a single grid cell. For more detailed information on the Dinf
method refer to Tarboton (1997).
The terrain surface z was used to calculate the local drainage or flow direction. From this flow
direction map the upstream area was derived. The fluvial erosion was assumed to remove unconsolidated material or regolith more quickly than incising into bedrock. The erosion of unconsolidated
material due to fluvial erosion is formulated as:
δs
= −ec1 Aea1 S es1
δt

(7.10)

Where A is relative upstream area [-] and S is slope gradient [-], and ec1 [m y−1 ], ea1 [-], and es1
[-] are constants determining the power of fluvial erosion to unconsolidated material with respect
to upstream area and slope gradient. If the unconsolidated material is removed and bare ground
remains the bedrock incision starts to occur according to a similar equation:
δb
= −ec2 Aea2 S es2
δt

(7.11)

Where ec2 [m y−1 ], ea2 [-], and es2 [-] are constants determining the power of fluvial erosion
into bedrock with respect to upstream area and slope gradient. Module 2 does not contribute to
the production of debris, but only lowers the regolith thickness or bedrock surface.
Module 3: Superficial transport of unconsolidated materials
The third module represents the superficial transport and flow of unconsolidated materials. This
transportation is modeled as a diffusive process with slope angle as driving force. Diffusion equations provide a relative simple solution to transport processes, among the redistribution of soil
material along a hillslope (Minasny and McBratney, 2001). The change of regolith thickness is
calculated with:
δs
=D
δt



δ2 z
δ2 z
+
δx2
δy 2


(7.12)

Where D is a diffusivity coefficient [m2 y−1 ]. The equation calculates the slope direction based
on steepest decent and uses slope angle as a measure to control the amount of sediment flux.
This module only redistributes the available unconsolidated material and does not affect bedrock
elevation.
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Table 7.1: Summary of model parameter values and their units.

Parameter
Short description
Module 1: Mechanical weathering and rock fall
a
Rock fall velocity threshold
b
Rock fall source area slope threshold
R
Radius of the rock
M
Massa of falling rock
I
Moment of inertia
ω
Rotational velocity
rt
Tangential restitution coefficient
rn
Normal restitution coefficient
Module 2: Fluvial incision
ec1
Constant
ea1
Constant
es1
Constant
ec2
Constant
ea2
Constant
es2
Constant
Module 3: Superficial transport of unconsolidated materials
D
Diffusion coefficient
a Rock

Value

Unit

0.2
50
0.25
4
πr3 2.6 ∗ 103
3
2
Mr
5
1
0.5
0.5

m s−1

1*10−4
1.2
1
1*10−6
1.2
1

m y−1
m y−1
-

5*10−4

m2 y−1

◦

m
kg
m kg−1
s−1
-

density is considered 2.6*103 kg m−3

Initial conditions and model parameters
The original LiDAR DTM with 1m x 1m spatial resolution was used as initial topography from
which the model simulates landscape evolution. The initial thickness of the regolith layer was
first set to 0.5 m throughout the entire area. Although a uniform distribution of unconsolidated
material does not accurately represent the true landscape setting, it does allow the analysis of the
contribution of the individual models to the distribution of unconsolidated materials at a hillslope
(Fig. 7.2). For the other model simulations (Fig. 7.2–7.5) we first used the homogeneous 0.5 m
regolith layer as input for Module 3 and simulated for 10 time steps so that a more realistic
distribution of regolith was generated. On the basis of the resulting regolith layer, the bedrock
surface elevation was initialized by subtracting the regolith thickness s from terrain elevation z.
Model parameters were set based on existing literature (Minasny and McBratney, 2001; Dorren
et al., 2004; Anders et al., 2009). Manual heuristics (trial and error) were required to fine-tune
model parameters (R, ec1 , ea1 , ec2 , ea2 ) and to quickly find a realistic balance of the impact of the
individual modules to landscape development. All model parameters and their values and units
are listed in Table 7.1.

7.3.2

Landform classifications

Landforms were identified and extracted using object-based image analyis (OBIA). OBIA is based
on two main concepts, i.e. 1) the clustering of grid cells into homogeneous objects, hereafter
mentioned as image segmentation, and 2) object classification.
A widely used method to cluster geospatial grid cells is the multi-resolution segmentation
algorithm (Baatz and Schäpe, 2000) which is implemented in the commercially available software
eCognition. This algorithm creates objects based on the standard deviation of cell values within
objects using multiple gridded layers (Benz et al., 2004). When geospatial elevation data is used,
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objects represent homogeneous terrain features or landscape elements (Drǎguţ and Blaschke, 2006).
The properties of objects can be used to create classification rules to categorize objects into
predefined classes (similarly as supervised classifications). Object properties can be related to
layer statistics (e.g. ‘mean slope angle’ or ‘standard deviation of curvature’), but also on shape
properties (e.g. length/width ratio, area, roundness) or relations with other objects (e.g. distance
to class A, relative border to class B). In earlier work (Anders et al., 2011a) we showed that alpine
geomorphological features can be identified and extracted with stratified feature classification,
using OBIA and LiDAR DTMs.
This approach not only uses elevation data, but a variety of derivatives from elevation, such as
slope angle, degree of enclosure of a location in the landscape, and relative elevation. These derivatives are also referred to as terrain properties or Land Surface Parameters (LSPs). Landforms can
be quantitatively described by such LSPs, and form the basis of the development of classification
rules.
Also in this study the LSPs slope angle, topographic openness and relative elevation were used
for the segmentation and/or classification. Slope angle is a driving force of many geomorphological
processes and is a key parameter for differentiating landforms. Topographic openness is a measure
for the enclosure of a location in the landscape (Yokoyama et al., 2002). This value is based on the
angle from a center grid cell towards a user-defined horizon in 8 wind directions. Here we calculated
openness using a 251 m x 251 m moving window and summed the opposite angels so that a flat
area would receive an openness value of 180◦ . Values below 180 degrees are enclosed; values above
180 degrees are open. Relative elevation was considered the number of grid cells that are lower
situated than a center grid cell within a moving window. Relative elevation gives information on
the relative position of grid cells or landforms in the landscape and was found valuable for the
differentiation of many landforms (see also Anders et al., 2011a,b).
Slope and topographic openness were used as segmentation criteria, which were found useful
for the delineation of elementary landscape objects (Seijmonsbergen et al., 2011; Anders et al.,
2011a). The segmentation algorithm requires a scale parameter to set a threshold on the maximum standard deviation of grid cell values that is allowed within objects, which, as an effect,
limits the size of objects being generated. Anders et al. (2011a) showed that different (hydro-)
geomorphological features may have different optimal scale parameters. In a landscape many features exists that greatly vary in size, thus requires different segmentation parameters. We used a
small scale parameter value (5) to delineate channels, and a larger scale parameter value (40) for
the landforms.
Shape parameters control the degree to which gridded layers influence the segmentation procedure and range from 0–1 (low–high weight). A segmentation with a high shape parameter assigns
higher weights to shape properties; in return lower weights are assigned to grid cell values. Segmentation with high shape parameters results in smooth and roundish objects. In this study shape
parameters were set low (0.1), so that LSP values were given higher weights during segmentation.
After objects are generated they are classified. Classification rules are formulated by translating
geomorphological descriptions of landforms to quantitative LSP values or mutual characteristics.
Aside from a ‘main stream’ (in the valley floor) and ‘adjacent channels’ (on the hillslope) we
differentiated 6 geomorphological features, i.e. ‘recent streambed’, ‘fluvial terrace’, ‘flow/slide
deposits’, ‘fluvial incisions’, ‘slopes affected by shallow mass movement’, and ‘glacially eroded
bedrock’. The segmentation parameters and classification rules that have been used are listed in
Table 7.2. The settings were applied to the DTM before and after the simulation. The model
simulation may result in local differences in DTM values which, when change is large enough,
may result in different classifications. Landforms were classified at different time steps during the
simulation and visualized so that model dynamics become evident. In addition, the differences
between the initial and simulated DTMs were summarized per landform type.
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Table 7.2: Segmentation and classification parameters per geomorphological feature and the order of feature
extraction. (SP = Scale Parameter)
Feature
1. Main stream

SP
5

2. Adjacent channels

5

3. Recent streambed

40

4. Fluvial terrace

40

5. Flow/slide deposits

40

6. Fluvial incision
7. Shallow mass movement

40
40

8. Glacially eroded bedrock

7.4

40

Classification parameter
Max flow acc.

Value
> 5*104

Unit
m2

Mean relative elevation

< 10

%

> 5*10

m2

Mean relative elevation
Border to main stream
Mean slope angle
Distance to main stream
Mean slope angle
Mean relative elevation

< 40
YES
<9
< 40
< 10
< 20

%
-

Mean
Mean
Mean
Mean

< 20
< 145
> 40
< 165

◦

YES

-

Max flow acc.

slope angle
topographic openness
slope angle
topographic openness

Unclassified objects

4

◦

m
◦

%

◦
◦
◦

Explanation
Highest upstream area for
streams
Lowest areas in the landscape
Highest upstream area for
streams
Located at the hillslope
Borders main stream
Low slope angles
Close to main stream
Low slope angles
Relatively low in the landscape
Low–medium slope angles
Enclosed areas
Steep slopes
Open–medium enclosed areas
All remaining objects

Results

This section is divided in three parts: the first part shows the results of the erosion/sedimentation
model; the second part presents the landform classifications after various time steps during the
simulation; the third part presents the impact of the separate modules on whole landscape evolution.

7.4.1

Model results

The modular nature of the erosion/deposition model allows the analysis of individual processes
on the development of the landscape. Fig. 7.2 shows the effect of the individual modules after 50
time steps (approximating 5000 years) to terrain surface, regolith thickness and bedrock erosion.
The rockfall module produces unconsolidated material locally at the hillslope and near the channel
bed. Most of the rocks, however, have been deposited at the footslope. The bedrock erosion was
highest in the upper section and near the steep fluvial incisions where slope angle is highest. The
fluvial erosion module removed most of the unconsolidated material in areas with medium–high
superficial runoff. The local higher areas, where runoff is assumed to be low, regolith thickness is
intact. The same pattern is visible in bedrock surface. Bedrock erosion caused by fluvial erosion is
concentrated in converging flows: higher situated areas are less affected; near the channel incisions
bedrock erosion is more pronounced. The unconsolidated material transportation module caused
soil erosion on convex slopes, and deposited unconsolidated material in local depressions and lower
situated or enclosed areas. Module 3 did not affect bedrock elevation/erosion.
Fig. 7.3-top shows the volumetric change (based on z) [m3 m−2 ] resulting from the three
modules combined at different time steps. Most evident is that fluvial activity starts to erode the
surface, which triggers higher mechanical weathering and erosion of the steep adjacent hillslopes.

7.4.2

Model evaluation based on landform classifications

Fig. 7.3 shows the landform classifications on the basis of the DTM before and after simulating 500–
5000 years. The classification based on the initial DTM shows three dominant landform classes:
glacially eroded bedrock, fluvial incision, and slopes subject to shallow mass movement. The
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Figure 7.2: Nine subsets showing the results of the individual models on the evolution of bedrock surface and
unconsolidated material after 5000 simulation years. The top, middle and lower figures show the results of respectively the rockfall, fluvial incision and unconsolidated material transportation model. The figures on the left show
the terrain surface (visualized by a shaded relief map). The middle figures show the thickness of the unconsolidated
materials layer. The right figures show the difference of bedrock elevation before and after simulation, i.e. bedrock
erosion.

dominance of these three landform types is confirmed by field inspections and manual interpretation
of LiDAR hillshades and orthophotos.
The simulated change of the morphology of the landscape causes changes in the functioning of
landscape units. This is reflected by the changing landform classification during the simulation.
For example, in steep glacially eroded areas where disintegration of bedrock occurs, rocks detach
and the hillslope erodes, and the areas receive characteristics of shallow mass movement features.
The areas will therefore also function as shallow mass movement feature in the landscape. Due to
the morphological change, local surface roughness increases, which, if substantial, these areas are
classified as ‘shallow mass movement’ after simulation. In addition, lower situated and gentle slopes
may first function as river terraces, but, when more unconsolidated materials from the adjacent
hillslopes are deposited, these river terraces may receive characteristics of flow/slide deposits. If
enough unconsolidated material is deposited, the morphological characteristics change and the area
will be classified as ‘flow/slide deposit’. Another scenario is that existing deposits are eroded by
fluvial activity so that the area starts to function as ’fluvial incision’. In general Fig. 7.3 shows
that during the simulation small fluvial incisions are formed adjacent to the main two channel
incisions. The large fluvial incision in the center of the study area also extends upwards. During
the simulation the glacial features are slowly being replaced by landforms related to fluvial erosion.
The interpretation of the topographic change and the effect to the geomorphological functioning
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Figure 7.3: Ten subsets showing the development of topography and corresponding landform classifications when
all separate modules are activated. The top figures show the volumetric change [m] with respect to initial conditions.
The bottom figures show the resulting classifications. During simulation, fluvial incisions tend to start and further
develop in debt of eroded bedrock. Refer to the text for further interpretations.

of units in a landscape is partly automated.
Impact of the individual modules to whole landscape evolution
The impact of the individual modules to whole landscape evolution is visualized based on the
cumulative area of landform classifications during the simulation (Fig. 7.4), and the volumetric
change per landform (Fig. 7.5) at different time steps. Fig. 7.4 shows the cumulative area per
landform type and plotted against the simulated time with only 1) ‘Module 3: Transportation of
unconsolidated material’, 2) both ‘Module 1: Mechanical weathering and rock fall’ and ‘Module 3:
transportation of unconsolidated material’, and 3) all modules combined. When only ‘Module 3:
Transportation of unconsolidated material’ is implemented, the mechanical weathering of bedrock
and fluvial erosion are excluded and only superficial redistribution of unconsolidated material
occurs. During the simulation the total area that was initially classified as adjacent channels and
main stream quickly increases before it stabilizes. This can be attributed to filling up of local
valleys with sediment so that channels and streams get wider. When transported materials from
the hillslopes are deposited, the landforms stabilize. The same pattern can be seen when ‘Module 1:
Mechanical weathering and rock fall’ and ‘Module 3: transportation of unconsolidated material’ are
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Figure 7.4: Percentage of area covered by the landforms through simulation time. During the simulation, the area
covered by fluvial incisions is increasing. The total area of eroded bedrock features decreases, while the total area
of shallow mass movement, flow slide deposits, and fluvial terraces remains stable. The colors correspond to the
legend presented in Fig. 7.3.

combined. The bedrock weathering doesn’t alter the classifications since most bedrock weathering
occurs in the highest areas within ’shallow mass movement’ features. After bedrock erosion and
the lowering of the bedrock surface this area is still classified the same. When all three modules
are combined a similar pattern is visible as Fig. 7.3: an increase of the total area of slopes that
are affected by fluvial erosion at the cost of glacially eroded bedrock features. The area of other
classes remain relatively stable.
The first two scenarios where module 1 and 3 are activated show a rapid change of the classified
area in the first simulation period. The total area of ‘fluvial incision’ and ‘adjacent channels’ rapidly
increase at the cost of predominantly ‘glacially eroded bedrock’. Such behavior is most often seen
with areas that are ‘in between’ classes, i.e. they show characteristics of both classes. Small
changes can therefore result in different classifications. In addition, when areas are closely located
to fluvial incision features and act as source ares for generating rock fall, they may become part of
the fluvial incision features with increased total area as a result. The same is true when rock fall
is deposited near the channel bed that results in decrease of slope angle, which in turn, increases
chance of being classified as ‘channel’.
Fig. 7.5 shows the volumetric change per time step, with respect to initial conditions and
summarized per landform type. When only ‘Module 3: transportation of unconsolidated materials’
is activated the classes ‘main stream’ and ‘adjacent channels’, and to a smaller extent also ‘fluvial
incisions’, show a positive change, which means increased elevation as the effect of unconsolidated
material deposition. This behavior is expected because the areas act as local minima in the
landscape and are filled up with sediments first. The volumetric change per class does not show a
clear source of the regolith as there is not a single class with negative change. The deposited
unconsolidated material thus originates from different geomorphological features. When both
‘Module 1: Mechanical weathering and rock fall’ and ‘Module 3: transportation of unconsolidated
material’ are activated the same pattern is visible although more positive change is registered in
the ‘main stream’ class: most rocks are deposited in the valley floor. Because the rock fall deposits
did not form cones, the original landforms in the deposition areas remain intact, and thus the
classification does not change. The rock fall originates from glacially eroded bedrock and fluvial
incision features which show minor negative change. These landforms correspond to the steepest
slopes in the area. When ‘Module 2: Fluvial erosion’ is activated most negative change is found
in adjacent channels where flowing water carves into the bedrock and lowers bedrock elevation.
‘Module 2: Fluvial erosion’ also contributes to increasing mechanical bedrock weathering and rock
fall by steepening hillslopes adjacent to channel incisions. In this way the development of fluvial
incision features is promoted. In addition, ‘Module 2: Fluvial erosion’ contributes to the subtle
lowering of glacially eroded bedrock and shallow mass movement features in case a relatively large
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Figure 7.5: Volumetric change plotted per landform type after different simulations. The dark dots indicate the
median and the whiskers show the quartiles of the collection of grid cell values regarding the change per landform,
with respect to the initial topographic setting.

upstream area is present, but which hasn’t been channelized yet—or not enough for being classified
as fluvial incision. The main stream channel remains stable, in contrast to the positive change when
‘Module 2: Fluvial erosion’ is deactivated. Also flow/slide deposits slightly lower due to fluvial
erosion by superficial runoff or overland flow.
Recent streambed was only classified with the initial topography and when all modules are
combined. ‘Recent streambed’ features show unexpected behavior which may be attributed to a
misclassification. In the rest of the simulation the ‘recent streambed’ class slightly increases which
is the result of hillslope deposition. However, recent streambed and fluvial terrace features were
insufficiently present or classified to evaluate the model dynamics in this area. Also there was no
module included in the model that incorporates actual river dynamics.

7.5

Discussion

The classification of elevation data into landscape entities dates back for many decades, but partly
reinvented itself after recent developments of data acquisition and processing. Monitoring (including automation) spectral change using remote sensing data is well integrated in the scientific
disciplines, especially in land cover and land use studies and landscape ecology. Monitoring topographic change for geomorphological applications is, on the other hand, relatively new, probably
due to the lack of detailed topographic data on the scale and accuracy that is required for detailed geomorphological investigations. Recent attempts of geomorphological change detection on
the basis of high-resolution digital elevation data (e.g. Mitasova et al., 2009; Ventura et al., 2011;
Anders et al., 2013a) show a trend towards more automated geomorphological research.
Earlier work (e.g. Anders et al., 2011a; Iwahashi and Pike, 2007; Burrough et al., 2000; MacMillan et al., 2000; Saadat et al., 2008) suggests that landform classifications are valuable tools for
automated landscape analysis which enables a variety of applications such as geomorphological
mapping (Anders et al., 2013b) or soil mapping, hazard analysis or the evaluation of geoconservation value (Seijmonsbergen et al., in prep.). Anders et al. (2013a) showed that landform
classifications can also be used as tool to detect and summarize geomorphological change with
multi-temporal LiDAR data. In the same way, geomorphological change was ‘detected’ in this
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paper, but now on the basis of model simulations, to better interpret the dynamics of a geomorphological simulation model.
The landscape evolution model as presented is simple in design but, nevertheless, produced
realistic output. The modular structure allowed easy implementation of different geomorphological
processes as submodels. A next step to improve the evolution model is to include a module on river
sedimentation dynamics and improve the implementation of mechanical rock weathering, making
it dependent on geological substrate and diverse rock density and size. Also the diffusion equation
as a geomorphic transport function is debated (Heimsath et al., 2005), especially applied to steep
alpine areas, and different transport functions may produce better results in this area.
The results in this paper suggest that the use of relatively simple criteria for the classification of
landscape objects into functional landforms is extremely helpful for a quick but detailed overview
of simulation results and model behavior. The added value of landform classifications in evaluating
geomorphological models therefore lies in the visualization and interpretation of model results in a
spatiotemporal and functional context. Earlier research focused on analyzing merely topographic
change for which interpretation was required afterwards. Using landform classifications we partly
automate this interpretation so we are able to investigate (the change of) the functioning of the
landscape during a simulation. Integrating landform classifications in landscape evolution studies
allows a quick analysis of different scenarios on specific landform evolution or change towards a
different functioning of a system. In addition, the classification produces polygons which can be
used for many types of applications in a Geographical Information System (GIS).
In order to evaluate the quality of the classifications and rule sets, and therefore also model
interpretation, the classification itself should also be validated. The classification results of the
initial topography should be tested against a reference dataset to validate the classification rules
and to ensure high quality classifications and accurate model interpretations. This reference dataset
could be made using field observations or LIDAR data and air photo interpretation. The validation
of the classifications after model simulations can be performed with a reference dataset based on
the simulated elevation values and related terrain properties, e.g. by making LSP composite maps
or shaded relief images.
The simulated topographic change was summarized by the landform types to give an overview
of the functioning of the landscape. Yet, the classifications produce polygons of which the shape
and properties or classification could also be monitored. This gives also information on local topographic change and specific landform evolution as an effect of different geomorphological processes
which can be modeled over different scales. A clear picture of the spatiotemporal dynamics of
classified landforms improves the interpretation of cause-and-effect-relations of geomorphological
models. This in turn is useful for sharpening underlying theories of geomorphological and landscape
evolution processes so that existing models can be improved, and for increasing our understanding
of the functioning of geo-ecological systems.

7.6

Conclusions

Based on the results presented in this paper we conclude that landform classifications provide an
easy but valuable tool for the visualization and interpretation of geomorphological model simulations. Visualizing model results in terms of geomorphological change per landform gives a quick
overview of the model dynamics. In this way landform classifications are not only valuable for
mapping or GIS applications, but also enables us to better visualize and test or investigate the
behavior of landscape evolution models. Landform classifications therefore contribute to improving
our understanding of geomorphological processes and their impact on long-term landscape evolution, or improving predictions of landscape change as a result of different climate scenarios or land
management strategies.

