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Abstract
Soil-landscape relations originate from interactions between pedogenic and geomorphic processes.
These relations can especially be strong in systems with a layered bedrock lithology as a result of the
strong influence of parent material on soil formation. However, previous research has not yet
focused on feedbacks between soil and landscape evolution in layered bedrock systems. Therefore,
the objective of this research was to get a better understanding of the influence of lithology on soil
formation and landscape evolution across hillslopes on layered bedrock. This study was conducted at
the Konza Prairie ecological research station in Kansas, USA, where layers of limestone and shale
alternate. A field survey, laboratory analysis and model study were performed to reach the
objective.
Results show that soil properties vary strongly across hillslopes on layered bedrock and that
differences in elevation, slope steepness, profile curvature and parent material affect these
properties. Especially soil depth, surface stoniness and vegetation coverage follow a clear pattern
across the hillslopes, with thin soils, high surface stoniness and low vegetation coverage at convex
positions and steep slopes. The most important processes occurring at Konza Prairie appear to be
creep, aeolian deposition, bedrock weathering, physical and chemical weathering, clay translocation,
bioturbation and organic matter dynamics. Model results of most soil properties show patterns
similar to the ones that were found in the field. The evolution of soil properties is strongly
dependent on landscape position and an equilibrium situation of the system is not yet reached at
the end of the simulation. Given the model performance, the model outcomes gave us insight in the
effect of pedogenic and geomorphic processes on layered hillslopes and how these interact. In
conclusion, lithology of layered landscapes strongly affects pedogenic and geomorphic processes
and the corresponding soil and landscape evolution.
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1. Introduction
There is a strong interaction between soil forming and geomorphic processes, because landscape
properties do not only influence soil formation, but soil properties also affect landscape evolution
(Hairsine et al., 1992; Middleton, 1930; Temme & Vanwalleghem, 2016). The co-evolution of soils
and the landscape leads to relations between soil properties and landscape position; soil-landscape
relations. These relations can especially be strong in systems with layered bedrock lithology as a
result of the strong influence of the diversity in parent material on soil formation. Understanding
how systems with layered lithology affect soil and landscape properties and which soil-landscape
relations exist is essential for a deeper fundamental insight in how soils and landscapes are formed
by pedogenic and geomorphic processes over time and how these processes affect each other. This
will contribute to knowledge on how soils and parent materials are responsible for slope formation,
on landscape stability and on the corresponding time scales of the soil-landscape processes in the
system. In later stages, such knowledge can be used for more applied projects, such as Building with
Nature (Deltares, n.d.), the prevention of soil degradation and soil mapping (Gessler et al., 1995;
McKenzie & Ryan, 1999). Furthermore, a better insight in the distribution and formation of physical
and chemical soil properties might lead to a better understanding of vegetation dynamics (Ransom
et al., 1998) and can be used for nature protection and conservation. This type of applications is of
great importance to make efficient use of the available land surface and decrease environmental
impacts of human actions (Foley et al., 2005).
Soil formation is controlled by five soil forming factors; parent material, climate, topography,
organisms and time (Jenny, 1941). The soil forming factors parent material and topography are
important characteristics of a landscape. The occurring soil forming processes and their rate depend
on these factors and will eventually lead to a soil type with a specific set of properties. Parent
material determines which soil texture and other constituents can be found, since the weathering
products differ per parent material. Therefore, parent material also influences erodibility and
mobility of the soil material and which soil forming processes play a role. Topography strongly
affects soil formation and the spatial variability of soils, mainly because of differences in runoff,
erosion and deposition processes that are affected by topography (Yair, 1990). The soil forming
factor time controls to what degree the other factors could have controlled soil formation and
landscape evolution and therefore also to what extent redistribution of soil material is an important
process.
Topography also strongly affects geomorphic processes, such as water erosion and sedimentation,
creep and land sliding, due to the effect of topography on the distribution of energy and water
(Certini & Scalenghe, 2007). On the other hand, the topography of a landscape is changed by
processes such as uplift, weathering, erosion, sedimentation, creep and landslides, which lead to the
redistribution of material and are the result of external drivers, such as water, wind and gravity
(Schoorl et al., 2002; Tucker & Bras, 1998). Increasing slope steepness and length, two important
topographical properties, leads to increases in water erosion (Meyer & Monke, 1965; Panagos et al.,
2015). A strong feedback thus exists between topography and geomorphic processes, leading to
landscape evolution.
Numerous relationships between soil properties and parent material as well as between soil
properties and topography exist, which originated as a result of pedogenic and geomorphic
processes. Winters and Washer (1935) found a qualitative relation between the water permeability
of soils and the clay and colloid content of the parent material during their research. Lithosequences
and toposequences were distinguished in soils in North Dakota, where soil properties and processes,
1

such as organic C content, organic N content, respiration, mineralization and erosion, depended
strongly on the underlying parent material and topographic position (Schimel et al., 1985). A study
within the Weyburn Association, Canada, concluded that from all landscape parameters, the shape
of slopes has the most significant relationship with soil distribution (King et al., 1983). King et al.
(1983) also showed that there was no apparent relationship between slope length and soil
development, nor between slope gradient and soil development. However, shallow soils were found
at convex landscape positions, while deep soils were found in concave positions, leading to an
apparent relationship between curvature and soils. Regosols were found at convex positions and not
at concave positions. Other qualifiers and soil types were also specifically found at one of the two
curvatures. Topography thus affects soil properties, since soil distribution is important for the degree
of soil formation.
Most of the currently available information on feedbacks between soil-landscape evolution and soil
and landscape properties is established in areas where only one geological parent material occurs in
a larger unit (e.g. King et al., 1983; Schimel et al., 1985; Winters & Washer, 1935). The existing
geomorphological work in layered bedrock systems has not yet substantially been followed up by
process-based studies of soil and landscape evolution, among others due to a lack of modelling
frameworks able to deal with differences in rock hardness and soil horizons, which strongly affect
soil and landscape evolution in layered systems. Therefore, there is a lack of knowledge on
feedbacks between soil and landscape properties and processes in systems with a layered lithology.
Especially, little information is available on how soil properties change at short spatial scales, for
example along hillslopes, and on how soils and landscapes evolve with time.
Therefore, the objective of this research is to get a better understanding of the influence of lithology
on soil formation and landscape evolution across hillslopes on layered bedrock through space and
time. This study will focus on the layered lithology found in the Flint Hills in Kansas, with the Konza
Prairie as study site. The study aims to answer the following three research questions:
1. How are soil properties spatially distributed across hillslopes and how do they relate to the
layering and lithology of the underlying rock?
2. Which feedbacks exist between soil-landscape properties and soil-landscape processes?
3. How does LORICA perform simulating the observed soil and landscape properties and what
are the implications for temporal dynamics?
Chapter 2 describes the study area that is used for this study. Afterwards, chapter 3 explains the
methods that were used, including a field survey, laboratory analyses, a modelling study and data
analyses. The results are shown in chapter 4, first the ones of the field survey and afterwards the
ones of the modelling study. A comparison between the field and model results is also presented.
Chapter 5 discusses the field and model results and the performance of the LORICA model. Chapter
6 contains the conclusions that were drawn.
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2. Study area
2.1 Introduction
The study area is the Konza Prairie, which is located in the Flint Hills in northeastern Kansas, USA,
about 10 km south of Manhattan (Figure 1) (Macpherson et al., 2008). Konza Prairie is a National
Science Foundation Long-Term Ecological Research site and Biological Station since 1971
(Macpherson et al., 2008) and consists of 3,487 hectares native unploughed tallgrass prairie (Kaste
et al., 2006). Konza Prairie is divided into 60 separate watersheds, each with a specific management
scheme that includes periodic burns and grazers (bison and cattle) and is used for research (Kaste et
al., 2006; Vero et al., 2018). This study was performed in watershed K1A that is ungrazed and
annually burned in spring.

A

B

Figure 1 Location of Konza Prairie and the Flint Hills in the USA (A) and in Kansas (B) (data from Konza Prairie
Long Term Ecological Research Program, 2010; United States Census Bureau Geography Division, 2018; United
States Environmental Protection Agency, 2016)

2.2 Climate
Konza Prairie has a temperate mid-continental climate with warm, humid summers and cold, dry
winters (Abrams & Hulbert, 1987; Vero et al., 2018). Mean annual air temperature is 13 °C, with a
mean temperature in January of -2.7 °C and in July of 26.6 °C. Mean annual precipitation is 835 mm
of which 75 % falls during the growing season from April through September (Kaste et al., 2006;
Macpherson, 1996; Vero et al., 2018). An average of 521 mm of snow falls each year, which equals
52 mm of liquid water (Hayden, 1998). Konza Prairie has a high average of 250-300 hours per year
with intense-rainfall thunderstorms (Hayden, 1998).

2.3 Geomorphology
Elevation at Konza Prairie ranges between 317 and 445 m above sea level and slope steepness
ranges between 0 and 70 ° (Figure 2.A and Figure 2.C). There is a decreasing elevation trend in Konza
Prairie from the southeast to the northwest (Figure 2.A). The geology of the region consists of
Permian limestone and shale layers with a slight dip of 0.19 ° in west-northwest direction (Smith,
1991). No faults or folds occur in the area (Oviatt, 1998). The limestone layers are chert-bearing and
1 to 2 m thick, while the layers of shale are thicker; 2 to 4 m (Macpherson, 1996). The upland ridges
at Konza Prairie are covered by a layer of loess deposits that is less than 1 m thick (Oviatt, 1998). The
geological layers are eroded by tributaries of the Kansas River, which has led to an erosional
landscape with dissected hills. Kings Creek, Shane Creek, Pressee Branch, Swede Creek and Deep
3

Creek are the five major drainage basins in Konza Prairie and colluvium and alluvium have been
deposited on slopes, in valleys and in streams (Oviatt, 1998). The slopes of the dissected hills show a
clear sequence of benches and steeper slopes (Figure 2.A and Figure 2.C), which formed due to the
weathering resistant chert-bearing limestone and less weathering resistant shale (Figure 3) (Oviatt,
1998; Macpherson et al., 2008). The benched topography is clearly visible in the field and affects
vegetation (Figure 4.A) and surface stoniness (Figure 4.B). Soil-landscape evolution at Konza Prairie is
strongly affected by this small-scale variation in topography and parent material. The hydraulic
conductivity of the limestone layers is relatively high, while that of the shale layers is low (Vero et al.,
2018). Groundwater flow is influenced by the slight dip of the layers and a system of vertical joints or
fractures (Oviatt, 1998). Overall, the water table at Konza Prarie is shallow and responds quickly to
precipitation (Vero et al., 2018).

A

B

C

D

Figure 2 Digital Elevation Model of Konza Prairie (A) and the studied hillslope in watershed K1A (B). Slope
steepness at Konza Prairie (C) and the studied hillslope in watershed K1A (D).
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Figure 3 Konza Prairie cross-section showing bedrock units and associated benches and slopes (Smith, 1991)

Most of the soils at Konza Prairie are less than 1 m thick, with the thickest soils occurring at the
lower part of slopes and in valleys (Macpherson et al., 2008). Soils are thicker on shales than on
limestones, due to the difference in weathering capacity (Macpherson, 1996). Wehmueller (1996)
did an extensive soil survey at one watershed of Konza Prairie. He described soil properties and
types on four different topographic units; summits and shoulder slopes, side slopes, foot slopes and
toe slopes, and flood plains and terraces. The results show that the soil types and properties differ
strongly between these different topographic positions and that the soils are strongly dependent on
parent material. Important soil forming processes at Konza Prairie are carbonate and clay
translocation, weathering and organic matter accumulation (Wehmueller, 1996). An erosion study at
Konza Prairie showed that recent soil redistribution mainly occurs at concave landforms and areas,
while the convex ones have remained relatively stable over the last 40 years (Kaste et al., 2006).
Whether these results are as expected is debatable. Water flow accelerates in convex regions, which
could lead to more erosion. On the other hand, water diverges in convex regions and flows towards
concave areas, which might result in the accumulation of water and a higher erosion capacity in
concave areas.

A

B

C

Figure 4 Benches and slopes on hillslopes covered by vegetation (A). High surface stoniness of limestone rocks
at the lower end of benches (B). The studied hillslope in watershed K1A with the transects located above the
lines of trees (C). Photos taken by Arnaud Temme (A and B) and Marte Stoorvogel (C).

2.4 Watershed K1A
Watershed K1A was selected for this study. It is located in the northwest of Konza Prairie (Figure 2.A
and Figure 2.C) and the southern-facing hillslope in the west shows a very clear pattern of benches
and slopes (Figure 4.C and Figure 2.D), which made it suitable for this study. Moreover, the chosen
hillslope is long enough to study transects of considerable length. Elevation in K1A ranges between
333 and 408 m above sea level and slope steepness ranges between 0 and 41 °. Elevation decreases
from the north towards the south around the drainage pattern (Figure 2.B). Tallgrass vegetation is
present on the hillslopes that are located at higher elevation, including the location of the studied
transects. Trees and bushes can be found at lower elevation and flatter slopes. Vegetation is
especially dense around the creeks.
5

3. Methods
The first research question was addressed by collecting field data using a field survey and performing
laboratory analyses, followed by analyses of the data. Based on these findings, a conceptual model
of relations between soil-landscape properties and processes was constructed for the second
research question. The third research question was answered using the soilscape model LORICA and
comparing the field survey results with the model results. Figure 5 shows a schematic overview of
the steps that were taken to reach the objectives.

Figure 5 Schematic overview of the methodology

3.1 Field research
3.1.1 Field survey
I used a 2 m Digital Elevation Model (DEM) (Konza prairie Long Term Ecological Research Program,
2010) and the corresponding slope steepness map to select well developed bench-slope sequences
for the field survey. These were found in the west of watershed K1A and two transects were placed
on this hillslope, reaching from the top of the slope towards the elevation where a relatively gentle
slope is reached and the slope steepness pattern changes (Table 1). Sampling locations were placed
along these transects with a 10 m interval to obtain high resolution spatial data (Figure 6). The
sampling location at highest elevation was shared by both transects. It was decided in the field that
an extra location would be studied, located on the highest bench upslope of the transects.
Table 1 Characteristics of the two transects
Transect

Orientation

Length (m)

0
1

Southeast
Southwest

255
285

Number of study
locations
24
26

The site and soil descriptions were made on a field form (Appendix A) using guidelines from FAO
(2006), Gupta et al. (2008), Soil Geography and Landscape (2016) and Schoorl and Stoorvogel (2018).
The soil pits were hand-augered. The type of parent material was determined at all study locations
based on chunks of rock that were loosened with the auger, on profile stoniness or on saprolite
characteristics. Shale parent material could often also be distinguished by greenish or purplish
colours in the deeper soil horizons (Figure 7). Soil profiles and special characteristics were
photographed. A TruPulse 200X laser rangefinder (Laser Technology Inc.) was used to accurately
check the differences in elevation and horizontal distance between study locations, because the
6

small spatial variation of soil and landscapes properties could easily be missed by small inaccuracies
in the GPS location. Soil horizon symbols and soil classifications were updated with texture and SOM
data that were obtained during the laboratory analysis, especially for clay eluviation and illuviation
and Chernic and Mollic horizons.

Figure 6 Study locations along the two transects in the western part of watershed K1A

Figure 7 A soil profile (location 0024 in transect 0) formed in shale bedrock where greenish colours are visible in
the lower horizons. Top left is the top layer and bottom left the lowest, the grass indicates 50 cm. Photo taken
by Marte Stoorvogel.

Soil samples were taken in the field to determine the soil organic matter fraction and soil texture in
the laboratory. After the soil profile had been laid out on the surface and the different horizons were
determined, a separate sample was taken from each soil horizon. At four locations two horizons

7

were combined in one sample, but this was only done if the horizons were very similar. In total, 88
samples were taken from 48 study locations.

3.1.2 Ground-penetrating radar
Ground-penetrating radar (GPR) is a tool to gather large amounts of subsurface data in a nondestructive way. A high frequency electromagnetic radio signal travels from a transmitter to a
receiver on the GPR with an electromagnetic wave velocity that depends on the dielectric constant
(also known as the permittivity relative to vacuum) of the subsurface layers (Van Egmond, 2016;
Nath et al., 2018). The amplitude and two-way travel time of the reflected wave are measured (Boll
et al., 1996). The dielectric constant is influenced by soil texture and moisture content (Van Egmond,
2016) and is also different for different rock types (Cassidy, 2009). GPR makes use of these
differences in dielectric constant, since these reflect part of the radar signal (Boll et al., 1996). This
makes transitions between soil layers and rock types visible.
The dielectric constants of the two lithologies at Konza Prairie range between 6 and 15 for limestone
and between 6 and 9 for saturated shale (Cassidy, 2009). This difference in dielectric constant leads
to differences in electromagnetic wave velocity and thus transitions between these rock types were
expected to be visible with GPR, because part of the radar signal is reflected. Therefore, GPR is an
efficient way for this study to get a good overview of the spatial distribution of rock transitions with
a high resolution. It was hypothesized that the reflection from limestone is higher, because of the
somewhat higher dielectric constant. Transitions in downward direction from shale to limestone
were thus expected to be clearer in the GPR signal than transitions from limestone to shale.
The grass on the transects was first mowed to improve the connection of the GPR with the surface.
The GPR (pulseEKKO PRO, Sensors & Software Inc.) was pulled over the two transects to obtain
continuous information on the subsoil. This was done four times, two times in downslope direction
and two times in upslope direction, to check for consistency in the results. A 250 MHz antenna was
used, which turned out to be a good frequency for sufficient penetration depth and resolution at
Konza Prairie. The GPR settings that were used for this study can be found in Appendix B.
EKKO Project (Version 4, Release 3, Sensors & Software Inc.) was used to visualize the GPR data and
to calibrate the electromagnetic wave velocity of the GPR signal. Transitions between layers with
different properties are located in the GPR signal where the reflection is clearest. The velocity
calibration was based on the signal created by isolated reflector points and led to a velocity between
0.070 and 0.080 m ns-1. Altitude data of the transect was added to create an elevation axis. Since the
limestone and shale layers are almost horizontal (Oviatt, 1998), the transitions between these in the
GPR signal should be almost horizontal as well. Layer inclination changed with the velocity value in
the software, which could be used as a secondary calibration. The actual depth-averaged wave
velocity in the field was determined to be 0.070 m ns-1, although this was somewhat spatially
variable. The GPR cross-sections were manually interpreted.
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3.1.3 Laboratory analysis
The soil samples were analysed in the laboratory following several steps (Figure 8).

Figure 8 Schematic overview of the laboratory analyses

Soil samples were first dried in a drying oven at 105 °C for 24 hours to remove water. Afterwards,
large roots were removed by hand and the samples were sieved with a 2 mm sieve to remove the
stone fraction. Each sample was split in two; one well-mixed subsample was used for the Soil
Organic Matter (SOM) measurement and the other for the texture measurement.
The SOM sample was dried overnight at 105 °C to remove any water that might have condensed on
the sample during preparation. These samples were cooled to air temperature in a desiccator to
prevent new water condensation. Crucibles were filled with ± 6 g soil. SOM was determined with the
Loss on Ignition (LOI) method, so the crucibles were placed in a muffle furnace at 550 °C for three
hours to burn SOM. This time span should be sufficient to burn almost all SOM (Heiri et al., 2001).
SOM was determined with the following formula:
𝑆𝑂𝑀 (%) =

𝑊𝑒𝑖𝑔ℎ𝑡𝑠𝑜𝑖𝑙+𝑆𝑂𝑀 (𝑔) − 𝑊𝑒𝑖𝑔ℎ𝑡𝑠𝑜𝑖𝑙 (𝑔)
∗ 100%
𝑊𝑒𝑖𝑔ℎ𝑡𝑠𝑜𝑖𝑙+𝑆𝑂𝑀 (𝑔)

SOM values were compensated for structural water loss from clay to obtain final SOM values, based
on Hoogsteen et al. (2015) and the clay fractions of this study.
Texture was measured with a particle size analyser. However, SOM and CaCO3 should be removed
from the sample beforehand during a pretreatment to prevent these constituents from interfering
with the mineral components of the sample (Guavera, n.d.; ISRIC, 2002; Jensen et al., 2017). H2O2
was used to remove SOM and HCl was used to remove CaCO3 (Guavera, n.d.; ISRIC, 2002). LOI
cannot be used to remove SOM during the preparation for texture analysis, since this damages and
aggregates clay particles, resulting in erroneous texture data (Guavera, n.d.). A scoopula was used to
add ± 3 scoops of soil to a 250 mL beaker. 10 mL of H2O2 (30 %) was added and the mixture was left
until all H2O2 had reacted with the SOM present in the sample. This was repeated with 10 mL H2O2 at
a time until no further reaction occurred. To accelerate the reaction between SOM and H2O2, the
beakers were stored in the drying oven at 70 °C. All beakers were decanted twice to remove most
H2O2 and some charcoal that was still present in the sample. Distilled water was used to wash the
grains after both times of decanting. 10 ml of HCl (10 %) was then added to the beaker to remove
CaCO3. This reaction occurred relatively quickly and HCl was added with 10 mL at a time until no
CaCO3 was left to react anymore. The sample was again decanted twice and the grains were washed
with distilled water after both times of decanting.
9

Texture was analysed with a particle size analyser (Malvern Mastersizer 3000) after this
pretreatment. The Mastersizer 3000 measures the scattering pattern from a collection of particles
by using the technique of laser diffraction. The size of particles that created this specific pattern is
then calculated. The output of the device shows the fraction of different soil particle sizes within the
sample (Malvern Instruments Ltd., n.d.). Part of the sample was pipetted in the beaker with distilled
water that is part of the Malvern Hydro EV accessory. For texture measurements it is crucial that the
sample that is analysed is a representative subsample. Therefore, the beaker that contained the
pretreated sample was shaken during pipetting and the pipette was also shaken before releasing the
sample in the accessory. The sample was added to the beaker until an obscuration (light blockage)
between 15 and 20 % was reached. The Mastersizer programme included an ultrasound for three
minutes to break down any clay aggregates. The measurements were repeated five times for each
sample to estimate the measurement error. An average of these measurements was used as the
final result. The grain size distribution of the Mastersizer output was used to calculate clay, silt and
sand fractions based on the FAO (2006) particle size ranges. The boundary between clay and silt in
particle size analysis was placed at 8 μm, as a result of the non-sphericity of clay particles (Konert &
Vandenberghe, 1997). Appendix C shows the complete measurement programme of the particle size
analyser.

3.1.4 Data analyses and conceptual figures
ESRI ArcMap 10.5.1, R 3.4.4 and R Studio 1.1.447 were used for the data analyses. These analyses
were used to identify key processes and feedbacks between soil and landscape processes and to
formulate a conceptual model of soil and landscape evolution. The 2 m DEM of Konza Prairie was
used to create a slope map with 2 m resolution, which is a high enough resolution to clearly
distinguish between benches and slopes. Maps of profile and plan curvature with 10 m resolution
were created to take the larger scale patterns into account. These landscape variables were
extracted to the data points to include these variables in cross-sections and statistical analyses.
Maps were created to visualize the spatial patterns along the transects.
Cross-sections were created to illustrate how parent material, soil horizons and soil properties
change not only in lateral direction, but also with depth. The correlations between soil and
landscape variables were calculated and linear regressions and t-tests were used to check whether
soil variables differed significantly between landscape positions.
The most important conclusions about the distribution of soil properties throughout the transects
were drawn from the figures that were made and from the statistical analyses. These were
combined in a drawing of what the system looks like in a simplified way. Moreover, a conceptual
model was created, showing the connections between landscape variables and soil properties and
the processes that are likely to be responsible for these relations. A second conceptual model was
constructed with the processes that were simulated in LORICA. Only those processes that seemed
relevant at Konza Prairie during the field survey were included.

3.2 LORICA modelling
Soil-landscape evolution models simulate how soil formation and landscape evolution over time lead
to certain soil and landscape properties. LORICA is a soilscape model, which has specifically been
developed to model the interactions between soil and landscape development (Temme &
Vanwalleghem, 2016). It is a combination of the soil formation module of the soil-landscape model
MILESD (Vanwalleghem et al., 2013) and the landscape evolution model LAPSUS (Schoorl et al.,
2014) and includes the geomorphic and pedogenic processes that are part of these models.
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The simultaneous simulation of soil forming processes and landscape evolution processes enables
studying the co-evolution of soils and landscapes. The use of LORICA could lead to insights in how
soil formation at Konza Prairie, influenced by landscape position, has evolved over time.

3.2.1 Model structure and processes
LORICA is a raster-based model that uses a DEM as input to represent surface topography and is
based on the preservation of mass (Van der Meij et al., 2016; Temme & Vanwalleghem, 2016). Each
raster cell is initially made up of 20 soil layers that will split when the layers become thicker than a
reference thickness or merge when the maximum number of layers is reached. Five texture classes
are included in LORICA, namely coarse material, sand, silt, clay and fine clay (Temme &
Vanwalleghem, 2016). LORICA also contains two extra classes for quickly and slowly decomposing
organic matter (Temme & Vanwalleghem, 2016). The different processes transport or transform
material from the texture classes through the soilscape. The initial fraction of these textures and
organic matter types is included in LORICA and the fractions are used to calculate the bulk density
with a pedotransfer function during the simulations (Temme & Vanwalleghem, 2016).
The processes that were hypothesized to be important at Konza Prairie based on the field research
(Figure 18.B) were activated in LORICA (Table 2). There is some debate about to what extent water
erosion affects hillslopes at Konza Prairie. Oviatt (1998) states that erosion does not significantly
affect hillslopes at Konza Prairie under the current climate, grazing and fire conditions and in my
field survey no clear erosional features, such as gullies, were observed. On the contrary, Kaste et al.
(2006) found that soil erosion still affected the landscape at Konza Prairie over the last 40 years.
Their erosion rate estimates were relatively low compared to previous erosion studies in similar
landscapes. In the end, it was therefore decided to exclude water erosion and deposition from my
model simulation. Aeolian deposition was not simulated with LORICA either, since this process
occurred in the past before soil formation started to take place, when the climate was much drier
and colder (Oviatt, 1998). The processes that were used in LORICA, including possible adjustments,
are shortly explained below. An extensive description of all processes can be found in Temme and
Valwalleghem (2016).
Table 2 The geomorphic and pedogenic processes that were simulated in LORICA
Geomorphic processes
 Creep
 Bedrock weathering

Pedogenic processes
 Physical weathering
 Chemical weathering
 Clay translocation and neoformation
 Bioturbation
 Organic matter input and decomposition

Creep in LORICA moves soil material downwards along slopes following diffusional flow mechanisms.
The amount of creep depends on the local slope steepness and a diffusivity parameter (Temme et
al., 2011). Soil depth and the DEM are updated for every cell based on the amount of soil material
that is removed or added. The transportation of soil material by creep between layers in different
raster cells (soil pedons) depends on the configuration of the donor and receiving layer with respect
to each other. A certain fraction of the mass of all texture and SOM classes is transported from the
donor layer to the receiving layer, based on the total amount of creep in the soil profile and the
depth below the surface. Bedrock weathering in LORICA transforms bedrock into coarse soil material
at the soil-bedrock interface. A humped model is used for the bedrock weathering rate as a function
of depth, including a fixed weathering rate when the soil depth is zero (Humphreys & Wilkinson,
2007). Potential bedrock weathering rates are assumed to be constant in the original LORICA model.
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However, since limestone and shale have different weathering rates (Oviatt, 1998), this
differentiation was added to the code. This was done based on the elevations at which the different
parent materials were found during the field survey and by using a lower potential bedrock
weathering rate for limestone than for shale, with a difference between these two rates based on
Alexander (1985) (Appendix D).
Physical weathering transforms the coarse, sand and silt fraction into finer fractions in LORICA. The
amount of physically weathered material in every layer depends on the grain size, the depth of the
layer below the surface and the mass of the grain size class (Temme & Vanwalleghem, 2016). The
mass that physically weathers from the coarse fraction transforms for 97.5 % into sand and for 2.5 %
into silt. The mass that physically weathers from the sand fraction transforms for 96 % into silt and
for 4 % into clay. All physically weathered mass from silt breaks up into clay, since fine clay is not
created by physical weathering (Vanwalleghem et al., 2013). Chemical weathering affects sand, silt
and clay and breaks these particles up into smaller textures. It also leads to direct mass losses of soil
particles to the soil solution. The chemical weathering rate is strongest close to the surface and
decreases exponentially with depth (Vanwalleghem et al., 2013). Clay neoformation is the formation
of new clay minerals from dissolved weathering products after chemical weathering. The
neoformation rate of fine clays is highest at some depth below the surface, which is modelled in
LORICA with a double exponential function of depth (Vanwalleghem et al., 2013). The rate of clay
neoformation depends on the mass of weathering products that are dissolved and available for
neoformation (Temme & Vanwalleghem, 2016). Clay translocation is the vertical migration of clay
through the soil profile. It is modelled in LORICA as a downward flux of fine clay between layers and
its rate can reach a maximum constant value. The clay translocation rate increases with increasing
fine clay content in the higher layer (Temme & Vanwalleghem, 2016; Vanwalleghem et al., 2013).
Bioturbation is the mixing of soil by biological activity and is calculated between individual soil layers
in LORICA. The bioturbation rate is proportional to biological activity in the layer that receives soil
material and inversely proportional to the distance between layers. Moreover, bioturbation rates
decrease exponentially with soil thickness. Bioturbation only mixes sand, silt, clay and organic
matter. Coarse material is not mixed, which can result in the occurrence of layers with high stoniness
in the soil (Temme & Vanwalleghem, 2016). LORICA calculates a balance between the input of
organic matter by production and mixing and losses by decomposition and erosion. The rate of
organic matter production depends on the potential input of soil organic matter and decreases with
depth. Decomposition also decreases with depth and is different for quickly and slowly decomposing
organic matter (Temme & Vanwalleghem, 2016).

3.2.2 Model input and calibration
In this study, LORICA was run on a one-dimensional hillslope. This significantly reduced computation
times and facilitated interpretation of the results and comparison with the field transects. The
elevation along transect 1 was extracted from the DEM and used as input for LORICA. Initial soil
depth and texture fractions were calculated as the average of the values that were found in the field
and measured in the lab (Table 3). LORICA was run for 10,000 years, reflecting that significant soil
development started at the beginning of the Holocene (Oviatt, 1998).
The goal of the model study was to investigate feedbacks between soil and landscape formation
through time and to what extent the soil and landscape properties that were found in the field could
be simulated with LORICA. Therefore, the model was calibrated based on the field results of transect
1. The following procedure was used for calibration. First, only bedrock weathering was simulated to
calibrate correct soil depths. Second, creep and bioturbation were added to the model run to check
whether the soil depth distribution along the transect corresponded to the field results. Third,
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physical and chemical weathering and clay translocation and neoformation were calibrated. It was
ensured that the average texture fractions along the transect were as close as possible to the field
averages and that the patterns were similar. Last, organic matter input and decomposition were
activated to make the average SOM and SOM patterns similar to those in the field. In each
calibration step, the assumption was that the additional processes did not affect the patterns that
were simulated with the previously calibrated processes. Table 3 shows the parameters that were
adapted from Temme and Vanwalleghem (2016) based on the calibration. The other parameters
remained at their original values of Temme and Vanwalleghem (2016).
Table 3 Adapted input parameters of LORICA
General

Geomorphic
processes

Soil forming
processes

Initial soil depth (m)
Initial soil texture (%)

Creep
Rock weathering

Physical weathering
Chemical weathering

Fine clay translocation
Carbon cycle

Coarse
Sand
Silt
Coarse clay
Fine clay
Diffusivity (m2 yr-1)
Potential bedrock
weathering rate shale
(m yr-1)
Potential bedrock
weathering rate limestone
(m yr-1)
Weathering rate constant
(yr-1)
Weathering rate constant
(kg m-2 mineral surface
area)
Specific area coefficient (-)
Maximum eluviation (kg)
Potential organic matter
input (kg m-2 yr-1)
Decomposition rate young
(yr-1)
Decomposition rate old
(yr-1)
Depth decay constant
young (m-1)
Depth decay constant old
(m-1)

0.32
10.21
4.46
47.64
37.69
0
0.005
1 * 10-9

1 * 10-10

0.00004
0.000001

0.05
0.07
0.5
0.05
0.03
4
4

3.2.3 Model output and comparison with the field results
The model output was loaded into R Studio for analysis. Cross-sections of soil properties were
constructed to compare the patterns in the model results with those in both transects in the field
results. SOM, clay, silt and sand fractions from the model output were calculated as fractions of the
fine earth fraction, to make them comparable to the fractions found in the field. Average values and
standard deviations of SOM and texture fractions of the model output were compared with the
values found in both transects of the field survey, since the use of the independent data of transect
0 gave us an indication of model performance in a broader landscape context. Comparisons between
field and model results were made aggregated over different landscape positions (profile curvature
and parent material), to investigate whether certain properties can be simulated at the correct
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landscape positions with LORICA. Time series were created to show how soil and landscape
evolution took place during the model run.
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4. Results
4.1 Field results
4.1.1 Lithology
This section shows the variability of parent material across the two transects.
Figure 9.A and Figure 9.B show the alternating bedrock material that was found at the study
locations. At most locations the bedrock could be classified as either limestone or shale, but at some
locations this was impossible due to a lack of stoniness or the occurrence of both limestone and
shale rocks close to the bedrock. Transitions from limestone to shale (in downward direction)
occurred in general at the upper part of relatively steep slopes compared to the surroundings.
Transitions from shale to limestone (in downward direction) occurred at the lower part of relatively
steep slopes or further away from the slope in the bench. However, not all these slope and bench
positions displayed such a parent material transition. For example, only limestone was found in the
high elevation part of transect 0 (Figure 9.A) and in the low elevation part of transect 1 (Figure 9.B),
while slope and benches are visible in these regions.
The limestone and shale layers should be continuous throughout Konza Prairie and occur at about
the same elevation in the two transects. However, a comparison of both transects showed that
limestone and shale occurred at different elevations along the two transects. An upward or
downward shift of one of the two lithology patterns did also not result in a resemblance.
Figure 10 shows the cross-section of transect 1 that was made with the GPR data and the
corresponding elevation axis, including an interpretation. Several very clear but also less clear signal
reflections were distinguished in the data. Most of the boundaries between shale and limestone
occur at positions where these were expected beforehand, with boundaries upslope of the convex
position (transition from shale to limestone in downward direction) and downslope of the convex
position (transition from limestone to shale in downward direction). However, some locations where
a boundary was expected displayed no visible signal change, for example between the convex and
concave position in the middle of the transect (115 – 135 m). A relation between the strength of the
reflection and the direction of the boundary (from limestone to shale or from shale to limestone)
cannot be distinguished. Most of the transitions that were found seem to overlap with a transition
that was found with the augering (Figure 9.B and Figure 10). However, there are also boundaries
that were found with one of the methods and that could not be recognized in the results of the
other method, for example the lowest strong signal reflection in the GPR signal.

15

A

B
Figure 9 Cross-sections of the parent material in transect 0 (A) and transect 1 (B) and the corresponding
estimated parent material boundaries. The letters indicate the observed parent materials: limestone (L), shale
(S), a combination (B) or whether this was unclear (?).
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Figure 10 Cross-section of the GPR signal at transect 1 including the elevation profile. Yellow lines indicate strong signal reflections and orange lines weaker signal
reflections.
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4.1.2 Soil horizons and classifications
Figure 11.A and Figure 11.B show the soil horizons that were found in both transects and the soil
classification per location. In general, soils are thin above slopes at convex profile curvature and
deep at the benches, especially those at low elevation. The deepest soils occur at concave positions
below steep slopes and soil depth decreases across benches towards their lower edge, where
convex profile curvature positions occur and where the next steep slope starts. However, some
deviations from this pattern are also visible, for example where soil depth is still relatively high at
convex profile curvature.
At 31 locations the soil profile consists of only an A horizon. Most of these soils are thin and located
in the upper part of the transects. Most locations with multiple soil horizons are located on the
benches at lower elevation. A clay illuviation (Bt) or weathering (Bw) horizon was often found at
these locations and some soil profiles contained both horizons. A clay eluviation (E) horizon was only
found twice, both times in a gently sloping low elevation bench. The bedrock (R) was reached while
augering at 35 locations, saprolite (CR) was found at the other 13 locations. Leptosols occur at most
locations in the upper half of both transects, because of the thin soils that were found. Most soil
profiles at positions in the lower half of the transects are Chernozems and Phaeozems, because of
their higher thickness and dark topsoil. A single Regosol, Kastanozem and Luvisol were also found.
The general pattern at lower elevation is that Leptosols only occur at the convex points at the lower
end of benches.

A
Figure 11 Cross-sections of the horizons in the soil profiles and the corresponding FAO classifications in transect
0 (A) and 1 (B). Soil depth is five times exaggerated with respect to the elevation axis. The surface elevation
also indicates the upper boundary of the A horizon. Occurring soil types are Chernozem (Cherno), Kastanozem
(Kastano), Leptosol (Lepto), Luvison (Luvi), Phaeozem (Phaeo) and Regosol (Rego).
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B
Figure 11 (continuation) Cross-sections of the horizons in the soil profiles and the corresponding FAO
classifications in transect 0 (A) and 1 (B). Soil depth is five times exaggerated with respect to the elevation axis.
The surface elevation also indicates the upper boundary of the A horizon. Occurring soil types are Chernozem
(Cherno), Kastanozem (Kastano), Leptosol (Lepto), Luvison (Luvi), Phaeozem (Phaeo) and Regosol (Rego).

Figure 12 Boxplots of soil properties in the different horizons
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Average profile stoniness of the A horizon is relatively low compared to that of the Bt and Bw
horizons, but all horizons have a high spread (Figure 12). The E horizon has on average an extremely
high profile stoniness, although this is based on only two E horizons that were found. No clear
differences exist between the SOM and texture fractions for the different soil horizons, except for
the A horizon. The A horizon has a higher average SOM fraction, a lower average clay fraction and a
higher average silt fraction. The average sand fractions of all horizons are close to each other,
especially when the variation is taken into account.

4.1.3 Soil horizon properties
This section focusses on the vertical patterns of soil properties that were observed or measured per
horizon.
Figure 13.A shows profile stoniness changes with depth along the two transects. Profile stoniness is
relatively low in all top layers of transect 0. Most of the deeper soils contain a horizon with higher
profile stoniness that starts at a depth between 10 and 30 cm. Below this layer, either bedrock
occurs, or profile stoniness decreases again. High profile stoniness occurs in some top horizons at
transect 1. The three positions with highest profile stoniness in the top layer are all downslope of
limestone bedrock. However, there are also some locations with a horizon with high profile
stoniness at some depth, comparable to the ones in transect 0.
Soil organic matter decreases with depth in both transects and at all locations (Figure 13.B). SOM
fractions in the top layer are higher in transect 0 than in transect 1. The deeper horizons have in
general an extremely low SOM fraction, which does not differ between the transects.
Clay fraction increases with depth in most soil profiles developed on shale (Figure 13.C). This
increase is sometimes strong, for example from 33.86 to 67.20 % in the deep profile at low elevation
in transect 0. Most of the soil profiles on limestone in transect 0 also show an increase with depth,
but this trend is reversed at some locations on limestone in transect 1. These soil profiles show
either an increasing clay fraction with depth or a trend that first increases and later decreases. The
difference between increasing or decreasing clay fraction with depth is not caused by differences in
profile curvature.
Silt fractions are very high in the top layer and decrease with depth in transect 0 (Figure 13.D). Silt
fractions in the top layer are lower in transect 1 and the decreasing trend is less visible. Some of the
soil profiles in transect 1, both on shale and limestone, show an increasing silt fraction with depth.
Sand fractions are low in almost all horizons, except for two outliers, one located along transect 0 in
the second horizon (17.80 %) and one along transect 1 in the first horizon (18.26 %) (Figure 13.E).
Furthermore, sand fractions decrease with depth at some locations, but increase with depth at
others. This does not appear to depend on parent material or landscape position.
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A

B

C
Figure 13 Cross-sections of profile stoniness (A), SOM fraction (B), clay fraction (C), silt fraction (D) and sand
fraction (E) for both transects. Soil depth is twelve times exaggerated with respect to the elevation axis. It is
indicated whether the soil profile formed on limestone (L), shale (S), at a transition (B) or whether this was
unclear (?).
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D

EE
Figure 13 (continuation) Cross-sections of profile stoniness (A), SOM fraction (B), clay fraction (C), silt fraction
(D) and sand fraction (E) for both transects. Soil depth is twelve times exaggerated with respect to the elevation
axis. It is indicated whether the soil profile formed on limestone (L), shale (S), at a transition (B) or whether this
was unclear (?).

4.1.4 Study site properties and soil-landscape relations
This section describes the distribution of soil properties across the transects and the relations
between soil properties and landscape variables. These are illustrated with maps and scatter plots.
Appendix E shows the strength and significance of the relations.
A significant positive relation exists between elevation and slope steepness. Moreover, profile
curvature is more convex and plan curvature more concave at high elevations.
Soil depths along the transects range between 5 and 120 cm. Deep soils were found mainly at the
low elevation benches (Figure 15.A). The thinnest soils occur at the convex positions at the top of
steep slopes (Figure 14.A). Soil depth shows a significant decrease with elevation and a nonsignificant decrease with slope steepness. Average soil depth is higher at concave positions than at
convex positions, although some outliers exist that result in a non-significant difference. Soils are on
average significantly deeper on shale (45 cm) than on limestone (26 cm). The general pattern is that
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soil depth decreases across benches, from concave areas below steep slopes with deep soils towards
convex areas above steep slopes with extremely shallow soils.

A

B

Figure 14 A thin soil profile of 20 cm at a convex position (location 0106 in transect 1) (A) and a convex position
with a surface stoniness of 40 % (location 0116 in transect 1) (B). Photos taken by Marte Stoorvogel.

Thickness of the A horizon follows a pattern relatively similar to that of soil depth. Thin A horizons
occur at the convex positions before slopes and thick ones on the downslope benches (Appendix
F.1). In general, A horizons are thinner upslope than downslope and on average thinner at convex
(16 cm) than at concave (23 cm) profile curvature positions. The A horizon is always thin at
extremely convex profile curvature, but can be both thin and thick at the other positions. Moreover,
A horizons are thicker above shale than above limestone.
Surface stoniness is very variable throughout the transects with a range of 0 to 80 % (Figure 15.B).
Figure 14.B shows a location with a surface stoniness of 40 %. A significant positive relation exists
between surface stoniness and both slope steepness and elevation. A larger part of the surface is
covered by stones at convex profile curvature positions than at concave profile curvature positions
and average surface stoniness is significantly higher on steep slopes (44 %) than on benches (23 %).
These relations result in a system with high surface stoniness at the convex profile curvature
positions where the limestone layer reaches the surface and low surface stoniness at the lower
benches. Most of the stones and rock outcrops that were found at the surface were limestone. A
small amount of flintstone and shale was also found, but especially shale rocks and gravel were
more abundant in the soil profile than at the surface.
Trends that were observed in vegetation coverage are the opposite of those in surface stoniness,
with a high vegetation coverage occurring at the downslope benches and a low coverage at convex
positions and steep slopes (Appendix F.2). Significant relations were found with slope steepness
(negative), elevation (negative) and profile curvature (positive). Average vegetation coverage was
higher at concave (81 %) than at convex (65 %) profile curvature positions.
Soil Organic Matter (SOM) fractions in the top horizon are higher in transect 0 than in transect 1
(Figure 15.C). The average in transect 0 is 7.66 % and in transect 1 5.06 %, which is a significant
difference. Moreover, a significant negative relation exists between SOM fraction in the top layer
and profile curvature, since SOM fractions increase with increasing convexity and decreasing
concavity. However, this trend is mainly caused by some high outliers and most data points lie in the
same range without a clear relationship. Average SOM fraction of the top layer is somewhat higher
at concave plan curvature positions (6.95 %) than at convex positions (5.83 %), although this
difference is not significant. On the contrary, convex profile curvature positions have a higher
average SOM fraction of the top horizon than concave positions. An extremely high SOM fraction of
16.60 % was found at the highest convex position that is part of both transects.
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Clay fractions of the upper layer throughout the transects range between 27.24 and 53.92 %. Figure
15.D shows that clay fractions of the top horizon in transect 1 are in general higher than in transect 0
with a significant difference in average. Furthermore, no clear trends can be distinguished from the
map. Average clay fraction in the top horizon is higher at convex (42.59 %) than at concave profile
curvature positions (38.20 %), although this difference is non-significant.
Silt fraction in the top layer shows the opposite pattern from clay fraction, with significantly higher
silt fractions in transect 0 than in transect 1 (Appendix F.3). Silt fractions in the top layer range
between 40.89 and 68.90 %. An average silt fraction in the top horizon of 57.01 % is found at a
concave profile curvature, while that at a convex profile curvature is 52.35 %. A somewhat higher
mean silt fraction in the top layer is also found at concave plan curvature compared to convex plan
curvature.
No pattern can be distinguished regarding sand fraction in the top horizon, although it seems as if
the regions around steeper slopes and slopes themselves have a bit lower sand fractions (Appendix
F.4). Sand fraction in the top horizon ranges between 0.77 and 8.95 %, but one outlier of 18.26 % has
been measured at the lower most location in transect 1. No significant relation between sand
fraction of the top horizon and any of the landscape variables was found. Sand fraction in the top
layer is significantly higher in transect 1 than in transect 0, but the difference in average is small
(5.91 and 4.48 %).
The clay, silt and sand fractions that were found classify as silty clay and silt clay loam texture classes
on this hillslope within Konza Prairie.

A

Figure 15 The spatial distribution of soil depth (A), surface stoniness (B), SOM fraction of the top layer (C) and
clay fraction of the top layer (D)
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B

C

Figure 15 (continuation) The spatial distribution of soil depth (A), surface stoniness (B), SOM fraction of the top
layer (C) and clay fraction of the top layer (D)
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D

Figure 15 (continuation) The spatial distribution of soil depth (A), surface stoniness (B), SOM fraction of the top
layer (C) and clay fraction of the top layer (D)

Soils are significantly deeper at locations with a thicker A horizon, with a lower surface stoniness,
with a higher vegetation coverage and with a lower SOM fraction of the top layer. Locations where
the total soil profile consists of an A horizon are clearly distinguishable, since these lie on the 1:1 line
(Figure 16.A). Although a linear regression between soil depth and surface stoniness is significant,
the relation between these two variables appears to be an inverse logarithmic one (Figure 16.B).
However, there are also some outliers that do not follow this line. No significant relation was found
between surface stoniness and profile stoniness of the top layer. However, the scatter plot of
surface stoniness versus profile stoniness of the top layer shows that, besides one exception,
locations with a surface stoniness below 20 % also have a very low top layer profile stoniness (Figure
16.C). Most of these points with low stoniness are located at concave profile curvature. At larger
surface stoniness, the spread in profile stoniness of the top layer becomes larger. A significant
positive relation was found between A horizon thickness and vegetation coverage (Figure 16.D) and
a very strong negative one between surface stoniness and vegetation coverage. Moreover,
vegetation coverage decreases with clay fraction of the top layer and increases with silt fraction of
the top layer. Profile stoniness of the top layer shows these significant relations in the opposite
direction and is lower at high SOM fraction of the top layer. Significant relations exist on the hillslope
between clay fraction of the top layer and both surface stoniness (positive) and SOM fraction of the
top layer (negative). However, surface stoniness and clay fraction of the top layer seem uncorrelated
in Figure 16.E.
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E
Figure 16 Scatter plots with linear regression between soil properties
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4.1.5 Simplified overview of soil-landscape patterns
Figure 17 in this section shows the general trends of soil and surface properties that were found
during the field survey. The landscape variables elevation, slope steepness, profile curvature and
parent material correlate with most of the soil property variability, which leads to the
lithosequences and toposequences as depicted in the figures.

A

B
Figure 17 General trends at Konza Prairie of soil depth, soil horizons and soil classification (A), of surface
stoniness and vegetation coverage (B) and of organic matter, clay and silt fraction (C). The vertical arrows in C
indicate trends within soil profiles.

28

C
Figure 17 (continuation) General trends at Konza Prairie of soil depth, soil horizons and soil classification (A), of
surface stoniness and vegetation coverage (B) and of soil organic matter, clay and silt fraction (C). The vertical
arrows in C indicate trends within soil profiles.

4.1.6 Conceptual model of soil-landscape feedbacks
This section shows the conceptual model that summarizes the results that were found in the field
and that connects landscape variables, pedogenic processes, geomorphic processes and soil
properties (Figure 18.A). This conceptual model includes the processes that were hypothesized to be
most important at Konza Prairie and therefore served as basis for the model study with LORICA
(Figure 18.B).
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B
Figure 18 Conceptual models of interactions between geomorphic and soil forming processes (green) and soil
(orange) and landscape properties (blue) as found on hillslopes at Konza Prairie (A) and as simulated in LORICA
(B)
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4.2 Model results
This section presents the results of the model study with LORICA and compares these with the field
survey results of both transects.

4.2.1 Patterns of soil properties
Figure 19 shows what the elevation and soil depth profile look like after simulating 10,000 years of
soil and landscape evolution with the LORICA model. Positions with shallow or no soils at all are
generally located on or slightly above or below steep slopes and at convex profile curvature
positions. Soils are generally deeper at positions with shale parent material compared to positions
with limestone parent material. The simulated patterns are similar to the ones that were found in
the field. However, the general pattern of increasing soil depth with decreasing elevation was not
simulated with the model, since soil depth is relatively constant along the transect for places where
soil is present. The significant positive relation between elevation and slope steepness as found in
the field also exists in the model results.
Simulated profile stoniness is extremely high at some locations near bedrock (Figure 19.A). This
occurs at the elevations where the parent material is shale. Profile stoniness increases with depth at
these locations. Profile stoniness is low in the other areas, although some higher values were
simulated close to the surface and near the bedrock. The very high profile stoniness near the
bedrock in the model results also occurs at some locations in the field, but in the field there is more
variability in the depth of horizons with high profile stoniness.
SOM fraction decreases with depth at all locations in the model results (Figure 19.B). There are only
a few cells where a somewhat higher SOM fraction was also simulated in a deeper horizon. This
decrease in SOM fraction with depth is constant throughout the whole transect and corresponds
with the SOM decrease with depth in the field results.
Clay and silt fractions are relatively low in the cells with high bedrock weathering and profile
stoniness and relatively high in the cells with low bedrock weathering and profile stoniness in the
model results (Figure 19.C and Figure 19.D). Sand fraction shows the opposite pattern between
these regions (Figure 19.E). This strong distinction between different areas in the model results was
not measured in the field. Model results show that clay fraction is constant with depth in the regions
with a low clay fraction (Figure 19.C). The other regions show a layer with low clay fraction at the
surface and a layer with higher clay fractions around 10 cm depth. Moreover, high clay fractions
were simulated close to the bedrock at these positions. These patterns are relatively similar to the
ones in the field, although there are also some locations in the field with e.g. a relatively high clay
fraction at the surface. Silt fraction decreases with depth throughout the whole transect in the
model output (Figure 19.D). A high silt fraction at the surface was also found at most locations in the
field, but at some locations a high silt fraction was measured in the soil close to the saprolite or
bedrock. Sand fraction does not depend on depth in the regions with low sand fractions in the model
results (Figure 19.E). The sand fraction seems to increase somewhat with depth in the other regions.
Although sand fractions increased at some locations in the field, they decreased at others.

31

A

B

C
Figure 19 Cross-sections of profile stoniness (A), SOM fraction (B), clay fraction (C), silt fraction (D) and sand
fraction (E) in the model results. Soil depth is twelve times exaggerated with respect to the elevation axis.
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E
Figure 19 (continuation) Cross-sections of profile stoniness (A), SOM fraction (B), clay fraction (C), silt fraction
(D) and sand fraction (E) in the model results. Soil depth is twelve times exaggerated with respect to the
elevation axis.

4.2.2 Statistics of soil properties
Average soil depths found in the field and simulated in the model are comparable, but the variability
was larger in the field (Figure 20). The average simulated soil organic matter fraction is a bit higher in
the model results than in the field and the spread is lower. The clay and silt fraction are the two
highest fractions in the model results, as was also found in the field. However, their average values
are underestimated in the model study. The spread of these two texture fractions are almost equal
in the field and model results. Profile stoniness and sand fraction are overestimated in the model
results with a somewhat higher spread in values in the model results than in the field results.
Soils formed on shale are significantly deeper than those formed on limestone in the model results
(Figure 21.A), which corresponds to the field results. Soil depth is on average somewhat higher at
concave than at convex positions, both in the field and model results, although this difference is in
neither case significant (Figure 21.B). There is no clear difference in soil depth between positions
with steep slope (slope steepness larger than median slope steepness) and with gentle slope (slope
steepness smaller than median slope steepness) in the field and model results.
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In general, profile stoniness, SOM, clay, silt and sand fractions in the model results do not differ
strongly between the different landscape position groups that were described for soil depth.
However, average clay and silt fractions are significantly lower in soils that formed from shale than in
soils that formed from limestone and this is the other way around for sand and profile stoniness
fractions.

A

B

Figure 20 Boxplots of soil depth (A) and profile stoniness, SOM and texture fractions (B) for the field and model
results

A

B
Figure 21 Boxplots of soil depth aggregated over parent material (A) and profile curvature (B) for the field and
model results
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4.2.3 Evolution of soil and landscape properties
Surface elevation increases in certain regions along the transect during the simulation and decreases
in others (Figure 22.A). The difference between these regions appears to be related to profile
curvature, since elevation decreases at convex positions and increases at concave positions. The rate
of change seems to be relatively constant with time, except for locations that experience very strong
lowering of the surface, where surface elevation is relatively constant at the end of the run. There
are also some locations with a positive elevation change that seem to reach a constant elevation at
the end of the simulation.
Soil depth starts with a constant value throughout the transect. At some positions soil depth
increases and at other positions decreases with time (Figure 22.B). This results in increasing soil
depth variation during the simulation. Changes in soil depth decrease with time at most locations. A
comparison between soil depth and profile curvature along the transect shows that the deepest soils
occur at strong concave profile curvature and that the shallowest soils occur at strong convex profile
curvature. Furthermore, deeper soils occur on shale bedrock than on limestone bedrock.
Profile stoniness fraction shows a strong increase during the first part of the simulation at most
locations (Figure 22.C). However, the rate of this increase decreases with time towards the end of
the simulation, even leading to locations where profile stoniness is decreasing with time. The peaks
in profile stoniness fraction occur where the parent material is shale.
The simulation started without any SOM present. SOM fraction increases with time in most cells,
although there are also some locations where SOM starts to decrease after some time (Figure 22.D).
The variation in SOM fraction becomes larger during the simulation, leading to positions with high
and others with low SOM fractions. A comparison between the evolutions of SOM fraction and soil
depth shows that areas with a positive change in SOM fraction correspond to areas with a negative
change in soil depth (Figure 22.B and Figure 22.D).
Clay and silt fractions decrease with time during the simulation at most locations along the transect,
while sand fractions increase (Figure 22.E). The rate of change of these texture fractions is relatively
constant during 10,000 years.
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C
Figure 22 Evolution in time of surface elevation change with respect to the initial surface elevation (A), soil
depth (B), profile stoniness fraction (C), SOM fraction (D) and clay fraction (E). Fractions in C, D and E are
averaged over depth for every cell. The lines indicate the variable values at every 1000 year time step, with the
lightest line indicating time zero and the darkest one 10,000 years.
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Figure 22 (continuation) Evolution in time of surface elevation change (A), soil depth (B), profile stoniness
fraction (C), SOM fraction (D) and clay fraction (E). Fractions in C, D and E are averaged over depth for every
cell. The lines indicate the variable values at every 1000 year time step, with the lightest line indicating time
zero and the darkest one 10,000 years.
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5. Discussion
5.1 The spatial distribution of soil properties and feedbacks between geomorphic
and pedogenic processes
This section discusses the variability of lithology and soil and surface properties that were found in
this study. The geomorphic and pedogenic processes that are expected to be responsible are
identified.
The general pattern of lithology and slope as found in the field corresponds with the findings of
Smith (1991). Slope steepness decreases at transitions from shale to limestone in downward
direction, resulting in benches. Slopes steepness increases where the transition from limestone to
shale occurs. This is a result of the higher weathering rate of the soft shale than of limestone
(Monaghan et al., 1992; Oviatt, 1998; Smith, 1991). However, the elevations where the boundaries
between limestone and shale occur do not correspond between the two studies. In this study, there
were some relatively large regions where no transitions were found, while there were also small
regions with a lot of parent material changes. Smith (1991) shows a more constant alternation
between limestone and shale layers. Layers that were found by Smith (1991) are sometimes missed
in this study, while sometimes additional layers were found in this study. At some locations, the
parent material is completely reversed and the layer thickness of this study does also not correspond
with what was previously found. Uncertainties in the parent material profile of this study are likely
to be caused by difficulties with determining parent material with a soil auger and by a higher spatial
variability of parent material than the 10 m interval of study locations. Smith (1991) presents his
lithology data as representative for the whole Konza Prairie. However, there will be some variation
from this lithology in reality, especially when the dip, although small, is taken into account.
The electromagnetic wave velocity of the GPR signal was estimated at 0.070 m ns-1 in this study. A
constant wave velocity would have led to horizontal GPR reflections throughout the whole transect,
but most of the found reflections were somewhat tilted. This indicates an under or overestimation
of wave velocity at these positions. Since the dielectric constant depends strongly on soil texture,
moisture content and parent material (Cassidy, 2009; Van Egmond, 2016), it is expected that
variability in these properties is responsible for the variable wave velocity. A previous study
measured a higher wave velocity than this study of 0.107 m ns-1 in limestone (Elkarmoty et al., 2018),
which is especially high considering that Konza Prairie also contains shale bedrock which would on
average elevate the wave velocity. However, a wet soil decreases the dielectric constant stronger
than texture and parent material do, so this could indicate that our GPR signal was collected when
the soil was relatively wet. The GPR data was indeed collected after some rainy days, which confirms
this theory. There were locations where a boundary between shale and limestone was expected
based on the general pattern found with the augering, but these were not found with the GPR. A
possible strong attenuation of the electromagnetic signal by high clay contents or an argillic horizon
(clay illuviation) could be the reason for this (Cassidy, 2009; Doolittle & Collins, 1998). Furthermore,
some of the boundaries between limestone and shale might be gradual and thus not result in a
strong reflection of the GPR signal. In conclusion, ground-penetrating radar turned out to be an
effective and efficient way to investigate parent material boundaries in the subsurface, but more
research is needed to investigate which transitions can be detected and which cannot, and which
factors might give inaccurate signal reflections. Therefore, the parent material data that was
collected with the soil auger and not with GPR was used for the rest of the data analysis in this study.
Most of the soil depths that were found range between 10 and 50 cm, with some deeper and
shallower exceptions. These depths are within the soil depth range that was found during the soil
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survey at Konza Prairie of Wehmueller (1996). However, most of Wehmueller’s deep soils were
located at more stable positions within Konza Prairie, e.g. on the summits and the floodplains, and
these locations were not sampled for this study. An underestimation can be expected in soil depth
values of this study. Soil depths were determined with a soil auger and it turned out to be difficult to
determine whether the bottom of the auger hole was blocked by bedrock, saprolite or a stone layer.
Consequently, at certain locations it could have been assumed that the bedrock was reached, while
in reality only a stone layer was found, with the soil profile continuing below. Shallow soils were
found above limestone parent material, at convex profile curvature positions, at steep slopes and at
high elevation. This pattern of deep and shallow soils corresponds with Macpherson (1996). The low
weathering capacity of limestone prevents the formation of deep soils, since it takes long before
new soil material is formed, in contrast to soils above soft shale that weathers easily (Alexander,
1985; Monaghan et al., 1992; Oviatt, 1998). Soil formation rates, as a result of bedrock weathering
into saprolite, on limestone are estimated to be 0.08 - 0.15 Mg ha-1 yr-1, while those on shale are
estimated to be 0.6 - 1.9 Mg ha-1 yr-1 (Alexander, 1985). Since limestone bedrock leads to the
formation of convex landscape positions, its slow weathering rates could also be the reason for
shallow soils at convex locations. Moreover, it could be that water erosion and creep rates are
relatively high at convex positions and steep slopes, compared to other locations on the hillslopes.
Convex profile curvature positions lead to the acceleration of water flow and the transportation of
more sediment. This sediment would then be deposited at concave areas where the water flow
slows down. However, previous studies state otherwise; either that water erosion as a result of
overland flow is not important at Konza Prairie (Oviatt, 1998) or that water erosion at Konza Prairie
mainly occurs at concave positions, while the convex ones remain stable (Kaste et al., 2006). Creep,
which is expected to take place locally at Konza Prairie (Oviatt, 1998), increases with slope steepness
(Temme et al., 2011) and could thus be the geomorphic process responsible for the shallow soils at
locations with steep slopes just below the convex positions. Water erosion and creep might
transport soil material downslope and could thus be responsible for the increase of soil depth with
lowering elevation. The decrease of slope steepness with decreasing elevation could also affect this,
although a strong relation between soil depth and slope steepness was not found. Since no clear
erosional features, such as gullies, were found at Konza Prairie, it is expected that creep is a more
dominant process in controlling the transport of soil material. Average soil depth differs more
between locations above limestone and shale than between convex and concave profile curvature
locations. Therefore, bedrock weathering, which depends on parent material, seems to be more
dominant in controlling soil depth patterns than creep, which depends on the shape of slopes. The
flow of groundwater and overland flow were not studied, but the accumulation of groundwater at
lower elevations can also be a reason for higher bedrock weathering rates and corresponding deeper
soils. Previous studies already showed that physical and chemical weathering fluxes increase with
precipitation, water flow and the residence time of water in the weathering zone (Alexander, 1985;
Gislason et al., 2009; Maher & Chamberlain, 2014).
Thickness of the A horizon along the transects ranged between 5 and 40 cm, with one exception of
60 cm. Wehmueller (1996) measured A horizons in watershed N4D at Konza Prairie between 8 and
51 cm thick, which agrees well with this data. A large part of the soil profiles that were found only
consisted of an A horizon, implying that a lack of bedrock weathering results in these shallow soils.
Moreover, bioturbation is strong enough throughout the whole soil profile in shallow soils to
distribute soil organic matter to all soil layers, since bioturbation rates are strongest near the surface
(Canti, 2003; Tonneijck & Jongmans, 2008; Wilkinson et al., 2009). Soils that only consisted of an A
horizon indicate that at most locations along the transects soil formation rates are larger than
bedrock weathering rates. The positive relation between A horizon thickness and vegetation
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coverage indicates the importance of vegetation for SOM input, since plant litter is the major
resource for SOM formation (Kögel-Knabner, 2002). Thinner A horizons at convex positions could
either be the result of a lack of vegetation or of higher water erosion or creep rates. Moreover, thin
A horizons that cover the whole soil profile at these positions occur due to the absence of soil
material in general and to the high surface fraction that is covered by stones. E, Bt and Bw horizons
occur mainly at lower elevation and at relatively gentle slopes. Deeper soils were found at these
locations and a high organic matter fraction was not present throughout the whole profile. Argillic
horizons (Bt) were also found in soils at gently sloping positions by Wehmueller (1996), while no
signs of clay illuviation were reported in steep slopes. Downward percolating water is necessary for
the process of clay translocation and less overland flow is expected at gently sloping locations, which
might lead to more infiltration and thus in the pattern that was found (Gray & Catlett, 1968; Phillips,
2007). Moreover, the lower surface stoniness at benches also reduces quick overland flow and thus
increases infiltration. Weathering horizons (Bw) only occur at the locations where the deepest soils
were found and thus where parent material with a high bedrock weathering rate occurs.
Furthermore, the expected higher infiltration rates in the benches might lead to more subsurface
water flow, resulting in higher physical and chemical weathering rates and the occurrence of
weathering horizons (Alexander, 1985; Gislason et al., 2009; Maher & Chamberlain, 2014). Soils in
the benches at low elevations were classified as Phaeozems, Kastanozems and Chernozems, because
of the relatively high organic matter fractions in the top layers and subsequently the dark soil
colours. These dark colours were also found at other locations, but soils were often shallow, leading
to the classification as Leptosol.
Surface stoniness increased with elevation and slope steepness and is especially high at the convex
ends of benches. Most stones at the surface are limestone. The low limestone weathering rate leads
to limestone outcrops, which weather into stones that appear to have slid down over the hillslope
surface (Oviatt, 1998; Smith, 1991). The soft shale weathers too fast to remain as stones on the
surface (Monaghan et al., 1992). There is a negative relation between surface stoniness and soil
depth. I expect that these variables are not affected by each other, but are both a result of the slow
weathering of limestone. Locations with low surface stoniness were found to also have low profile
stoniness in the top layer. The main source of all these stones are the limestone benches, which
could explain the lower stoniness further from the edges, both at the surface and in the upper soil
layer. Armouring occurs at locations where surface stoniness is higher than profile stoniness in the
top layer, as a result of the removal of grains that easily erode (Kirkby, 1995).
Vegetation coverage shows a pattern opposite to the one of surface stoniness, which results in a
strong negative correlation between surface stoniness and vegetation coverage. Stones and
vegetation covered together 100 % of the surface area at most locations, although at some locations
bare soil patches were also found. A lot of vegetation was found at concave positions and gentle
slopes and sparse vegetation at convex positions and steep slopes. This could simply be the result of
the high surface stoniness at these positions and thus less area for vegetation growth. However,
differences in the hydrological regime could also be the reason for this. Due to their relatively high
hydrologic conductivity, the limestone layers act as aquifers, leading to higher water availability at
the limestone benches (Macpherson et al., 2008; Vero et al., 2018). Moreover, the configuration of
surface stoniness (stone size, distance between stones and whether they are on top of or embedded
in the surface) strongly affects the partitioning of water between surface runoff, infiltration and
surface storage, influencing the amount of available water (Braud et al., 2001; Descroix et al., 2001;
Lavee & Poesen, 1991). The presence of vegetation enhances chemical weathering by the increase
of organic matter, organic acids and CO2 (Alexander, 1985), which is likely to be the reason for the
positive relation between vegetation coverage and soil depth.
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Profile stoniness ranged from 0 to 60 %. This is in accordance with previous studies, although some
horizons with higher stoniness up to 84 % were found before (Ransom et al., 1998; Vero et al.,
2018). Ransom et al. (1998) considered the layers with an extremely high coarse fraction to be a
stone line or saprolite that formed in residuum weathered from limestone. I estimated profile
stoniness by hand, which could have introduced additional uncertainty in my data. The variable
pattern of profile stoniness with depth makes it hard to link the pattern to possible processes. The
high coarse fraction near the bedrock at some locations is expected to be the effect of ongoing
bedrock weathering. Weathering of limestone benches and the subsequent transport of coarse
material might at certain positions result in the high profile stoniness close to the surface. Egli et al.
(2008) showed that vegetation enhances weathering processes, which might explain the negative
relation between vegetation coverage and profile stoniness of the top layer that was found.
Using a conversion factor of 0.50 SOC/SOM (Pribyl, 2010), Wehmueller (1996) measured soil organic
matter fractions between 6.80 and 12.28 % in the A1 horizon at Konza Prairie, most of which ranged
up to around 10 cm depth with some deeper exceptions. My SOM data ranged between 1.63 and
10.92 %, with one exception of 16.60 %. Top layers in my study were often thicker than 10 cm, which
might be the reason for the lower SOM values that were found here, since soil organic matter
fraction shows a decrease with depth. The general pattern of decreasing SOM with depth was also
found by previous research, both at Konza Prairie and in other regions, since the input of organic
matter is highest in the upper soil horizons (Baisden et al., 2002; Kay & Vandenbygaart, 2002; Spain
et al., 1983; Wehmueller, 1996). SOM fraction in the top soil was higher in transect 0 than in 1,
which could be the result of differences in microclimate caused by wind direction and sun position.
Wang et al. (2000) showed that the SOM decomposition rate increases with increasing temperatures
when enough soil moisture is available, but decreases when soil moisture is limited, which indicates
that this rate is strongly dependent on soil temperature and moisture. The high SOM fraction at
convex profile curvature positions and in shallow soils might be the result of higher SOM fractions
when the organic matter content has to be distributed over a shallow soil profile. However, Takata
et al. (2007) report that in Kazakhstan soil organic carbon accumulation is high in concave zones as a
result of sediment transport by water erosion. The non-significance of water erosion at Konza Prairie
might be the reason that this pattern was found in opposite direction, since other processes might
be relatively more important. Wattel-Koekkoek et al. (2001) state that clay minerals are important
for the stabilization of soil organic matter by the formation of bonds, so a positive correlation
between SOM and clay fraction was expected. However, a negative one was found, which could
indicate that these variables are stronger influenced by other processes and variables than by each
other. SOM fraction in the top layer was found to be higher at locations with low profile stoniness in
the top layer than where profile stoniness was high. This is contradicting Kirkby (1995), who stated
that soil organic matter concentration increases with stoniness, because SOM is only mixed with the
fine earth fraction. A possible reason for this difference could be that other variables, such as soil
depth, are more important for the volume calculation of the fine earth fraction.
The measured clay, silt and sand fractions correspond well with other soil data from Konza Prairie
(Ransom et al., 1998; Govindaraju et al., 1996), although at some locations higher sand fractions
were found in these other studies. Their study sites were not limited to hillslopes, so some locations
were for example located at lower elevations and closer to creeks, where more coarse material
might have accumulated over time. In my study silt fraction was found to decrease with depth at
most locations with high silt fractions at the surface, likely as a result of the deposition of silt on the
surface by aeolian processes (Oviatt, 1998). The high silt fractions that were found close to the
bedrock at some locations could indicate that the bedrock contains silt that is weathered into silt
grains. Shale can partly consist of silt particles (Potter et al., 2012) and Swineford et al. (1958)
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showed that samples from limestone in Kansas, Oklahoma and West Texas contain silts. Clay
fractions increase with depth at most locations, since clay particles originate near the bedrock as a
result of shale and limestone weathering. Clay and silt dominate the particle size distribution, so the
low clay fraction at the surface correlates with a high silt fraction at these locations. The locations
with a decrease of clay fraction with depth are the ones where silt fractions are high near the
bedrock. These parent material layers, at some locations shale and at others limestone, are likely to
contain less clay and more silt. Parent material composition is expected to be affected by the texture
of material that was deposited in the region after transport by wind or water. The locations where
clay fraction is highest in the middle of the soil profile are the locations where clay translocation has
taken place, as discussed before. Average clay fraction in the top layer was higher in transect 1 than
in transect 0 and the opposite pattern was found for the average silt fraction. Texture samples from
the upper part of transect 0 were processed in the first laboratory analysis batch and accidently
reached a too high temperature during the pre-treatment, which might have resulted in the
formation of aggregates from clay particles and thus in an overestimation of the silt fraction and an
underestimation of the clay fraction (Guavera, n.d.). Clay fractions in the top layer are somewhat
higher at convex profile curvature positions than at concave ones and this is the opposite for silt
fractions. The cohesive properties of clay lead to higher critical shear stresses for clay than for silt for
the initiation of water erosion (Roberts et al., 1998), resulting in lower susceptibility of clay particles
than silt particles to water erosion. This might be the reason for the enrichment with clay and
depletion with silt of soils at convex positions, where water erosion is expected to remove soil
material. Silt grains are likely to be transported from convex to concave profile curvature positions.
Greve et al. (2012) investigated whether curvature (mean, profile and plan) could be used to explain
patterns in soil clay content in Denmark. They did not find a significant contribution of these
parameters to the prediction of the soil clay fraction distribution. This might be the result of the
more gentle slopes in Denmark compared to Konza Prairie, leading to a smaller influence of
curvature on erosion processes and thus on the distribution of texture fractions. The clay and silt
patterns that were found might indicate that water erosion still occurs to a small degree at Konza
Prairie. However, based on the small differences in texture fractions and the lack of erosional
features, it can be expected that this process is not strongly affecting the system. The lack of a
pattern of sand fraction with depth and in space might result from the low sand fractions that are
relatively strongly affected by the measurement accuracy of the particle size analyser or from the
fact that clay and silt dominate the particle size distribution, while sand is just a rest term.
Summarizing, soil properties are highly variable along the two transects that were studied. Water
erosion seems to only have had a minimal effect on the redistribution of soil material on hillslopes at
Konza Prairie, while creep appeared to have had a larger effect on the system. Aeolian deposition is
expected to be responsible for the deposition of silt on the surface in the past. Soil forming
processes strongly affected soil properties and their distribution along the hillslope. The processes
that were found to be most important are physical and chemical weathering, clay translocation,
bioturbation and organic matter dynamics. The most important factors affecting these processes at
Konza Prairie appear to be parent material, elevation, slope steepness, profile curvature, vegetation
patterns and water availability and flow patterns. The relations between the discussed properties
and processes clarify the importance of feedbacks in soil-landscape systems. Landscape and soil
properties affect the geomorphic and pedogenic processes, but in response these processes also
influence the state of the system.
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5.2 The performance of LORICA to simulate soil and landscape properties and
temporal soil-landscape dynamics
This section discusses the LORICA model results from a spatial and temporal view and compares
them with the field results.
All processes that were found to be important in the field survey and that took place during the
Holocene, when soil formation started, were included in LORICA to investigate interactions within
the whole system. The patterns of properties along the transects are the direct result of the
processes that were included in the model run and of the parameter values of these processes that
were estimated during the calibration.
Based on the similarities of the pattern of soil depth along the transect between the field and model
results it was demonstrated that the creep process is correctly formulated in LORICA, leading to thin
soils at convex and steeply sloping positions and thick soils at concave and gently sloping positions.
However, the creep diffusivity parameter in the model turned out to be calibrated somewhat too
high, resulting in the bare rock regions in the model results. Moreover, it seems as if creep
deposition occurs over a shorter spatial scale in the model than in the field, since the general
decreasing trend of soil depth with elevation was not found in the model. Subsurface water storage
and flow affect physical and chemical weathering rates and thus soil depth (Alexander, 1985; Maher
& Chamberlain, 2014). Therefore, another possible explanation for the lack of a soil depth trend
along the transect could be that spatial differences in the partitioning of water between surface
runoff and subsurface flow along the transect were not simulated with LORICA. The input DEM of
LORICA is a map of the current elevations along the transect and thus not a DEM of 10,000 year ago
when the simulation started. Moreover, there might be small differences between the DEM
elevation profile and the field elevation profile. These two discussion points will affect the model
output to some extent, although the changes in surface elevation are relatively small. The newly
implemented code in LORICA to differentiate the bedrock weathering rate of different parent
materials is successful, in the way that LORICA now simulates deeper soils above shale than above
limestone, as was also found in the field. A difference in bedrock weathering is thus indeed likely to
be the reason for this differentiation, which confirms previously published literature (Alexander,
1985; Oviatt, 1998).
Profile stoniness in the model results was only high near the bedrock, while the high profile
stoniness layer occurred at more variable depths in the field. This could be the result of in reality not
only bedrock weathering as a source of coarse material, but also of limestone breaking of from the
limestone outcrops at the surface and of colluvium or a lithologic discontinuity (Ransom et al., 1998).
Almost all stones in the profile in the model results were weathered from shale, as a result of the
relatively low physical weathering rate compared to the bedrock weathering rate. However, the high
physical weathering rate of shale in the field strongly reduces the occurrence of shale stones, while
the physical weathering rate of limestone is low enough for limestone rocks to be present
throughout the soil. To improve model performance, not only bedrock weathering should be parent
material dependent, but physical weathering as well. To correctly implement this into LORICA, the
code would have to keep track of the origin of stones and soil material, also when it has been
transported downslope by creep or water erosion.
It was demonstrated that the organic matter input and decomposition formulas as currently
included in LORICA are capable of correctly simulating soil organic matter fractions, based on the
comparison of the SOM pattern with depth between the field and model results. The difference in
variability of the SOM pattern along the hillslope between the model and field results could be
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caused by vegetation patterns and water flow routes, which are not taken into account in LORICA.
However, these are important characteristics for soil formation and strongly spatially variable
(Jenny, 1941). High SOM fractions in shallow soils and low ones in deep soils were both simulated
with LORICA and found in the field. This seems to indicate that my assumption that a certain amount
of SOM in shallow soils leads to a high SOM concentration is correct.
At most locations, silt fractions were high close to the surface in both the field and the model.
However, this is the result of different mechanisms, since aeolian silt deposition on top of the
surface took place in the field (Oviatt, 1998), while this process was not simulated in LORICA. Silt
fractions sometimes increased with depth in the soil survey, which was not found in the model
results. This variability in texture close to the bedrock in the field results is likely to be caused by
differences in parent material texture. The agreement of high clay fractions close to the bedrock and
in the middle of the soil profile between the model and field results indicates that clay translocation
and neoformation could indeed be the processes that are responsible for this pattern. High clay
fractions that were found close to the surface at some locations in the field survey could be the
result of some erosion that led to the removal of silt and the accumulation of clay, while this process
was not included in the model simulation. The only pattern of sand fraction in the model results is
the difference between shale and limestone regions, while there was a lack of sand patterns in the
field. It is thus also not clear which processes would be important to correctly simulate sand
fractions with LORICA, although it is known that the different parent material regions in the model
result in too strong texture differences along the transect. As mentioned before, implementing a
parent material dependent chemical and physical weathering rate might reduce this effect.
In general, the combination of processes that was used in the LORICA simulation yielded average
values for soil depth, profile stoniness, SOM fraction and texture fractions that were relatively close
to the average values of both transects in the field results. The underestimation of clay and silt and
overestimation of profile stoniness and sand is assumed to be the result of too slow weathering
rates in the model. However, by increasing the physical weathering rate, almost all silt weathered
into clay. The initial texture fractions that were used as input in LORICA are the current ones that
were found during the field survey and do thus not represent the actual situation of 10,000 year ago.
This could have affected the texture over and underestimations, since the initial soil formation
conditions may have been different. The correspondence of the aggregated averages over parent
material and profile curvature indicates that the processes creep and bedrock weathering are likely
to be correctly simulated.
The higher variability of soil depth and SOM fraction values in the field compared to the model
results was expected. There are more processes and small soil and landscape variations in the field
affecting the system, which can lead to more exceptional values. However, the variation in profile
stoniness and sand was smaller in the field than in the model results, which is caused by the large
differences between the different parent material regions along the hillslope in the model. This
discrepancy might also be solved if a lithology-dependent physical and chemical weathering rate are
implemented into LORICA.
The evolution of surface elevation is expected to be strongly affected by creep, which led to the
removal of soil material from convex locations and the deposition of this material at concave
locations. At some locations all soil material was removed by creep during the simulation, which
resulted in a decreasing elevation change or even an elevation change of zero. The decrease in the
rate of change of soil depth could indicate that soil depths in the system moved towards a steady
state situation, which might be caused by an equilibrium between bedrock weathering and creep
rates. It appears as if the rates of bedrock weathering and physical and chemical weathering also
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moved towards an equilibrium, since the rate of increase in profile stoniness decreased towards the
end of the simulation. Clay and silt fractions decreased and sand fractions increased with a constant
rate during the simulation, which could indicate that rates of weathering and clay dissolution and
neoformation did not yet balance each other. At the start of the simulation soil organic matter
accumulation was responsible for a strong increase in SOM fractions. However, towards the end of
the simulation it appears that accumulation and decomposition reached an equilibrium situation at
most locations, which resulted in relatively stable SOM fractions at most locations along the
transect. From the evolution of soil and landscape properties it appears that the model simulation
has not yet reached an equilibrium state after 10,000 year and that the system is still evolving. It
seems as if the rate of change of elevation, soil depth, profile stoniness and SOM started to decrease
at the end of the simulation, while the texture fractions were still strongly changing. It is difficult to
assess from the field survey to what extent the real system is stable or still evolving. However, it is
expected that creep and soil forming processes are still taking place, since the system is still subject
to gravity, water flow and vegetation growth. This would be in agreement with the model results.
For a further assessment of the stability of layered systems, more detailed research is necessary to
the rates of different processes and to changes in the system over time.
Summarizing, LORICA is a useful model to simulate soil formation and landscape evolution and to
predict soil and landscape properties. Although some soil properties were somewhat over or
underestimated, in general, LORICA is capable of yielding average values relatively close to the
actual values. Moreover, patterns of soil properties in the study area were well predicted with the
most important processes taken into account. However, the processes simulated in LORICA still lead
to a too low variability in the study area, which is expected to be a result of the simplification of the
landscape in the model. Incorporating more characteristics and processes in the model code in the
future, such as vegetation patterns and water flow, will likely lead to better results. Furthermore,
the model results showed that the system is not yet stable after a simulation of 10,000 years, since
soil and landscape properties are still changing over time. An equilibrium situation between all
geomorphic and pedogenic processes was thus not yet reached.
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6. Conclusions
This study showed the high variation of soil properties along a hillslope on layered bedrock at Konza
Prairie and showed that the differences in parent material are strongly affecting these properties.
This information did not yet exist on such a small spatial scale in layered landscapes. Especially soil
depth, surface stoniness and vegetation coverage showed a clear pattern along the hillslopes, with
thin soils, high surface stoniness and low vegetation coverage at convex positions and steep slopes.
The most important landscape properties affecting geomorphic and pedogenic processes are
elevation, slope steepness, profile curvature and parent material. The effect of the landscape on the
occurring processes is likely to be strongly connected to the hydrology of the area.
The most important processes changing soil and landscape properties at Konza Praire appeared to
be creep, aeolian deposition, bedrock weathering, physical and chemical weathering, clay
translocation, bioturbation and organic matter dynamics. On the contrary, water erosion did not
seem to currently strongly affect the system. The changes in profile stoniness and SOM, clay, silt and
sand fraction with depth indicated how variable soil forming processes are throughout the soil
profile. Occurring processes at Konza Prairie were deduced from properties in this study. A more
detailed study on the rates of these processes might give insight in the relative importance of
environmental processes in layered systems.
Simulations of the soilscape model LORICA with the processes that were found to be affecting the
system in the field yielded comparable soil and landscape patterns as in both field transects. The
model proved to be especially useful to identify processes that could be responsible for specific soil
and landscape patterns and their effect over time. Better results might be obtained with LORICA for
similar studies in layered landscapes in the future if physical and chemical weathering are also made
parent material dependent and if vegetation patterns and water flow routes are included in the
LORICA code, because these changes would better reflect the processes occurring in reality.
The model results showed that the soilscape system is not yet stable after 10,000 years of soil and
landscape evolution. Soil and landscape properties are still changing as a result of geomorphic and
pedogenic processes that are not in equilibrium, with different rates of change for the different soil
and landscape properties.
The information that was gained during this study contributes to our knowledge on how lithology in
a layered system might affect soil properties and feedbacks between soil formation and landscape
evolution. This understanding should be expanded with further research and can be used for more
applied projects, such as Building with Nature, the prevention of soil degradation and soil mapping.
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Appendix A: Field form
GPS

Watershed and transect
Pit number
Date

Easting [m]

Slope [%]
Profile curvature
Plan curvature

Gravel

Soil profile description
Horizon
Depth [cm]
Symbol

Surface stoniness [%]
Boulder

Stone

Colour
Moist

%

Mottles
Type

Rock

Effective soil depth [cm]
Effective rooting depth [cm]
HCl class surface
Topographical position

Drainage class
Permeability
Vegetation type
Coverage [%]

Aspect [°]
Crusts
Salts
Parent material
Strength pm
Remarks:

Altitude [m]

Northing [m]

Texture
Class

%

Profile stoniness
% limestone / % shale

Type

Structure
Grade

Size

FAO classification
Qualifiers
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Appendix B: GPR (PulseEkko PRO) settings
GPR parameters

Acquisition control

Survey parameters

Antenna frequency (MHz)
Antenna separatn (m)
Assumed velocity (m/ns)
Time window (ns)
Number of points
Sample interval (ns)
System stacking
Pulser settings
Triggering method
Odometer calibration
Trace delay (s)
Start delay (s)
Pause trace #
Start position (m)
Antenna step size (m)
Position units
Survey tape
Grid survey type
X line spacing (m)
Y line spacing (m)

250
0.380
0.138
100.00
250
0.40
DynaQ
Auto PRO
Odometer
974.60 forward
0
0
None
0.00
0.050
Metric
Reflection
X–Y
1.00
1.00
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Appendix C: Measurement programme settings of the Malvern
Mastersizer 3000
Sample

Particle type
Material

Dispersant
Measurement

Duration

Sequence
Obscuration
Sample dispersion

Accessory

Cleaning

Data processing

Analysis
Result

Material name
Refractive index
Absorption index
Density (g/cm3)
Dispersant name
Refractive index
Background
measurement duration
red light (sec)
Sample measurement
duration red light (sec)
Background
measurement duration
blue light (sec)
Sample measurement
duration blue light (sec)
Number of
measurements
Lower limit (%)
Higher limit (%)
Stirrer speed (rpm)
Ultrasound mode
Duration (sec)
Clean type
Ultrasonication
Analysis model
Result type

Non-spherical (based on
Mie Theory)
Silica (RI 1.544, AI 0.1)
1.544
0.1
1
Water
1.33
20

20
10

10
5
10
25
2200
Pre-measurement
180
Normal
No ultrasound during
clean
General model
Volume distribution
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Appendix D: Adapted bedrock weathering script in LORICA

col] -

col] -

col] -

col] -

col] -

private void calculate_Konza_bedrock_weathering_t1()
{
int soil_layer, lowest_soil_layer;
double P0_ls, Pa_ls, bedrock_weathering_decrease_limestone;
bedrock_weathering_decrease_limestone = 10;
for (row = 0; row < nr; row++)
{
for (col = 0; col < nc; col++)
{
if (dtm[row, col] != -9999)
{
P0_ls = P0;
Pa_ls = Pa;
if (dtm[row, col] - soildepth_m[row, col] > 393.89)
{
P0_ls = P0 / bedrock_weathering_decrease_limestone;
Pa_ls = Pa / bedrock_weathering_decrease_limestone;
}
if (dtm[row, col] - soildepth_m[row, col] > 380.54 && dtm[row,
soildepth_m[row, col] <= 389.54)
{
P0_ls = P0 / bedrock_weathering_decrease_limestone;
Pa_ls = Pa / bedrock_weathering_decrease_limestone;
}
if (dtm[row, col] - soildepth_m[row, col] > 375.77 && dtm[row,
soildepth_m[row, col] <= 378.48)
{
P0_ls = P0 / bedrock_weathering_decrease_limestone;
Pa_ls = Pa / bedrock_weathering_decrease_limestone;
}
if (dtm[row, col] - soildepth_m[row, col] > 371.10 && dtm[row,
soildepth_m[row, col] <= 371.92)
{
P0_ls = P0 / bedrock_weathering_decrease_limestone;
Pa_ls = Pa / bedrock_weathering_decrease_limestone;
}
if (dtm[row, col] - soildepth_m[row, col] > 368.39 && dtm[row,
soildepth_m[row, col] <= 370.05)
{
P0_ls = P0 / bedrock_weathering_decrease_limestone;
Pa_ls = Pa / bedrock_weathering_decrease_limestone;
}
if (dtm[row, col] - soildepth_m[row, col] > 362.04 && dtm[row,
soildepth_m[row, col] <= 367.75)
{
P0_ls = P0 / bedrock_weathering_decrease_limestone;
Pa_ls = Pa / bedrock_weathering_decrease_limestone;
}

// humped
if (rockweath_method.SelectedIndex == 0)
{
bedrock_weathering_m[row, col] = P0_ls * (Math.Exp(-k1 *
soildepth_m[row, col]) - Math.Exp(-k2 * soildepth_m[row, col])) + Pa_ls;
}
if (rockweath_method.SelectedIndex == 1)
{
// exponential (Heimsath, Chappell et al., 2000)
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bedrock_weathering_m[row, col] = P0_ls * (Math.Exp(-k1 *
soildepth_m[row, col]));
}
soildepth_m[row, col] += bedrock_weathering_m[row, col]; //
this will really be updated at the end of this timestep, but this is a good
approximation for the moment
//we also add this amount of coarse material to the lowest
layer of our soil
soil_layer = 0; lowest_soil_layer = 0;
while (layerthickness_m[row, col, soil_layer] > 0)
{
lowest_soil_layer = soil_layer;
soil_layer++;
}
texture_kg[row, col, lowest_soil_layer, 0] +=
bedrock_weathering_m[row, col] * dx * dx * 2700;
// to go from m (=m3/m2) to kg, we
multiply by m2 and by kg/m3
}
}
}
}
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Appendix E: Cross-correlation matrix between soil and landscape properties

Elevation
Elevation
Slope
steepness
Profile
curvature
Plan
curvature
Soil depth
A horizon
thickness
Surface
stoniness
Vegetation
coverage
Profile
stoniness
top layer
SOM
fraction
top layer
Clay
fraction
top layer
Silt
fraction
top layer
Sand
fraction
top layer

Slope
steepness

Profile
curvature

Plan
curvature

Soil
depth

A horizon
thickness

Surface
stoniness

Vegetation
coverage

Profile
stoniness
top layer

SOM
fraction
top layer

Clay
fraction
top layer

Silt
fraction
top layer

0.597 *
-0.371 *

-0.309 *

0.353 *

0.304 *

-0.434 *

-0.364 *

-0.252

0.178

-0.12

-0.411 *

-0.187

0.209

-0.221

0.645 *

0.587 *

0.603 *

-0.366 *

0.161

-0.446 *

-0.445 *

-0.511 *

-0.339 *

0.406 *

-0.201

0.376 *

0.558 *

-0.711 *

0.211

0.161

-0.09

0.032

0.175

0.008

0.244

-0.355 *

0.202

0.214

-0.412 *

0.128

-0.318 *

-0.214

0.182

-0.165

-0.36 *

0.078

0.113

0.012

-0.218

0.01

-0.167

0.336 *

-0.318 *

0.318 *

-0.305 *

-0.066

-0.053

-0.013

0.221

-0.063

0.026

-0.311 *

0.294 *

-0.351 *

0.339 *

-0.952 *

-0.025

-0.176

0.007

-0.052

0.172

0.422 *

-0.018

0.013

0.171

-0.17

0.039

-0.345 *

The colours indicate the strength of the correlation and a * indicates a p-value < 0.05.
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Appendix F: Spatial distribution of soil properties at the surface and in
the top soil layer
1

2
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3

4
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