
Estimating the effect of tree uprooting on variation of soil
horizon depth by confronting pedogenetic simulations
to measurements in a Belgian loess area

P. A. Finke,1 T. Vanwalleghem,2 E. Opolot,1 J. Poesen,3 and J. Deckers3

Received 16 April 2013; revised 23 September 2013; accepted 25 September 2013; published 15 October 2013.

[1] Spatial patterns of soil often do not reflect those of topographic controls. We attempted to
identify possible causes of this by comparing observed and simulated soil horizon depths.
Observed depths of E, Bt, BC, C1, and C2 horizons in loess-derived soils in Belgium showed
a weak to absent relation to terrain attributes in a sloping area. We applied the soil genesis
model SoilGen2.16 onto 108 1 × 1 m2 locations in a 1329ha area to find possible causes. Two
scenarios were simulated. Model 1 simulated soil development under undisturbed conditions,
taking slope, aspect, and loess thickness as the only sources of variations. Model 2
additionally included a stochastic submodel to generate tree-uprooting events based on the
exposure of trees to the wind. Outputs of both models were converted to depths of transitions
between horizons, using an algorithm calibrated to horizon depths observed in the field.
Model 1 showed strong correlations between terrain attributes and depths for all horizons,
although surprisingly, regression kriging was not able to model all variations. Model 2
showed a weak to absent correlation for the upper horizons but still a strong correlation for the
deeper horizons BC, C1, and C2. For the upper horizons the spatial variation strongly
resembled that of the measurements. This is a strong indication that bioturbation in the course
of soil formation due to treefalls influences spatial patterns of horizon depths.
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1. Introduction

[2] The characterization and prediction of soil properties,
such as depth, texture, or salinity, is crucial for many ecological,
hydrological, geomorphic, or agronomic models [Rantakari
et al., 2012; Finke and Bosma, 1993; Claessens et al., 2007;
Wallach et al., 2011]. In agricultural areas, especially on sloping
terrain, soil redistribution by erosion has been shown to control
the spatial distribution of soil properties like horizon depth,
texture, stoniness, or soil organic carbon [Poesen et al.,
1997; Li and Lindstrom, 2001; Chaplot et al., 2009; Dlugoß
et al., 2010]. As a result, in such areas there is commonly a
strong correlation between topographic attributes such as
slope angle or convexity with soil properties. Soil variability
patterns are often mapped using digital soil mapping (DSM)
methods [McBratney et al., 2003]. After identifying and

employing a statistical relation, DSM allows predicting soil
properties or soil type using full-cover ancillary variables.
Such ancillary variables are often derived from topographic
and land cover attributes. DSM techniques have been applied
successfully under a wide range of conditions [Moore et al.,
1993; Gessler et al., 2000; Tesfa et al., 2009].
[3] However, the fact that variability patterns can be

mapped does not always mean that the causes of variability
are known. In other cases soil properties cannot be predicted
accurately because the relation between soil properties and
ancillary variables is too weak. An example is the study by
Vanwalleghem et al. [2010], who were not able to find accu-
rate statistical relations to predict the starting depths of soil
horizons from terrain attributes. In their case study in a natural
forest area with loess-derived soils they mentioned local soil
disturbances such as tree uprootings and variation in initial soil
properties as possible causes that mask soil-landscape rela-
tions. In this paper we attempt to explain the poor terrain con-
trol on soil horizon depths in the same area by analyzing the
effects of local disturbances in more detail and thus focus on
loess-derived soils in a Belgian natural forest.
[4] Knowledge of the effect of tree uprooting on spatial

soil variability is limited [Šamonil et al., 2010, 2011], but
effects on soil genesis (e.g., proxied by soil depth) have
been demonstrated. In certain areas, the presence of pit-
and-mound microtopography is a visible evidence of natural
bioturbation processes. This microtopography is either caused
by treefalls, for example in hummocky areas in the European
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Alps [Embleton-Hamann, 2004], or caused by burrowing an-
imals like the mima mounds found in the northwestern U.S.
[Horwath and Johnson, 2006]. Schaetzl and Follmer [1990]
showed this pit-and-mound topography to be long lived and
found evidence that dated some of these to over 2000 years.
Whatever its origin, detailed soil transects have shown that
this surface microtopography is reflected in the soil properties
[Embleton-Hamann, 2004]. Lutz and Griswold [1939],
Armson and Fessenden [1973], and Beke and McKeague
[1984] mapped the soil profiles of pit-and-mound features
and documented the disruption caused by treefalls, such as
an A horizon sandwiched between two B horizons. Langohr
[1993] described the importance of treefalls for interpreting
soil stratigraphy in a geoarchaeological context. Also in areas
without clear topographic evidence, bioturbation processes
can control soil properties. Phillips and Marion [2004, 2005]
and Phillips [2008] for example observed highly localized
soil variability in a National Forest Area in the Ouachita
Mountains, Arkansas. They concluded that biomechanical
effects of trees on soil depth were highly significant. Trees
may locally deepen the soil by exploring bedrock joints and
fractures in bedrock soils. Treefalls then cause uprooting of
bedrock material in shallow soils on bedrock or on uncon-
solidated sediments like loess or glacial till, resulting in
homogenization of soil horizonation. Gabet and Mudd [2010],
using a numerical soil redistribution model, showed that this
uprooting process resulted in bedrock erosion rates that were
consistent with observations in their study area in the Oregon
Coast Range. In addition, they suggested that trees might have
played a key role in the establishment of soil cover on rocky
slopes. Johnson et al. [2005] focused on the effect of burrowing
animals, describing how biota create a biomantle, characterized
by a distinct zonation between an upper, biologically active
and homogenized layer and an underlying layer. Finke [2012]
showed in a model study that the hypothesis of Phillips
[2007], wherein texture-contrasted soils may develop due to
bioturbation, can indeed explain the texture contrast between
E and Bt horizons. Kaste et al. [2007] indicated the relevance
of bioturbation in contaminant transport, carbon sequestration,
and landscape evolution at various time scales. Finally, Gabet
et al. [2003] reviewed the importance of a wide range of biotur-
bation processes, from treefalls to the activity of burrowing
animals, for sediment flux on hillslopes and soil production.
For treefalls on slopes below 20°, they calculated sediment
fluxes to be in the order of 10�4 to 10�3m3m�1 yr�1, which
is typically an order of magnitude lower compared to sediment
fluxes caused by soil erosion in agricultural landscapes. A
recent study byHancock et al. [2012] however concluded that
the effect of treefalls on sediment fluxes is likely to be negligi-
ble as the pit-mound topography acts as sediment traps.
[5] While the above cited studies suggest that bioturbation

is significant for soil fluxes and therefore for controlling
overall soil depth, the effect of bioturbation processes such
as treefalls on soil properties and on the spatial variability
of individual soil horizons is largely unknown. Only for a
few detailed case studies, the direct effect between bioturba-
tion and soil horizonation has been investigated. A general
process-based understanding is largely lacking although this
piecewise evidence points to the importance of faunal and
floral activities. A recent study by Yoo et al. [2011] explains
how the vertical distribution of soil organic carbon in forest
soils can be simulated well by a model that contemplates

mixing by biota. Finke [2012] demonstrated in a modeling
study the importance of bioturbation for the genesis of A,
E, and Bt horizons. However, especially at the landscape
scale, there is a knowledge gap about the effects of bioturba-
tion on long-term soil formation processes and the resulting
spatial soil variability. To a large extent, this can be attributed
to the seemingly random nature of major bioturbation events
like treefalls. We define “soil formation” as the change in soil
properties over time that cause some primary (parent material)
properties to disappear (e.g., sedimentary stratification in the
topsoil) and secondary properties to develop (e.g., organic
carbon content). These effects of soil formation are partly
observable in the field as soil horizons.
[6] Initial variability in sediment properties may mask the

effect of terrain controls on soil development. Here we focus
on loess-mantled landscapes that widely occur in the temper-
ate zone. Loess texture, mineralogy, and CaCO3 content at
sedimentation time are reported to vary, which may result in
soil properties like decalcification depth (the depth to which
the calcite has been dissolved due to acidic precipitation) not
being related to current terrain properties. Kowalinski et al.
[1972] and Pye [1983] identified weak spatial trends in loess
texture in northwestern Europe and related this to distance to
the source. Similar trends were observed in The Netherlands
[Mücher, 1973], but differences are minor, which occur at spa-
tial scales of 100 s of kilometers, and may be caused by local
soil redistribution as well. At the scale of a forest catchment
such as that studied by Vanwalleghem et al. [2010], we con-
sider variation in fresh loess sediment composition of minor
importance. Little is known on spatial trends in initial calcite
content, but C horizon calcite contents in Weichsel loess have
been reported between 2% [Pye, 1983] and more than 20%
[Wintle and Brunnacker, 1982] at exposures across Europe.
In summary, spatial variability in texture, mineralogy, and cal-
cite content inside small areas is likely not related to the loess
sedimentation but to post-depositional sediment and soil trans-
port processes. Additionally, part of the loess may be of older
age and already be decalcified at the time of deposition of the
Weichsel loess. Both factors are not easy to reconstruct. Thus,
exploration of the effect of variability in parent material as a
cause of observed soil variability is, in most cases, only possi-
ble in a stochastic way.
[7] These uncertainties about the variability of initial sedi-

ment properties and bioturbation lead to the question to what
extent soil-landscape relations, detected with DSM tech-
niques, can be considered a resultant of (1) soil formation
processes influenced by terrain position and (2) local random
processes such as major bioturbation events and variability of
the parent material properties.
[8] Application of a soil formation model at various loca-

tions in a landscape would inform about variability of soil
properties caused by those local variations in soil-forming
factors that are determined by relief. Inclusion in such a
model of stochastic disturbances would inform about their ad-
ditional effect on variability. We hypothesize that the SoilGen
model [Finke and Hutson, 2008; Finke, 2012] allows the
estimation of profile development as a function of local
variations in soil-forming factors. This assumption is based
on Finke [2012], who simulated a clear effect of topographic
controls (slope and aspect) on decalcification depth and
expression of Bt horizons, which was supported by soil analy-
tical data. Additionally, this model can be run with stochastic
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inputs representing for instance the effect of treefalls. Therefore,
we think the above question can, in principle, be answered
in the setting of a simulation case study. We propose to
apply this model in the context of the Vanwalleghem et al.
[2010] study to identify the effects of treefalls on spatial
variability of horizon depths, while comparing this variability
to field observations. The simulation of the effect of variation
of parent material properties is not considered for reasons of
complexity and computational effort.
[9] The general objective of this work is therefore to analyze

the effect of treefalls on soil formation and on the resulting
spatial distribution of soil properties at the landscape scale
and to compare results with observed soil variability. Specific
objectives are as follows:
[10] 1. to apply the soil genesis model SoilGen to simulate

soil development in loess-derived soils in a natural forest area
in Central Belgium;
[11] 2. to convert simulated depth profiles of soil properties

into soil horizon profiles;
[12] 3. to formulate and apply a partly deterministic, partly

stochastic model to generate treefalls along the timeline and
convert these to inputs of the SoilGen model; and
[13] 4. to analyze the relation between the current terrain,

observed and simulated horizon thickness in case of the ab-
sence and presence of treefall events.

2. Materials and Methods

2.1. Study Area

[14] The study area is a natural, forested area in Central
Belgium, called the Meerdaal forest (1329 ha). This area
was selected because of the absence of human disturbance
on the studied soil profiles. The forest is mentioned in early
medieval documents which confirm that the area was for-
ested at least since the mid-twelfth century. Vanwalleghem
et al. [2003, 2005, 2006] showed evidence for a brief period
of agricultural land use between the Middle Bronze Age and
Roman times. This caused localized gully erosion but left the
areas outside largely unaffected. The studied profiles are in

these unaffected areas. After Roman times, the area was quickly
reforested, as shown by sediment deposits [Vanwalleghem
et al., 2006]. During Medieval times, the forest was mainly
used for hunting. The forest is located in the Belgian loess
belt. Local lithology is characterized by Quaternary loess
deposits, mostly of Weichselian age [Gullentops, 1954] that
overlie Tertiary marine sands of Middle to Late Eocene Age
(52–36.6Ma B.P.). The thickness of the loess layer is highly
variable, ranging between 0 and 8.7m, with an average
thickness of 2.50m [Vanwalleghem et al., 2010]. The original
loess deposits are calcareous. Present-day loess samples reveal
an average CaCO3 content of 15% (±3%). The forest is
managed as coppiced woodland whereby the larger trees
are kept while the smaller undergrowth trees are harvested
every 10–15 years. The current management consists of an
increase in untouched forest reserve area (to 10% of the total
area) and a gradual replacement of exotic species (several
pine species) with native species managed in a low-impact
silvicultural system. Forest regrowth is largely natural. Only
tree species composition has been altered to some extent by
silviculture during the last centuries. Current stands are domi-
nated by oak species (Q. robur L. and Q. petraea L.) and
beech on the loess-derived soils (Fagus sylvatica L.) (respec-
tively, 57 and 18% of the area) with pine forest on the sandy
outcrops (Pinus sylvestris, Pinus nigra, and Pseudotsuga
menziesii). Acer pseudoplatanus is numerous in the under-
story of the stands where Quercus is dominating the overstory.
Average stem number is 512 per ha [De Keersmaeker
et al., 2009].

2.2. Research Layout

[15] This research focuses on 108 pedons in the Meerdaal
forest. The locations were chosen randomly from a larger
number of 258 where the depth to Eocene sands was mea-
sured by soil augerings in an earlier study [Vanwalleghem
et al., 2010] and an overlying loess cover was present.
Horizon thicknesses have been estimated by these authors
in the field. The 108 pedons are a compromise between a
sufficient number to perform spatial analyses [Webster and

Figure 1. Flowchart of simulation and mapping activities (boxes) and used data (rhomboids).
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Oliver, 1992] and a feasible simulation effort. Two scenarios
are simulated for each location (Figure 1): (i) natural soil
development, starting at 15,000 B.P. with a parent material
consisting of the C horizon of the loess on top of Eocene
marine sand and ending at 0 B.P. and (ii) natural soil devel-
opment including occurrences of soil disturbance due to
uprooting of trees. With “natural soil development” we
mean that direct human influences such as those related to
agricultural land use are excluded and a natural vegetation
development is assumed. As stated above and in more detail
by Vanwalleghem et al. [2010], this is likely the case in the
Meerdaal forest with the exception of localized and short-
spelled agricultural activities between the Middle Bronze
Age and the Roman era. These activities have led to the
formation of some gullies in the area, but the 108 pedons
are all outside these areas.
[16] In order to compare model results with field observa-

tions, simulated soil characteristics like organic carbon
(OC) and clay content at 0 B.P. are converted to horizon
thickness according to a protocol developed during this study
and based on both measured and simulated soil data.
Regression kriging is then used to characterize the soil-
landscape relationship in an approach similar to Vanwalleghem
et al. [2010]. Resulting horizon thicknesses from the two
simulated scenarios are first correlated to terrain variables
using stepwise multiple linear regression techniques to evalu-
ate the effect of tree uprootings on the predictive quality by
this digital soil-mapping technique. Next, ordinary kriging is
used to interpolate the residuals of the regression model, and
a map would be produced by adding the regression predictions
and interpolated residuals. In this case, we are only interested
in exploring the spatial correlation in the data by analyzing the
semivariograms of the residuals.
[17] The spatial differences between the 108 pedons at 0 B.

P. in simulation scenario 1 (hereafter referred to as model 1)
can be considered the deterministic response of soil forma-
tion processes to initial variation in thickness of loess cover
and site aspect only, as all other factors (initial conditions
and inputs along the timeline) are kept constant. As such,
we expect a strong statistical relation between simulated
horizon thicknesses and terrain attributes. The spatial differ-
ences in simulation scenario 2 (hereafter referred to as
model 2) should be partly attributable to the effect of tree
uprootings over time, which is considered a probabilistic
process because there is no mechanistic method to predict
uprootings. Therefore, we expect a weakened statistical
relation between simulated horizon thicknesses and terrain at-
tributes. The research layout aims at identifying howmuch the
relation weakens because of treefalls and how this compares to
the relations based on measured soil horizon thickness.

2.3. SoilGen Model

[18] The current study was done using SoilGen2.16, docu-
mented in Finke [2012] and downloadable from http://users.
ugent.be/~pfinke/index_bestanden/SG216.zip. SoilGen is a
soil genesis model that describes various soil physical and
soil chemical processes. It is a 1-D vertical transport model
in the sense that it simulates unsaturated water flow by
the Richards’ equation, solute transport by the convection-
dispersion equation and soil temperature by the heat flow
equation. Main properties of this approach are described in
detail by Finke and Hutson [2008], and this part of the model

is based on the Leaching Estimation and Chemistry Model
[Hutson, 2003]. Additionally, SoilGen models the CO2 diffu-
sion in the gas phase and the physical disintegration of soil
particles caused by temperature fluctuations. Mass transport
between soil compartments can also occur as a result of
bioturbation and by clay migration [Finke, 2012]. These
changes are used to annually update soil hydraulic character-
istics by pedotransfer functions. The chemical system of
SoilGen includes Ca, Mg, Na, K, Al, and H in the exchange
phase; Al(OH)3, CaCO3, and CaSO4 in the precipitated
phase; Ca2+, Mg2+, Na+, K+, Al3+, H+, OH�, Cl�, SO4

2�,
HCO3

�, and CO3
2� in the solution phase and as part of four

organic C pools (decomposable plant material, resistant plant
material, biomass, and humus). The C cycle is modeled simi-
larly to RothC-26.3 [Coleman and Jenkinson, 2005] but for
every soil compartment separately and for several vegetation
types. One addition is that uptake of ions by the plants follow
the same decomposition pathways as C, to be ultimately
released again in the solution phase. Chemical equilibrium
constants between various species in solution and precipitated
phases are modified by the Arrhenius temperature correction
of standard values at 25°C using documented activation
energy and simulated soil temperature. Furthermore Ca, Mg,
Na, K, and Al occur in the unweathered mineral phase from
which they are slowly released by chemical weathering. The
system and transfers between pools are described in detail by
Finke and Hutson [2008] and Finke [2012].
[19] SoilGen2.16 identifies four vegetation types (grass/

scrubland, coniferous wood, deciduous wood, and cereal-type
agriculture); each of them are having a characteristic root
distribution pattern, water uptake, and ion uptake according
to a forcing function and C mineralization with associated
ion release [Finke, 2012].
[20] Bioturbation is modeled as an incomplete-mixing pro-

cess. Each soil compartment (for instance of 5 cm thickness)
that is subject to bioturbation contributes a depth-dependent
input mass fraction to a bioturbation pool, which is then
mixed (vertical mixing). Next, the bioturbation pool is
redistributed over the soil compartments according to the
input mass fractions, and horizontal mixing is done with the
remaining mass per compartment. This method is applied to
all soil components that can be expressed as mass, including
solutes, soil water, exchanged cations, precipitated salts,
weatherable minerals, and carbon pools. This approach
mimics the behavior of geophagous macrofauna, like earth-
worms. Bioturbation values are scarce and are usually taken
from literature. The effect of plowing, or of a treefall, is
simulated as an intensive form of bioturbation.
[21] Various subprocesses in SoilGen have been calibrated

and were compared to measurements. Calibration of the calcite
dissolution coefficient was done by Finke and Hutson [2008]
and Finke [2012] on Belgian loess soils. Physical weathering
and clay migration were calibrated by Finke [2012]. Recently
[Yu et al., 2012], the C cycle submodel was calibrated for decid-
uous forests in Belgium and China. Model quality testing was
done for loess-derived soils in Belgium andChina and for ama-
rine clay chronosequence in Norway [Sauer et al., 2012].
[22] The effect of aspect and slope angle on soil develop-

ment is one of the few spatially varying factors in the current
study (beside the effect of a varying thickness of the loess
cover). This topographic effect is used in SoilGen to adjust
the annual precipitation and evapotranspiration.
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[23] The size and bearing of a slope in combination with
the speed and direction of the wind carrying the precipitation
affect the net precipitation received by a unit area [Lyles
et al., 1969]. To calculate the net effect of wind speed, slope
angle, and their bearings on precipitation, first the wind speed
in the direction of the slope is calculated:

V 2 ¼ V 1 cos δ� γð Þ; (1)

where V2 (m s�1) is the wind speed in slope direction, V1

(m s�1) is the wind speed in the wind direction, δ is the up-
slope bearing (°, equivalent to aspect + 180°), and γ (°) is the
downwind direction.
[24] The diversion angle β (°) from vertical rainfall in-

duced by wind is calculated according to Mauersberger
[2001, p.30]:

β ¼ abs arctan V 2
�
Vr

� �� �
; (2)

where Vr (m s�1) is the mean fall velocity of raindrops (e.g.,
estimated from rainfall intensity) [Schmidt, 1992, p.412]. In
SoilGen, Vr has the fixed value of 5m s�1.

[25] The rainfall depth R2 (mm) on a sloping area of 1m2

with slope angle α, wind effect β, and their bearings δ and
γ, respectively, is then given by [Erpul et al., 2008]

R2 ¼ R1 1þ tan βð Þ tan αð Þ cos δ� γð Þð Þ; (3)

whereR1 (mm) is the precipitation depth at the horizontal plane.
[26] The potential evapotranspiration PE2 is a correction of

the measured PE1 for latitude, slope angle, and slope azimuth,
assuming that potential evapotranspiration responds linearly
to differences in incoming radiation for different slopes.
Then, the correction factor is the ratio between the potential
solar radiation on a horizontal surface at given latitude, sum-
marized for 1 year, and the potential solar radiation on a slope
α with upslope bearing δ converted to map area for the same
period. This ratio was calculated with an implementation of
an algorithm developed by Swift [1976].

2.4. Model Inputs

[27] Each input parameter for SoilGen can either be a pro-
cess parameter, an initial value, or a boundary condition
varying in time. We took the process parameters that were
calibrated and estimated by Finke [2012] as this preceding

Table 1. Inputs for the SoilGen Model and Associated Data Sources

Group
Input Variable
or Parameter Dimensions

As Initial
Condition

Time Series, in
Typical Year

Time Series,
Annual

Source for Data and/or
Method

Climate Temperature °C Yes Weekly average and
daily amplitude

January and
July averages

Davis et al. [2003],
Finke and Hutson [2008],

Godefroid and Koedam [2010]
Precipitation millimeter - Daily depth, intensity,

and chemical
composition of rain

Annual sum Davis et al. [2003],
Finke and Hutson [2008];

Uccle weather data
Potential

evapotranspiration
millimeter - Weekly total Annual sum Hargreaves and

Samani [1985], Finke and
Hutson [2008]

Organisms Vegetation type - - - Vegetation type,
rooting depth,
and C input
as litter

Verbruggen et al. [1996]

Bioturbation kg.1000 ha�1

y�1
- - Yearly depth

distribution
Finke [2012]

Relief Slope angle degree Yes DEM; Vanwalleghem
et al. [2010]

Slope aspect degree Yes DEM; Vanwalleghem
et al. [2010]

Wind direction degree Yes Godefroid and
Koedam [2010]

Parent material
(for loess and
Eocene sand)

Clay/Silt/Sand Mass % Yes Loess: 6.4/81.6/12.0%
Eocene: 1.4/0.6/98.0%

Vanwalleghem
et al. [2010]

OC Mass % Yes 0.1% assumed
Ca, Mg, Na, K, Al,
SO4, Cl, Alkalinity

in solution

mmol dm�3 Yes Unpublished data from
analyzed C horizon
in Meerdaal forest

Ca, Mg, Na, K, Al,
H on exchange

complex and CEC

mmol+ kg�1 Yes Unpublished data from
analyzed C horizon
in Meerdaal forest

CaCO3/CaSO4 Mass % Yes 15/0% Vanwalleghem
et al. [2010]

Gapon exchange
coefficients

(mol dm�3)1/
n�1/m a

Yes De Vries and
Posch [2003]

Ca, Mg, Na, K, Al in
primary minerals

mol+ kg�1 Yes V. Ranst (Ghent University, unpublished
PhD thesis, 1981)

an and m are the charges of the ion pair involved.
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study was done on loess-derived soils nearby the Meerdaal
forest. Table 1 summarizes the parameters and some of their
initial values and identifies if time series were reconstructed
for boundary inputs along the timeline. Figure 2 visualizes
these boundary inputs. The boundary inputs were assumed
spatially constant for all simulated plots, although via the
relief and aspect, the inputs precipitation and potential evapo-
transpiration are corrected at the plot level according to the
method described in the previous section.

2.5. Transforming Simulated Soil Parameters to
Horizon Thickness

[28] During thefield inventory by soil augering [Vanwalleghem
et al., 2010], the depths of transition between occurring
major soil horizons were recorded: A (mineral, humus-rich
horizon), E (eluvial horizon, in this case study indicating loss

of clay), Bt (illuviation horizon with increased clay content),
BC (transitional horizon with limited clay illuviation), C1
(decalcified loess), and C2 (calcareous loess). Also, the depth
to the underlying Eocene marine sand (C3) was noted, and all
augerings reached to this depth. A typical horizon sequence
is thus A-E-Bt-BC-C1-C2-C3. Horizon codes were assigned
in the field based on soil color, expert estimations [Food and
Agriculture Organization (FAO), 2006] of organic matter
content and clay content, and presence of CaCO3 as shown
by effervescence with hydrochloric acid. All profiles
were described by the same person. As the SoilGen model
calculates soil properties like clay content, carbon content,
and CaCO3 content at all soil compartments i, these values
at simulation time 0 B.P. have to be translated to current
horizon codes. Vertical compartment size in SoilGen was
set to 5 cm. Horizon codes can be obtained by transforming

G C    C      G C    G     C D
D D

Figure 2. Boundary conditions for the soil modeling, representing reconstructed climate and vegetation
change over the last 15,000 years. G =Grassland, C =Coniferous forest, D =Deciduous forest. For data
sources, see Table 1.

Figure 3. Decision tree to decide if a E/Bt horizon transition is present in compartment i, using an indi-
cator value IBT,i based on L (Lutum, clay content, %), ESP (Exchangeable Sodium Percentage), and a
threshold value for depth change in clay content (TCI). Solid black lines indicate (simulated) situations oc-
curring in the study area; dashed grey lines indicate non-occurring situations.
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relevant simulated soil properties to indicators for horizons
(or horizon transitions) by comparison to threshold values
for these properties. Threshold values for each indicator can
iteratively be estimated by minimizing the average difference
in horizon depths based on indicator values and the measured
depths over all soil profiles that contain the horizon in the field.
By calibrating the threshold values (indicated with T), we
compensate for unknown bias in the field estimates to identify
soil horizons and also for the fact that the SoilGen model
was not calibrated for the Meerdaal forest. We propose the
following decision rules to obtain indicator values for horizon
codes (default values for indicators (I) are 0, for transition
depths (D) �999; ∀ means “for all”):
[29] 1. ∀ OCi ≥ TOC : IA,i = 1, where OC is simulated or-

ganic carbon (%) and TOC is a threshold value for OC. This
defines all compartments belonging to the A horizon;
[30] 2. ∀(Li� Li� 1) ≥ TCI : IEBT,i = 1 (see decision tree in

Figure 3), where L is simulated clay (Lutum) percentage
and TCI is a threshold Clay percentage increase; analogous
to application of the world reference base criteria 1, 2, and
4 [International Union of Soil Science Working Group
WRB, 2006, p.13–14] for the argic diagnostic horizon.
IEBT,i defines the transition depth DEBT between the top of
the Bt horizon and the bottom of the E horizon. All compart-
ments between the A horizon and the top of the Bt horizon
are considered part of the E horizon;
[31] 3. ∀ACDIi<TCDI : IBtBC,i= 1, where ACDIi is the

Average Clay Dispersion Indicator for compartment i over
all simulated years. The Clay Dispersion Indicator (CDI) in
a compartment at a particular simulation year has the value

0 if there is calcite or gypsum present or if the electrolyte con-
centration (EC) ≥ critical salt concentration (CSC) as defined
in Finke [2012]. In all other cases, the CDI has the value
(1�EC/CSC). TCDI is a threshold value for CDI. ACDI
indicates the likelihood that clay migration has occurred in
a particular compartment over total simulation time. The
lower the value of ACDI, the longer the period that floccu-
lating conditions prevailed or the shorter the period of clay
dispersion conditions (inhibiting the movement of clay into
or out of that compartment). IBtBC,i defines the transition
depth (DBtBC) of the Bt and the BC horizons.
[32] 4. ∀(Li,t= T � Li,t= 0)>TCtol : IBCC1,i = 1, where the in-

crease in clay content (L) between 15,000 B.P. (t = 0) and
present (t=T) is compared to a tolerance threshold clay
content TCtol. IBCC1,i defines the transition depth (DBCC1)
between the BC horizon and the top of the horizon below,
usually the decalcified C1 horizon.
[33] 5. ∀( Calcitei,t= 0 � Calcitei,t=T)< Tcalctol : IC2,i= 1,

where the initial calcite content at t= 0 is based on measure-
ments (Table 1). IC2,i identifies all compartments belonging
to the (calcareous) C2 horizon. As the decalcification front
is very sharp, Tcalctol can be expected to be close to the initial
calcite content. However, because SoilGen is not calibrated
to the sites in the Meerdaal forest, there may be systematic
differences between simulated and measured depths to the
C2 horizon as the annual percolation is uncertain. This is
caused by an unknown fraction of the rain that is lost by for-
est interception [Finke, 2012].
[34] 6. ∀(i>C3x): IT,i= 1. The depth C3 of the Eocene ma-

rine sand underlying the loess is known for each location x.

Figure 4. Decision tree to decide what horizon occurs at the depth of compartment i. I and D describe the
presence of a horizon and transition depth to another horizon, respectively. For the derivation of I and D,
see text. A, C2, C1, BC, and Bt are horizon codes [FAO, 2006], and C3 indicates the Eocene marine sand
below the loess.

Figure 5. Annual distributions of wind direction and wind speed for Uccle, Belgium, used to feed the sto-
chastic tree-uprooting model.
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[35] After the threshold values T have been obtained by
calibration, assignment of horizon codes to soil compart-
ments is straightforward (Figure 4).

2.6. Generating Uprooting Events

[36] Tree uprooting has long been identified as a factor
disturbing the topsoil layers and thus affecting soil genesis
[Schaetzl et al., 1989; Ulanova, 2000; Phillips, 2008]. Var-
ious factors have been named as causes for tree uprooting:
strong winds, wind exposure, soil wetness, and the general
condition of the tree as determined by possible disease and
age. Empirical studies have identified disturbance cycles
(expected number of years between successive treefall events
at a location in a forest stand) [Schaetzl et al., 1989] and rela-
tion to wind exposure [Maxwell et al., 2010] in case studies.
This does not mean that tree uprooting can be predicted with
high confidence for individual trees, and thus the likelihood

of tree uprooting at the scale of a pedon in a certain year
can at best be estimated. We therefore propose a probabilistic
approach to predict the occurrence of tree uprooting in a
certain year at pedon scale. This probabilistic approach is
based on empirical studies worldwide in similar natural
forests as were present in the studied loess area in Belgium.
Basically, the probability of a treefall is derived from the dis-
turbance cycle (the average time between two tree uprootings
in a soil pedon). The disturbance cycle is modified by a
factor describing the effect of wind exposure to obtain a site-
specific probability which is subsequently corrected to obtain
the probability of treefalls (Ptreefall) that result in uprooting:
[37] 1. From Schaetzl et al. [1989] we take the disturbance

cycle from Illinois of 1730 years, so Ptreefall = 1/1730;
[38] 2. We calculate the modified treefall probability

Ptreefall,x by multiplying Ptreefall with a wind exposure factor
WEx at position x;

Figure 6. Calibration of threshold values (T) of simulated soil properties to match estimated and mea-
sured thickness or depth to five soil horizons. Solid blue lines indicate average measured values, open sym-
bols indicate average estimated values at various thresholds. Filled red symbols indicate chosen values for
T. Note that negative values for Tcalctol indicate calcite accumulations.
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A map of the wind exposure factor is obtained by
calculating the wind exposure for the digital eleva-
tion model (DEM) of the Meerdaalwoud for all
wind directions (at 16 intervals of 22.5°) and associ-
ated wind speeds as documented for the nearby
Uccle weather station (Figure 5). The SAGA 2.0.8
“wind effect” module is used. An average wind
exposure map is then obtained by weighting the
resulting 16 maps for the frequency of occurrence
of the wind speed.

[39] 3. Following Maxwell et al. [2010], we assume that
85% of treefalls cause uprooting (15% are broken stems
and assumedly do not disturb the soil);
[40] 4. In any year y in which a forest vegetation is present,

we decide if a treefall event with uprooting WUy,x occurs at a
location x by generating a random number Ry [0;1] and ap-
plying the rule (∧ means “as well as”):

WUy,x ∀ Ry< 0.85 Ptreefall,x ∧ (no treefall last
70 years) ∧ (forest older than 70 years). The last
two conditions were added because uprootings of
young trees (arbitrarily set to younger than 70 years)
are assumed not to affect the soil.

[41] 5. Following Ulanova [2000], we take that the biotur-
bation in the year of a treefall affects the upper 80 cm. We
interpret this as instantaneous near-complete mixing: 95%
of the soil mass corresponding to this depth interval is
mixed in the year of an uprooting event. As such, we do
not take into account that a pit-mound topography may tem-
porarily exist at the location of a treefall, which is gradually
leveled but instead assume immediate leveling, which is a
simplification of reality.

2.7. Geostatistical Analysis

[42] The geostatistical analysis done by Vanwalleghem
et al. [2010] was repeated for the reduced observation data
set of 108 points (pedons) and for both simulated data sets
(models 1 and 2) at the same locations. Regression kriging
was used to produce a spatial prediction model for the thick-
ness of each soil horizon. Regression kriging is a hybrid
approach that combines a multiple linear regression model
with ordinary kriging [Odeh et al., 1994]. First, a (multiple)
regression model between observed values and (multiple)
full-cover environmental variables is fitted. Second, the
residuals between the regression predictions and observed
values are mapped by ordinary kriging. The full-cover
regression predictions and mapped residuals are then added
to obtain a full-cover map. If no spatial structure is present
in the residuals, the model reduces to a simple regression

totalWE

Figure 7. Average annual wind exposure (totalWE) for
Meerdaal forest and its surroundings calculated with distribu-
tions of wind direction, wind speed, and the DEM. TotalWE
values exceeding 1 indicate luff effects (windward slope ex-
posure); those values less than 1 indicate a lee effect. Red
dots indicate 108 simulation locations with measured horizon
thickness. Axis numbers indicate Lambert 2 coordinates (m).

Figure 8. Frequency distribution of simulated tree
uprootings at 108 locations within Meerdaal forest during
the simulation period (15,000–0 years B.P.).

Figure 9. Example result of simulated soil horizon (A, E, Bt,
BC, C1, C2, and C3) development on loess over time (15,000–
0 years B.P.) using (top) model 1 (no treefalls) and (bottom)
model 2 (6 treefalls). Note that profile thickness is 4.50 m.

FINKE ET AL.: HORIZON DEPTH VARIATION AND TREEFALLS

2132



T
ab

le
2.

S
um

m
ar
y
S
ta
tis
tic
s
fo
r
th
e
R
el
at
io
ns

B
et
w
ee
n
S
pa
tia
l
C
ov
ar
ia
te
s
an
d
O
bs
er
ve
d
D
at
a,
M
od
el
1
an
d
M
od
el
2

O
bs
er
ve
d
D
at
a

M
od
el
1
N
o
T
re
e
U
pr
oo
tin

g
M
od
el
2
In
cl
ud
in
g
T
re
e
U
pr
oo
tin

g

S
oi
lH

or
iz
on

S
oi
lH

or
iz
on

S
oi
lH

or
iz
on

C
ov
ar
ia
te

E
B
T

B
C

C
1

C
2

E
B
T

B
C

C
1

C
2

E
B
T

B
C

C
1

C
2

R
eg
re
ss
io
n
M
od
el

n
70

84
77

77
68

95
10
5

68
39

10
8

0
10
4

47
59

10
7

I.
U
ni
va
ri
at
e
M
od
el
a

L
an
ds
ca
pe

at
tr
ib
ut
es

S
lo
pe

an
gl
e

-
-

-
-

-
-

-
0.
15

(0
.0
01
)

0.
24

(0
.0
02
)

-
N
P

-
-

0.
1
(0
.0
2)

-

P
ro
fi
le
cu
rv
at
ur
e

-
-

-
-

-
-

-
-

-
-

N
P

-
-

-
-

P
la
n
cu
rv
at
ur
e

-
-

-
-

-
-

-
-

-
-

N
P

-
-

-
-

L
og
(W

et
ne
ss

In
de
x)

0.
07

(0
.0
2)

-
-

0.
08

(0
.0
1)

-
-

-
-

0.
21

(0
.0
03
)

-
N
P

-
-

-
-

L
oe
ss

th
ic
kn
es
s

0.
08

(0
.0
2)

-
-

0.
06

(0
.0
3)

-
0.
18

(<
0.
00
1)

0.
28

(<
0.
00
1)

-
0.
16

(0
.0
1)

0.
04

(0
.0
3)

N
P

-
-

-
0.
05

(0
.0
2)

S
oi
l

-
-

-
0.
22

(0
.0
07
)

-
0.
21

(0
.0
02
)

0.
45

(<
0.
00
1)

-
-

0.
15

(0
.0
1)

N
P

-
0.
23

(0
.0
2)

0.
24

(0
.0
2)

0.
14

(0
.0
2)

L
an
df
or
m

-
-

-
-

-
-

-
-

-
-

N
P

-
-

-
-

A
sp
ec
t

-
-

-
-

-
0.
1
(0
.0
19
)

-
0.
58

(<
0.
00
1)

0.
3
(0
.0
05
)

0.
39

(<
0.
00
1)

N
P

-
0.
47

(<
0.
00
01
)

0.
64

(<
0.
00
01
)

0.
35

(<
0.
00
01
)

II
.M

ul
tip

le
R
eg
re
ss
io
n
M
od
el
b

In
te
rc
ep
t

0.
15

0.
48

1.
22

1.
69

2.
42

0.
08

0.
24

�2
97
.5

32
6.
9

2.
06

N
P

-
1.
03

1.
03

2.
14

L
an
ds
ca
pe

at
tr
ib
ut
es

c
S
lo
pe

-
-

-
-

-
-

-
�0

.0
1

0.
02

-
N
P

-
-

0.
02

-
P
ro
fi
le
cu
rv
at
ur
e

�0
.0
00
4

-
-

-
-

-
-

-
-

-
N
P

-
-

-
-

P
la
n
cu
rv
at
ur
e

-
-

-
-

-
-

-
-

-
-

N
P

-
0.
00
5

-
-

L
og
(W

et
ne
ss

In
de
x)

-
-

-
-

-
-

-
21
.5

�2
7.
1

-
N
P

-
-

-
-

L
oe
ss

th
ic
kn
es
s

-
-

-
-

-
0.
00
4

0.
01
6

-
-

�0
.0
5

N
P

-
-

-
�0

.0
6

L
an
d

fo
rm

L
an
df

(2
&
1�

3)
-

�0
.0
4

-
-

-
-

-
-

-
�0

.1
2

N
P

-
-

-
-

L
an
df

(2
�3

&
1)

-
-

-
-

-
�0

.0
04

-
-

-
-

N
P

-
-

-
-

L
an
df

(1
�2

&
3)

-
-

-
-

-
-

-
�0

.0
8

-
-

N
P

-
-

-
�0

.1
2

S
oi
l

S
oi
l(
1&

3�
2)

-
-

-
-

-
-

-
-

-
�0

.4
4

N
P

-
-

-
�0

.4
6

S
oi
l(
1�

5&
6)

-
-

-
-

-
-

-
�0

.1
6

-
-

N
P

-
-

-
-

So
il
(4
&
3&

2�
1&

6&
7&

5)
-

-
-

�0
.1
7

-
-

-
-

-
-

N
P

-
-

-
-

S
oi
l(
7&

4&
3&

2�
1&

6)
-

-
�0

.1
1

-
-

-
-

-
-

-
N
P

-
-

-
-

So
il
(3
�1

&
2&

4&
5&

6&
7)

-
-

-
-

-
�0

.0
07

-
-

-
-

N
P

-
-

-
-

S
oi
l

(1
�2

&
3&

4&
5&

6&
7)

-
-

-
-

-
-

�0
.0
9

�0
.0
9

-
-

N
P

-
-

-
-

S
oi
l

(4
&
5&

6&
7�

1&
2&

3)
-

-
-

-
-

-
-

-
-

�0
.3
3

N
P

-
-

-
�0

.3
2

S
oi
l

(1
&
3�

2&
4&

5&
6&

7)
-

-
-

-
�0

.1
2

-
-

-
-

-
N
P

-
-

-
-

S
oi
l(
1&

6&
7&

3&
4�

2)
�0

.0
5

-
-

-
-

-
-

-
-

-
N
P

-
-

-
-

S
oi
l
(1
&
6&

7�
4&

3)
-

-
-

-
-

-
-

-
-

-
N
P

-
�0

.1
3

-
-

S
oi
l(
1&

5&
6�

7&
3&

4)
-

-
-

-
-

-
-

�0
.1
4

-
-

N
P

-
-

-
-

So
il
(1
&
5&

6�
7&

4&
3&

2)
-

-
-

-
-

-
-

-
-

-
N
P

-
-

�0
.1
5

-
A
sp
ec
t

A
sp
ec
t(
1)

-
-

-
-

-
-

-
0.
04
5

-
-

N
P

-
-

-
-

FINKE ET AL.: HORIZON DEPTH VARIATION AND TREEFALLS

2133



model. If no (multiple) linear statistical relation is present
between soil horizon depth and environmental variables,
the model reduces to ordinary kriging. Spatial correlation in
the observed and simulated soil profiles was assessed by
analysis of the semivariogram, which was constructed by
using either the residuals, in case a regression model could
be established, or else the soil horizon depth data directly.
Most of the full-cover environmental variables are derived
from a DEM. The “wetness index” is equal to the compound
topographic index defined by Beven and Kirkby [1979].
Statistical analysis was performed with JMP version 7, SAS
Institute Inc., Cary, NC, 1989–2007. Semivariogram analysis
was done with Vesper version 1.6. [Whelan et al., 2001].

3. Results

3.1. Simulated Horizon Thickness

[43] The results of the calibration of the threshold values to
derive depths and thickness of horizons from the model
outputs are given in Figure 6. The average field thickness of
the A horizon (108 field locations), depth to the boundary
between Bt-BC (77 field locations) and BC-C1 (78 field loca-
tions) could be well reproduced by selecting an adequate
threshold value. The depth of the E-Bt transition (84 field
locations) was best approached by a clay content contrast
between E and Bt (TCl) of 2%, which gives a small (5 cm) bias
between average measured and simulated depths that could be
bridged by calibration of the model (likely via the depth of
bioturbation) but that could equally well be the result of bias
because of the augering technique used in the field. The depth
to the decalcification front (C1-C2 transition, 68 locations)
was coupled to a Tcalctol of 0.14 (maximum 1% of the 15%
calcite remaining). The figure shows that for negative values
of Tcalctol, the average measured value can be reproduced, but
negative values indicate calcite accumulation zones in the C2
horizon, which occurred only in one simulation. Choosing
Tcalctol of 0.14 implies a bias of 78.4 cm underestimation of
the depth of C1-C2 transition by simulations, which might be
bridged by calibration of the model (likely via the fraction of
rain intercepted by forest). However, bias in the estimation of
absolute horizon depths is not of great importance as it becomes
part of the regression constant in the stepwise multiple linear
regression with terrain attributes. More important is the spatial
structure and the relation with terrain attributes of the simulated
soil horizon depths, which is not affected by this bias.

3.2. Uprooting Events

[44] Figure 7 shows the total wind exposure over a typical
year for the DEM of the Meerdaal forest. Besides the wind
exposure of the natural relief, also that of roads and built-up
structures is visible, especially to the north. However, the
simulation locations are always outside the distance of influ-
ence of these nonnatural relief features. The wind exposure
factor over all 108 sites varies between 0.87 and 1.13 for lee-
ward sites and windward sites, respectively, with an average
of 1.01. The protocol to calculate tree-uprooting events
produced a total of 614 uprootings, varying between 1 and
11 uprootings per site (Figure 8) over 12,461 years of forest
vegetation. This number depended on probability and wind
exposure and was equivalent to an average disturbance cycle
of 108 × 12641× 0.85/614= 1890 years (0.85 is the fraction
of treefalls causing uprooting; see section 2.6). This numberT
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is larger than the assumed disturbance cycle of 1730years be-
cause the forest vegetation period was discontinuous (Figure 2),
and the protocol assumes that young trees do not uproot,
which reduces the period in which tree uprootings can occur.

3.3. Geostatistical Analysis and Comparison
to Measured Variability

[45] Figure 9 shows the evolution of a typical soil profile
under both models, without and with treefalls. With model
1, a full profile that includes all horizons from A to C2 is
formed after approximately 5000 years. With model 2, the
first treefall at this site occurs after approximately 2000 years
(13,000 years B.P.). It can be seen how this event mixes all
horizons developed at that time. For a short period, the upper

80 cm classifies into an A horizon according to the protocol.
In this example, most of the treefalls occur towards the end of
the simulation (0–5000 years B.P.). Because the lower soil
horizons (BC-C1-C2) are then already located below the
influence depth of the treefalls, these events no longer cause
a full mixing of the soil profile. Nevertheless, the mixing of
the upper soil layers still results in the disappearance of the
E horizon under the classification scheme adopted.
[46] The original data set by Vanwalleghem et al. [2010]

showed a very weak correlation between the depth of the
different soil horizons and landscape attributes. In particular,
for the top horizons, E and Bt, no statistically significant re-
lation could be detected. We selected a subset of 108 profiles
out of the 399 profiles from the original data set published by

Figure 10. Experimental and fitted semivariograms of the (a–e) observed soil horizon data, (f–j) model 1
without tree uprooting, and (k–n) model 2 including tree uprooting. Note that no E horizon remains at pres-
ent date (0 B.P.) using model 2.
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Vanwalleghem et al. [2010], and this led to a slightly different
soil-landscape model identified by regression kriging com-
pared to the one reported by Vanwalleghem et al. [2010]. In
addition, in this study the variable loess cover thickness was
included in the analysis because it was hypothesized that this
might have an influence on the simulated soil horizon thick-
ness. However, the main conclusion that was drawn based
on the original data set that the relation between soil horizon
depth and landscape position was weak still holds. As shown
in Table 2, for the subset selected in this study, only for the
E and C1 horizons, a weak relation was found with wetness
index, loess thickness, and soil type: r2 values for the simple
linear regression are all below 0.03. Adjusted r2 values of
the multiple regression model are between 0.04 (BT) and
0.19 (C1). These values are similar to the low explanatory
power of the original data set (n=300), with adjusted r2 values
between 0.09 and 0.14. The analysis of the experimental
semivariograms (Figure 10) shows that the spatial correlation
of the observational data set is low to absent (Figures 10a to
10e). All variograms are characterized by a very high to a pure
nugget effect, such as, for example, the E horizon in
Figure 10a. The nugget effect is defined as the value of the
fitted variogram at distance 0 [Goovaerts, 1997]. This high
nugget effect shows that there is important soil horizon depth
variation at the detailed (10 m) scale.
[47] In contrast to the observed data, the simulated soil ho-

rizons by model 1 exhibit a strong correlation with landscape
attributes. In this model that simulates soil formation without
disturbance by tree throws, all soil horizons are significantly
related to at least one landscape variable and for all cases,
a significant multiple linear regression model could be
established (Table 2). The simulated soil horizon depths
correlate with the landscape variables slope angle, wetness
index, loess thickness, and soil type. The overall prediction
capacity of the soil-landscape model is high for the deeper
soil horizons, BC, C1, and C2, and explains between 49%
(C2) and 73% (BC) of the variance. For the superficial hori-
zons, E and BT, the model performance is still relatively high
and explains between 38% (E) and 53% (BT) of the variance.
Analysis of the spatial structure of the regression residuals in
the data shows a separation of the horizons in two groups.
The deeper soil horizons, BC, C1, and C2, are again charac-
terized by an important nugget effect, showing a nearly com-
plete lack of spatial dependence (Figure 10h to 10j). The
superficial horizons on the other hand are characterized by
a sill that is a factor two to three lower than the observed data.
The sill is defined as the maximal semivariance of the fitted
variogram [Goovaerts, 1997]. This low sill shows that model
1 underestimates the spatial variation in the data. In addition,
the Bt horizon (Figure 10g) does exhibit an increase in
semivariance with lag distance.
[48] Finally, the correlation with landscape parameters for

model 2, which takes into account treefalls during soil forma-
tion, is lower than that for model 1, although it is still higher
compared to the observed data (Table 2). Note that with
model 2, no E horizon remains at 0 B.P. as the parameters
used by the algorithm for horizon classification, and specified
under paragraph 2.5, were not met (Figure 9). Therefore, for
the superficial soil horizons, we can only use the Bt horizon
for comparison. In contrast with model 1 without distur-
bance, no significant correlation between Bt horizon depth
and landscape parameters was found. For the observed data,

the multiple linear regression model had a very low predic-
tive power of only 4% of the variability. This means that
for this superficial horizon, model 2 actually predicts a situa-
tion similar to the one observed in the field. On the other
hand, for the deeper soil horizons BC to C2, soil horizons
simulated by model 2 did still exhibit a relation to landscape
parameters. While the number of significant relations for the
simple linear regression model dropped from 14 under model
1 to 8 under model 2, the overall multiple linear regression
model showed a significant relation. The predictive power
was in the order of that of model 1, explaining between
44% and 71% of the variance. Slope aspect appears to show
a stronger relation to the depths of deeper horizons. Wetness
index and loess thickness appear to play a less prominent role
than with model 1 (Table 2). This corresponds better with the
patterns observed in the field. Again, the experimental
semivariograms of all soil horizons have a high nugget-to-sill
ratio (Figure 10k–10n). However, model 2 does represent the
spatial variability in the data more accurately as compared to
model 1. For all soil horizons, the sill is close to that of the
observed data.

4. Discussion

[49] A process model SoilGen was used to model change in
soil properties over the last 15,000 years for 108 locations in a
loess parent material. Two scenarios were simulated to assess
the effect of treefalls on horizon depths. The horizon classifi-
cation algorithm allowed us to convert quantitative modeled
soil properties (OC, clay content, a clay dispersion indicator,
and calcite content) into soil horizon depths. Traditionally, as
soil surveys split up the soil profile in diagnostic horizons,
much of the available soil data is of a discontinuous nature.
While the fitting of a continuous soil depth function from dis-
crete soil horizon data has received considerable attention
[Malone et al., 2009], the inverse problem has not. The ap-
proach proposed here allows us for the first time to explicitly
and quantitatively validate our model results with such field
data. A calibration to field observations was done to mimic
the horizon classification by a soil surveyor. This calibration
yielded satisfactory results, but it should be noted that the
tuned algorithms are only valid for the test area.
[50] The uprooting model provides acceptable results.

The modeled average disturbance cycle of 1890 years is in
good agreement with uprooting frequencies found in litera-
ture. Phillips and Marion [2004] report a mean uprooting
cycle for North American forests between 1000 and
2000 years. Schaetzl and Follmer [1990] dated tree mounds
in Wisconsin and Michigan that were stable somewhat lon-
ger, up to 2420 years. In Russia, lower values between 630
and 1000 years have been found (Vasenev and Targul’yan,
1995, cited by Phillips and Marion [2004]). The sensitivity
of modeled horizon thickness to choices made in the uprooting
model was not the subject of the study because of the large
runtime of the model. We think that the sensitivity to the
disturbance cycle will be relatively small, as the number of
treefalls during the simulation period is on average fairly high
(Figure 8) and only a few treefalls are necessary to mix topsoil
horizons (Figure 9). The effect of wind exposition in the
current study was relatively limited as indicated by the values
of totalWE (Figure 7) between 0.8 and 1.2 but might have
been larger in landscapes with more relief. Probably, the most
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sensitive factor was themagnitude and depth of the turbation due
to a treefall, which is illustrated by the disappearance of the E ho-
rizon in our simulations (Figure 9). We probably overestimated
the degree of mixing and the affected depth by treefalls.
[51] More quantitative research is therefore urgently

needed on the importance of bioturbation on soil formation.
Large uncertainties are associated with the depth and area
affected by single treefalls and with the effect of exposure
on uprooting probability. In Belgian loess-derived soils, for
example, natural soil profiles have been shown to develop
a fragipan at the top of the Bt horizon [Van Vliet and
Langohr, 1982]. Once formed, such a layer would typically
affect the soil depth affected by treefalls, as it impedes deep
root penetration. It is therefore possible that the constant
value of 80 cm for the uprooting depth, as applied in this
study, is an overestimation. Also, a time-dependent evolution
of the uprooting depth would probably be more realistic, as
the evolving soil properties themselves will feed back on
the soil depth affected by treefalls. However, at present, no
further data is available to justify such an approach.
[52] Previous model studies like, for example, Gabet and

Mudd [2010] suggested a prominent effect of biomechanical
breaking of rocks on total soil depth. As an analogue to our
situation, with soils formed on calcareous loess, we could
expect to see an effect of treefalls on the total soil profile
thickness. However, mixing of calcareous loess within the
upper soil profile by bioturbation did not cause any long-term
differences in the decalcification depth when comparing the
two model scenarios. During the initial phase of the simula-
tion (between 13,000 and 12,000 B.P.), when the decalcifica-
tion border is still above the uprooting depth, there is a short
phase where an uprooting event causes clear differences
between models 1 and 2 (Figure 9). However, this effect
quickly disappears. The main reason is probably that in this
study, soils are relatively deep with respect to the uprooting
depth. In shallow soils formed on bedrock, such as in the
Gabet and Mudd [2010] model, uprooting events will affect
the whole soil profile throughout the entire model run.
[53] The results do show clearly that including treefalls in

the simulation of soil formation has an important effect on
the spatial organization of soil profiles in the landscape.
Although none of the models reproduces the observed data,
which was expected because treefalls were generated via a
stochastic process and initial soil properties were assumed
uniform across the landscape, it is clear from Table 2 and
Figure 9 that including tree uprooting (model 2) improves
the predictions. Especially for the more superficial horizons,
model 2 exhibits the same trends as the observed data. The
correlation with landscape variables for the Bt horizon disap-
pears as a result of the homogenizing effect of treefalls, as is
observed in the field. In contrast, the simple soil formation
model (model 1) exhibits a strong correlation with landscape
parameters for all soil horizons, which is not observed in the
field. However, model 2 also shows some correlation with
landscape variables for the deeper soil horizons while this
is not observed in the field data set in Table 2. Possible rea-
sons for deviations between model and field estimates of
horizon depths may be the following: (i) The assumption of
uniform initial properties of the loess cover was not valid;
(ii) Variations in soil microrelief as possible remainders from
pit-and-mound topography will influence depth estimates of
all soil horizons but were not part of the simulations; (iii)

Pit-and-mound topography will alter soil water fluxes which
are not considered in this model; (iv) Field-estimated horizon
depths may be not without error because of the augering tech-
nique (non-perfect vertical precision) and of uncertainties in
the field classification. Local heterogeneity of parent material
properties was identified by Phillips and Marion [2005] as
a cause of soil diversity. Various authors [Schaetzl and
Follmer, 1990; Embleton-Hamann, 2004] have indicated
the importance of pit-and-mound topography on local soil
genesis; thus, these issues need more study. The first two rea-
sons could be the subject of future simulation studies, as the
SoilGen model can be run with nonhomogeneous parent
materials and also with additions or losses of topsoil. Each
simulated scenario took 1940 CPU days (1 core), equivalent
to 4months of computing on four quad-core computers
simultaneously. This large computational demand limited
the number of simulated scenarios.
[54] Given the fact that model 1 is fully deterministic and

the only factors that determine differences in soil formation
are slope angle, slope aspect, and thickness of the loess cover,
it is surprising that terrain attributes and thickness of loess
cover do not fully represent resulting soil horizon variability.
Apparently, some effective covariates are missing, or there is
some noise in the DEM due to measurement errors, or the
regression kriging method fails to detect (possibly nonlinear)
relations between covariates and horizon thicknesses. It
may be worthwhile to try out other DSM methods with the
current data set to identify their potential in case that the
soil-landscape relation is arguably deterministic as in model 1.

5. Conclusions

[55] A key challenge in the quantitative modeling of soil
formation is to include the effect of bioturbation. While in
agricultural areas, the spatial pattern of soil properties is
largely controlled by soil erosion and redistribution, in
natural areas previous work showed that bioturbation by tree
uprooting has a large effect on the spatial organization of soil
profile depth. We present here the first model that includes
this effect in soil evolution. We developed a conversion
protocol between simulated soil properties and soil horizon
codes and calibrated to field estimates.
[56] A model that generates treefall events as a function of

annual distributions of wind direction and wind speed was
developed, using a DEM and an average disturbance cycle
by treefalls.
[57] Application of a process-based simulation model for

soil genesis with spatially varying slope angle, slope aspect,
and loess cover thickness resulted in a spatial distribution of
horizon depths that could reasonably well be modeled by a re-
gression kriging approach; however, regression kriging was
not able to detect and model all soil variation, even while it
was fully deterministically linked to slope angle and its aspect.
[58] Application of this model run with simulated treefalls

resulted in a spatial distribution of horizon depths that could
not well be modeled by a regression kriging approach. As this
was also found in the field data, the occurrence of treefalls could
be an explanation of the lack of spatial structure. In deeper parts
of the soil profile, spatial patterns of horizon depths were still
well detectable (contrasting to field observations), which may
be explained by variations in parent material properties,
microrelief, and random errors in field estimates.
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