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ABSTRACT: Soil redistribution on arable land significantly affects lateral and vertical soil carbon (C) fluxes (caused by C formation
and mineralization) and soil organic carbon (SOC) stocks. Whether this serves as a (C) sink or source to the atmosphere is a
controversial issue. In this study, the SPEROS-C model was modified to analyse erosion induced lateral and vertical soil C fluxes
and their effects upon SOC stocks in a small agricultural catchment (4-2 ha). The model was applied for the period between 1950
and 2007 covering 30 years of conventional tillage (1950-1979) followed by 28 years of conservation tillage (1980-2007). In gen-
eral, modelled and measured SOC stocks are in good agreement for three observed soil layers. The overall balance (1950-2007)
of erosion induced lateral and vertical C fluxes results in a C loss of —4-4gCm™ a™' at our test site. Land management has a
significant impact on the erosion induced C fluxes, leading to a predominance of lateral C export under conventional and of vertical
C exchange between soil and atmosphere under conservation agriculture. Overall, the application of the soil conservation practices,
with enhanced C inputs by cover crops and decreased erosion, significantly reduced the modelled erosion induced C loss of the
test site. Increasing C inputs alone, without a reduction of erosion rates, did not result in a reduction of erosion induced C losses.
Moreover, our results show that the potential erosion induced C loss is very sensitive to the representation of erosion rates (long-term
steady state versus event driven). A first estimate suggests that C losses are very sensitive to magnitude and frequency of erosion
events. If long-term averages are dominated by large magnitude events modelled erosion induced C losses in the catchment were
significantly reduced. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

In current global and regional climate change research, the
role of soil organic carbon (SOC) and its vertical and lateral
fluxes have become an important issue (e.g. Ciais et al.,
2010). The pedosphere is the world’s third largest carbon (C)
pool, and soil and climate systems are closely linked by the
exchange of C between the atmosphere, biosphere, and pedo-
sphere (Schlesinger, 2005). Globally, vast quantities of this SOC
pool (0-47 to 0-61 Pga™') are moved laterally across the earth
surface as a result of agricultural soil erosion (Van Oost et al.,
2007). However, the impact of soil erosion on the vertical C
flux (net effect of SOC formation and mineralization) and
whether soil redistribution on agricultural land constitutes a C
sink or source to the atmosphere is less clear. Estimations of
the carbon dioxide (CO,) sink/source strength caused by
soil erosion and deposition range from a source of 0-8to 1-2 Pg
Cper year (Lal, 2003) to a sink of 0-12to1-5PgC per year
(Stallard, 1998; Smith et al., 2001; Renwick et al., 2004; Van
Qost et al.,, 2007). Van Qost et al. (2007) identified three

key mechanisms related to erosion processes that affect the
net C flux between pedosphere and atmosphere of eroding
croplands. These mechanisms are: (i) the (partial) C-replacement
of eroded SOC at sites of erosion (Harden et al., 1999) resulting
from continued C input by plants combined with a decreased
decomposition due to a decrease in SOC content; (ii) the burial
of SOC in low mineralization contexts such as depositional sites
(Smith et al., 2001, 2005); and (iii) the enhanced decomposition
of SOC during detachment and transport of soil particles due to
the breakdown of stabilizing aggregates (Lal, 2003). The highly
variable global estimates of the net C flux result from different
assumptions referring to these mechanisms and their balance
as well as from different estimates of global soil erosion rates
(Billings et al., 2010).

These large uncertainties highlight the need for further inves-
tigations especially at the catchment scale, where different
landscape elements are integrated into one geomorphic system.
As SOC stocks and soil-atmosphere C fluxes are highly spatially
variable (e.g. Ritchie et al., 2007; DlugoB et al., 2010), the use of
a coupled and spatially explicit SOC and soil redistribution
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model is a useful tool to analyse SOC dynamics and its interplay
with soil redistribution at the catchment scale (Polyakov and
Lal, 2004; Van QOost et al., 2005a; Yadav and Malanson, 2009).

Several approaches of integrated models of erosion processes
and C cycling have been presented in the literature. Reviews
are given in Polyakov and Lal (2004) and in Van Oost et al.
(2009). These approaches are often restricted to single points
at different landscape positions using erosion and/or deposi-
tion rates derived from measurement or modelling (Gregorich
et al., 1998; Harden et al., 1999; Pennock and Frick, 2001).
The simulation of soil C dynamics in these studies relies
on the CENTURY (Parton et al., 1987) SOC model that was
restricted to the simulation of one soil layer in its early ver-
sion. Liu et al. (2003) used a modified version of CENTURY,
the EDCM (Erosion-Deposition-Carbon-Model), and Billings
et al. (2010) developed the spread-sheet model SOrCERO
(Soil Organic Carbon, Erosion, Replacement, and Oxidation),
both allowing for the simulation of several soil layers. But
in these studies the models were also applied to single soil
profiles at different slope positions.

Recently, models allowing for an improved integrated spatial
analysis of the impact of soil redistribution on SOC dynamics
at the catchment scale have been developed by combining
spatially explicit geomorphic models, including soil redistribu-
tion, with models of soil C dynamics (Rosenbloom et al., 2001;
Yoo et al., 2005; Van QOost et al., 2005a; Yadav and Malanson,
2009)\. The Changing Relief and Evolving Ecosystems Project
(CREEP) (Rosenbloom et al., 2001) and the model presented
by Yoo et al. (2005) simulate diffusive geomorphic pro-
cesses on undisturbed grasslands and focus on the long-term
hillslope response. In contrast, SPEROS-C (Van Oost et al.,
2005a) and the combined CENTURY and GeoWEPP (Renschler,
2003) model presented by Yadav and Malanson (2009) focus
on contemporary geomorphic processes occurring on arable
land. Both models consider different soil layers and explicitly
simulate changing controls on C input and decomposition
with depth.

To our knowledge, the only model that also considers soil
redistribution induced by tillage operations, a phenomenon
that has been recognized in soil erosion research since the
1990s (e.g. Lindstrom et al., 1992; Govers et al., 1994), is the
model SPEROS-C (Van Qost et al., 2005a), which combines
the Introductory Carbon Balance Model (ICBM, Andrén and
Katterer, 1997) with the soil erosion model SPEROS (Van Oost
et al., 2003). On sloping arable fields, tillage induced erosion
and deposition can be more important than erosion processes
associated with water (e.g. Van Oost et al., 2005a). In addition,
tillage erosion significantly changes soil redistribution patterns
(Govers et al., 1994), thus making a consideration of tillage
erosion necessary. Since previous studies proved the suitability
of SPEROS-C to simulate SOC dynamics for the last 50 years
in small (~4ha) agricultural catchments under conventional
tillage in Denmark and Great Britain (Van Oost et al., 2005a),
we chose this model for our study. In our test site, a change
of land management occurred in the 1980s, providing the
opportunity to analyse the interaction of soil redistribution
and SOC dynamics introduced by changes in land manage-
ment. Although land management is known to have a large
effect on both SOC stocks (e.g. Gregorich et al., 1998; Eynard
et al.,, 2005; Jarecki et al., 2005) and soil erosion rates,
expressed, e.g. in the crop management factor of the Universal
Soil Loss Equation (USLE) (Wischmeier and Smith, 1978), on
arable land, these processes are mostly studied in isolation.

Against this background, the objectives of our study are (i) to
modify the SPEROS-C model in order to analyse the effects of
soil redistribution on lateral sediment-burden SOC fluxes and
vertical C fluxes between soil and atmosphere in a small arable

catchment in Germany, (ii) to explore the integrated effect of
changes in land management on soil redistribution and on
the soil C balance, and (ii) to investigate the sensitivity of the
simulated C fluxes to uncertainties in model inputs.

Materials and Methods
Test site

The Heiderhof test site is located in the Pleiser Higelland, a
hilly landscape about 30 km southeast of Cologne in North
Rhine-Westphalia, Germany. It is a small arable catchment of
4-2 ha (part of a larger field; altitude 125-154 m above sea level
(a.s.l.); 50°43’N, 7°12’E). Slopes range from 1° in the west up to
9° in the east with a relatively flat thalweg area heading to the
outlet (Figure 1). Due to its fertile, silty and silty-loamy soils
(mean sand, silt and clay content of 13%, 68% and 19%,
respectively), classified as Luvisols (FAO, 1998), the test site
has a long history of arable land use (Preston, 2001). The crop
rotation has consisted of sugar beet (Beta vulgaris L.), winter
wheat (Triticum aestivum L.), and winter barley (Hordeum
vulgare L.) since the 1950s. Until 1980, the test site was tilled
by mouldboard ploughing with a tillage depth of 0-25 m. Since
1980, a conservation tillage system has been established with
chisel instead of mouldboard ploughing (tillage depth 0-15 m)
and mustard (Sinapis arvensis L.) cultivated as a cover crop after
winter barley.

The Heiderhof test site is part of the Dissenbach catchment
(~150 ha), where runoff, sediment and C delivery have been
monitored since 2006. Land use in the Dissenbach catchment
is representative for this intensively used area close to the ag-
glomeration of Cologne-Bonn. Approximately 70% of the area,
especially the moderate slopes, is used for arable agriculture,
while the flat and wetter areas along the Dissenbach are used
as grassland (~15% of the catchment area).

The mean annual air temperature is 10-0 °C and the average
annual precipitation is 765 mm (1990-2006) with the highest
rainfall intensities occurring from May to October (data from
the German Weather Service station Bonn-Roleber, situated
about 1 km to the west of the test site, 159 ma.s.l.).

Field measurements

Soil redistribution estimate

Radiogenic nuclides, especially caesium-137 (**”Cs), are often
used to derive spatially distributed time-integrating soil erosion
and deposition rates (e.g. Walling et al., 2003; Li et al., 2010).
Atour test site, ' *”Cs measurements (GSF, Neuherberg, Germany)
indicate a contamination due to nuclear weapon testing in the
1950s and 1960s as well as to fallout following the Chernobyl
disaster in 1986. However, as the intensity of '*”Cs contamina-
tion in both periods is unknown, and as the Chernobyl *”Cs
was potentially deposited during a limited number of heavy
rainfall events causing spatially heterogeneous deposition by
surface runoff, it is not possible to use '*’Cs as a tracer of soil
erosion at the test site.

Since alternative tracers encompassing a time period of
roughly 50vyears are hardly available, we used carbon-14
("* C) AMS (accelerator mass spectrometry) data as a qualitative
indicator of soil deposition since the 1950s. Due to nuclear
weapon testing, the atmospheric '*C content has increased
significantly since the 1950s with a peak in 1963 (~180 pMC)
that was almost double the atmospheric '*C content of the
period before 1950 (97-5pMC) (Levin and Kromer, 2004). In
2009, when our soil samples were taken, the atmospheric
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Figure 1. Location and topography of the test site within the Dissenbach catchment, where runoff, sediment and carbon delivery are measured at a
San Dimas flume. Sampling points are located at reference (R), depositional (D) and erosional (E) sites.

' C content of 104-7 pMC was still slightly higher than the
value before 1950. This so-called bomb spike can be used as
a time marker to study SOC dynamics on decadal timescales
(Trumbore, 2009).

To qualitatively estimate deposition in our test site, two soil
profiles each were selected at a depositional, erosional, and a
reference site (ignorable erosion or deposition) (Figure 1). At
the depositional site, soil cores were taken up to 1-6 m in depth,
whereas sampling depth at the reference and the erosional sites
was 1-2m and 0-8 m, respectively. Except for the uppermost
0-15m, being the actual tillage depth, soil cores were divided
into 5 cm increments. The ' C content of bulk soil samples of
every second increment starting with the topsoil layer was
measured at the AMS facility of the Institute of Particle Physics
of the Swiss Federal Institute of Technology, Zurich, Switzerland.
The ' C concentrations were calculated from the measured
1 C/'2C ratio of the sample compared to 95% of the NIST
oxalic acid standard (NIST, National Institute of Standards and
Technology, Gaithersburg, USA), both corrected for isotopic
fractionation using the simultaneously measured '* C/'2 C ratio.
Data are expressed according to Stuiver and Polach (1977) in
percent modern carbon (pMC; 100 pMC = 1950).

For a simple estimate of deposition, we assumed that the '*C
content of bulk soil in the plough layer is represented by the
atmospheric '* C content due to a large fraction of recent soil
organic matter (Rethemeyer et al., 2005) and that the '*C
content of buried material at depositional sites is stable. Thus,
using bomb '* C as a tracer of topsoil, we expected an increase
of ' C with increasing soil depth at the depositional site due to
the burial of SOC imprinted by bomb-'* C since 1950, whose
extention in depth corresponds to the deposition height since
1950. This increase was expected to have a similar shape as
the developing of the atmospheric '*C concentration, being
more or less attenuated depending on the turnover rate of
the buried C. The simplest estimate of deposition is to derive
the depth increment when '* C contents start to fall below the
values attributed to the bomb-'*C curve, assuming that this
material is older than 1950. In a more complex approach, we
reconstructed the depth development of '* C at the depositional
site using the bomb C turnover model of Harkness et al. (1986).
Assuming no other forms of soil mixing, loss of radiocarbon at

erosion sites proportional to the mean modelled erosion rate
and a gain of radiocarbon at deposition sites proportional to
the modelled deposition rate were integrated into this model.
The eroded radiocarbon from the plough layer at the erosional
site is transferred to the plough layer at the depositional
site, where the actual plough layer is buried deeper in the soil
profile. The eroded fraction from the plough layer at the erosion
site is replaced by the corresponding amount from the subsoil.
Following this, the '*C activity at time t of bulk SOC in the
plough layer at erosional sites A, (in pMC) is calculated as

Aveol = [Awepn e  + Ar(1— e ) = A 2] (1)
(] — fE) + Asub'fE

and for the plough layer at depositional sites A, (in pMC) it is
calculated as

At/Dpl = [A(t,1/Dp/)'€7k + /\,'-(] — e’k) — A([—']/Dpl)'/l]. (2)
(1 —1p) + Ayeprfo

respectively. For the buried plough layer at depositional sites,
the ' C activity Ayppyr is calculated as

Avobur = A—1/op € + Air(1 — €)= A_rppn s (3)

A1/epl, Dpy is the '* C activity in the plough layer at erosion
and depositional sites of the previous year (in pMC), A; is the
input '* C activity of plant residue corresponding to the atmo-
spheric ' C activity for agricultural plants (in pMC), A is a
constant '* C activity assumed for bulk SOC in the subsoil (in
pMC), k the SOC turnover rate (in a~') and A the '*C decay
constant (1/8268 a~'). The variables fr and f5 represent the
fraction of eroded/deposited soil of the plough layer. Different
erosion rates (0-1, 1, and 2mma™") are applied to account for
differences in the origin and hence '* C depletion of the depos-
ited soil. The SOC turnover rate k is set to 0-006 corresponding
to the passive pool of SPEROS-C (Van Qost et al., 2005a) and
is assumed to remain stable with depth and slope position.
The ' C activity of the subsoil is set to 80 pMC as derived
from measurements on undisturbed sites by Rethemeyer et al.
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(2005). Atmospheric '*C concentrations are derived from
Levin and Kromer (2004). The deposition rate was then itera-
tively adjusted so that the reconstructed '* C depth distribution
qualitatively fitted the measured one.

Additionally, SOC and soil texture were determined for
the chosen soil samples. SOC content was measured by dry com-
bustion using a CNS elemental analyser (VarioEL, Elementar,
Hanau, Germany), and soil texture was derived by the combined
sieve and pipette method (Deutsches Institut fir Normung, 2002).

Spatially distributed soil properties

In 2006 and 2007, an intensive soil sampling campaign was
carried out in the test site and soil samples were taken in a
regular 17m by 17 m grid (n=144) at three depths (I: 0-0-25;
II: 0-25-0-50 m; Ill: 0-50-0-90m) (DlugoB et al., 2010). For
each of these samples, SOC as well as soil texture were
determined as described earlier, while soil bulk density was
determined on 15 of these sampling points by weighing the
soil samples after oven drying at 105°C (volumetric core
method).

The measured SOC data were interpolated to a 6.25m x 6.25m
grid (n=1030) by means of geostatistics for each soil layer
(DlugoB et al., 2010). In each layer, the best interpolation result
(produced by ordinary kriging in soil layer | and by regression
kriging in layers Il and IlI, respectively) was taken as validation
data for the modelled SOC distributions. Soil texture and soil
bulk density data were used for model implementation.

Runoff, sediment and carbon delivery

In March 2006, a San Dimas flume (Kilpatrick and Schneider,
1983; Grant and Dawson, 1997) was installed at the outlet
of the Dissenbach catchment (Figure 1). Here, precipitation
and water-level are measured continuously, and runoff is
derived by a calibrated stage-discharge equation (Kilpatrick
and Schneider, 1983; Grant and Dawson, 1997). An automatic
sampler (AWS, EcoTech, Bonn, Germany) continuously takes
water samples once a day as well as event-driven samples,
i.e. when a critical water-level, which varies seasonally, is
exceeded. The sediment content of the sampled water is
determined by filling two aliquots of 100ml into beakers
after carefully shaking the sample bottles for two minutes. The
samples are then oven-dried at 105°C and weighed. If
sediment content is approximately > 2 g™, its SOC content is
determined by dry combustion using a CNS elemental analyser
(Elementar, Hanau, Germany).

Based on these sediment and SOC samples, the sediment
and C delivery of the Dissenbach catchment was calculated
for the years 2007 to 2009. However, it must be noted that
SOC delivery could only be determined for large erosion
events constituting ~35% of the total sediment yield in 2007
and 2008 and ~54% in 2009, respectively. Hence, we
estimated total SOC delivery assuming that the average C
content in sediment during large events can be applied to total
sediment output, even if this seems to be a conservative
estimate (Wang et al., 2010). Based on these data, the average
enrichment of C in sediments, as compared to the parent soil
material, was calculated using topsoil SOC information from
the entire Dissenbach catchment derived from a digital soil
map provided by the Geological Survey of North-Rhine
Westphalia.

The data measured at the Dissenbach outlet were used to
analyse the results from erosion and SOC modelling at the
Heiderhof sub-catchment. The focus was the comparison
of the overall erosion on both scales and especially to the
enrichment of C in delivered sediment.

Model description SPEROS-C

Soil redistribution

The soil redistribution component of SPEROS-C consists of a
water and a tillage erosion component that can be run sepa-
rately. In order to apply the model at our study site, we replaced
the calculation of potential water erosion with those of the
WaTEM model (Van Oost et al., 2000; Van Rompaey et al.,
2001). The Revised Universal Soil Loss Equation (RUSLE)-type
erosion component allows (i) to account for a change in land
management during the simulation period, and (ii) to avoid a
site-specific calibration necessary for the original water erosion
component (Van Qost et al., 2003, 2005a) since the use of
tracer data like "*”Cs was not possible in our test site.

To apply the RUSLE in a two-dimensional landscape, the
slope length factor was replaced in WaTEM/SEDEM using the
unit contributing area following Desmet and Govers (1996a).
To account for sediment transport and deposition, sediment
transport is calculated using the flux decomposition approach
by Desmet and Govers (1996b), while deposition is controlled
by the local transport capacity TC (in kgm™ a™") calculated for
each grid cell following Verstraeten et al. (2006):

TC = ktc-R-K-(LS — 4.1-s°%) 4)

where ktc is the transport capacity coefficient (in metres),
s is the slope (in mm™) and R, K, L and S are the RUSLE
(Renard et al., 1996) factors: R is the rainfall erosivity factor
(in Nh™a™), K the soil erodibility factor (in kehm™=N"), L
the slope length factor (dimensionless), and Sthe slope gradient
factor (dimensionless).

If the sediment inflow plus the local potential erosion calcu-
lated by RUSLE at a grid cell exceeds the transport capacity, net
deposition occurs. The amount of material leaving this grid
cell then equals the transport capacity. The transport capacity
coefficient ktc depends on land-use type. It was originally
calibrated for a 20m grid resolution based upon data from
21 catchments in the Belgian Loess Belt, yielding 75m for
non-erodible surfaces (forest and pasture) and 250 m for arable
land (Verstraeten et al., 2006). Different grid sizes require a
re-calibration of the transport capacity coefficient, whereas
Van Oost et al. (2003) found an optimum value of about
150 m for cropland for a 5 m grid resolution.

On tilled fields, runoff direction is affected by tillage induced
oriented roughness, causing runoff to flow along tillage instead
of topographic direction (Desmet and Govers, 1997; Souchere
et al., 1998; Takken et al., 1999). To account for a resulting
change in runoff and erosion patterns, the logistic regression
model developed by Takken et al. (2001) was implemented
in the calculation of the contributing area as well as that of
the water induced sediment and SOC routing. The model
includes the slope s (in percentage), the angle between tillage
orientation and aspect direction o (in degrees) and the oriented
roughness Ro (in centimetres) and is applied to calculate the
probability p of runoff flowing in topographic direction:

logit(p) = —5.92 +0.133:s + 0.102:2 — 0.417-Ro ~ (5)

The flow direction is predicted to be topographic if the
calculated probability is greater than 0-5, and flow is predicted
to be in tillage direction if the probability is less than 0-5.

Tillage erosion is caused by variations in tillage transloca-
tions over a landscape and always results in a net soil displace-
ment in the down slope direction. The net down slope flux Qy;
(in kgm™ a™") due to tillage implementations on a hill slope
of infinitesimal length and unit width is calculated with a



diffusion-type equation adopted from Govers et al. (1994) and
is proportional to the local slope gradient:

Ah
Qiit = ks = —kti/'E (6)

where ki is the tillage transport coefficient (in kem™ a™"), s is
the local slope gradient (in percentage), h is the height at a
given point of the hill slope (in metres) and x the distance in
horizontal direction (in metres). The local erosion or deposition
rate E; (in kgm™a™") is then calculated as:

. 2
Eij = — = )

As tillage erosion is controlled by the change of the slope
gradient and not by the slope gradient itself, erosion takes
place on convexities and soil accumulates in concavities. The
intensity of the process is determined by the constant ki; that
ranges between 500 and 1000kgm™ a™' in western Europe
(Van Oost et al., 2000).

In previous studies (e.g. Poesen et al., 2001; Ruysschaert
et al., 2004, 2005), the importance of soil loss due to crop
harvesting of root crops has become apparent. According to
Auerswald (2006) average losses of soil adhering to sugar beet
range from 5 to 8tha'a™' in Germany with large annual
fluctuations. Since this in the same dimension as soil losses
caused by water or tillage erosion and sugar beet provides
33% of the crop rotation in the test site, harvest erosion was
also considered for C balancing in this study. It was assumed,
that Ej,, is spatially uniform and that the SOC content of the
adhering soil equals the SOC content of the plough layer
(SOCpiougn)- Thus, the amount of SOC removed from the
plough layer [SOCjus, (in gm™)) is proportional to the ratio
between harvest erosion £, (in metres) and the depth of the
plough layer PD (in metres):

E
SOC loss = % . S()Cplough (8)

Assuming a mean harvest erosion of ~7 x 10~ kgha™'a™
found for North Rhine-Westphalia (1980-2000) (Auerswald,
2006), Ep, was set to 5.6 x 107 m for each sugar beet year in
the model.

Soil organic carbon (SOC) dynamics

The ICBM (Andrén and Kitterer, 1997) describes SOC dynamics
using two C pools, a so-called young pool, mainly consisting of
undecomposed plant residues and roots, and a so-called old
SOC pool, comprising the slow and passive pool, and four
C fluxes: (1) C input from plants to soil, (2) mineralization
from the young and (3) the old pool, and (4) humification, i.e.
transformation from the young to the old pool. The dynamics
of the two SOC pools are described as:

Ay

AL kyry 9)
AO
v hkyrY — koO (10)

where Y and O are the young and the old C pool in each
soil layer, respectively (in gCm™), and ky and ko are
the corresponding turnover rates (in a™'). The C input (in gC
m~2a~") is i, his the humification coefficient (dimensionless),
and ris a climate coefficient (dimensionless), which is assumed
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to equally effect the decomposition of the young and old pool.
The humification coefficient depends on the source of C input
and on clay content ¢/ (in percentage):

h— iche "; im*hm .@00112:(c1=36.5) (11)

i =ic+ Im, (12)

where i are inputs of C from crop residues, roots, and rhizode-
position and i, are inputs from manure (ing Cm~2a™"), while h.
and h,, are the corresponding humification coefficients. The
climate effect accounted for by r primarily depends on mean
annual air temperature T (in °C) that is assumed to be spatially
uniform. As soil moisture is an important driver of the spatial
variability of heterotrophic soil respiration (e.g. Herbst et al.,
2009), a spatially variable relative wetness index WI,, calculated
from the wetness index W/ (Beven and Kirkby, 1979) of each grid
cell divided by the arithmetic mean of the W/ within the test site,
was integrated into the calculation of the climate effect:

I_54 ]

r=2.07"7"

(13)

r

As the WI, is highest at depositional sites due their large
contributing areas and relatively flat slopes, the integration of
WI, accounts for a reduced SOC mineralization under wetter
conditions often found in deposits (e.g. Berhe et al., 2007).
Since the Q¢ value of 2.07 (Kétterer et al., 1998) did not differ
significantly from the mean Q¢ value derived from measured
soil respiration and soil temperature data in our test site (Fiener
et al., 2011), it was not changed from the original model imple-
mentation. Also its dependency on temperature, which is based
on the mean annual air temperature of 5-4 °C for the test site in
Sweden, was adopted. In that study, Andrén and Kitterer (1997)
estimated the turnover rates for the plough layer that were set to
ky=0-8a~" and ko=0-006a"". The humification coefficients
were set to h.=0-125 and h,,,=0-31, respectively.

The turnover rates of the young and the old pool exponen-
tially decrease with increasing soil depth following Rosenbloom
et al. (2001):

kyj0, = kyjos-e "% (14)

where ky,o, and ky,o are the turnover rates (in a~') at depth
z (in metres) and at the soil surface, respectively. The exponent
u (dimensionless) needs to be calibrated in an inverse modelling
approach.

The C input by roots into the soil profile is modelled by an
exponential root density function (Van Qost et al., 2005a). Ad-
ditionally, the C input by plant residues, cover crops and/or or-
ganic manure is specified.

SOC redistribution and profile evolution

SOC erosion from the topsoil layer for the young and the
old pool (Cep,v/0) is modelled using the results of the water
and tillage erosion component as well as those from the soil
loss due to crop harvesting routine. It is calculated as

Mero
M plough

Cero,Y/O = SOCp/ough, Y/O" (15)

with SOCjough, v/o being the amount of SOC in the plough
layer (in grams), M., being the mass of eroded soil (in grams)
and M,,ougn being the total mass of the plough layer (in grams).
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At erosion sites, a fraction of SOC from the first subsoil layer
proportional to the erosion height is incorporated into the
plough layer, since plough depth is maintained during the
whole simulation period. Accordingly, SOC from the second
subsoil layer is assigned to the first subsoil layer, etc. At deposi-
tional sites, the deposition height is used to simulate a change
in soil depth. Since plough depth is maintained, a fraction of
the SOC proportional to the deposition height is transferred
to a buried plough layer that is dynamic and equals the total
deposition height. The subsoil layers are also buried in the
soil profile.

Since the transport of SOC during water erosion may result in
an additional mineralization of SOC and thus in a source of
atmospheric C (Lal, 2003), a fixed fraction of the C transported
in runoff (Corowar) (in gCm~2 a™") is assumed to be mineral-
ized. Thus, the C loss caused by mineralization of SOC in soil
eroded by water (C,) (in gCm 2 a ") can be calculated as

Coxi = foxi'Cero,wat (T6)

with f,,; (dimensionless) being in the range of zero to one.

Model implementation

The simulation period was set from 1950, when arable agricul-
ture in the region was intensified due to the introduction of
more powerful machinery, to 2007, when SOC inventory mea-
surements were carried out. During this period, a constant crop
rotation of sugar beet, winter wheat and winter barley was
assumed, although this has been only explicitly documented
by the farmer since the 1970s. In 1980, management changed
from conventional to conservation agriculture accompanied by
the introduction of chisel instead of mouldboard ploughing and
a cover crop after sugar beet. The model operates in a yearly
time step, and the spatial resolution is 6:25m x 6:25 m.

Soil redistribution
The RUSLE (Renard et al., 1996) factors were determined as
follows:

i. A K factor map (representing soil erodiblity) was derived
from a digital soil map (scaled 1:50 000) provided by the
Geological Survey of North Rhine-Westphalia, where it was
calculated following Deutsches Institut fir Normung
(2005). The K factor ranges from 0-058 to 0-061 kgh m™=N~".

ii. The annual R factor (representing rainfall erosivity) and
its seasonality were calculated using precipitation data
(1975-2007; five minute temporal resolution) from the pre-
cipitation station Bockeroth situated about 2-5km to the
east of the test site (151 ma.s.l.) provided by the Landesamt
fur Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen (LANUV) following an approach of Schwertmann
et al. (1987). The annual R factor is 88-96Nh™"a™" with
a pronounced seasonality owning highest values in May
and June.

iii. The calculation of the C factor (representing cropping
conditions) for the crop rotation in the test site is also based
on Schwertmann et al. (1987), whereas regional sowing
and harvesting dates were taken from meteorological
yearbooks (average of 1995 to 2004) provided by the
German Weather Service (DWD). The calculated C factor
for the modelled period of conventional tillage amounts
to 0-142, and for the period of conservation tillage to
0-028, respectively.

iv. The L factor (representing slope length) is replaced by the
unit contributing area calculated following Desmet and

Govers (1996a), and the S factor (representing slope) is
calculated following McCool et al. (1987). Both are simu-
lated throughout the model run based on a digital elevation
model (DEM) with a 6-:25m x 6:25 m grid. The DEM was
interpolated from LiDAR data (2-3m point distance)
provided by the Landesvermessungsamt North Rhine-
Westphalia using ordinary kriging (spherical model; nugget:
0-6; sill: 46-2; range: 237m) within the Geostatistical
Analyst of the Geographical Information System ArcGIS
9.2 (ESRI Inc., USA).

v. Since contour ploughing is carried out in the test site, a
P factor map (representing soil protection due to specific
management) is calculated during the model run accounting
for the local slope of each grid cell following Schwertmann
et al. (1987). The P factor in our test site ranges between
0-5 and 0-7.

As no spatially distributed measured soil redistribution data
were available for our test site, the transport capacity coeffi-
cient (Equation 4) could not be calibrated accordingly. Thus,
it was reduced to the optimum value of 150 m derived for a
5m grid in Van Oost et al. (2003). Takken et al. (2001) derived
characteristic measures of oriented roughness per crop type in
a three-year monitoring period of an agricultural catchment in
the Belgian Loess Belt. Following this, the oriented roughness
(Equation 5) for winter wheat and winter barley was set to
2 cm and that for sugar beet to 3 cm.

The tillage transport coefficient (Equation6) was set to
600kgm™ a™" from 1950 up to 1979 when tillage depth by
mouldboard ploughing was 0-25 m, and from 1980 onwards it
was set to 400kgm™"a~!, when tillage depth was reduced to
0-15m by cultivator tillage assuming 2-3 tillage operations
per year. This results in an average of 500kgm™ a™' for the
whole simulation period corresponding to average tillage ero-
sion intensities over the last 35-45 years derived for various sites
across Europe (Van Oost and Govers, 2006).

Soil organic carbon (SOC)

The C input from plant to soil at the time of harvest is estimated
from yield observation in each simulation year. Since yield data
were not explicitly available for the test site, data for winter
wheat and winter barley were adopted from the agricultural
research station Gut Frankenforst (Universitat Bonn; approxi-
mately 1-5km southeast of the test site), which have been
available since 1965. The data represent mean values of two
to 10 fields in each year. Since sugar beet is not cultivated by
the research station, corresponding yield data were taken
from statistical data of IT NRW (Information und Technik,
Nord-Rhein Westfalen) for the administrative unit Rhein-Sieg
Kreis, which have been available from 1950 until today. The
gap from 1950 to 1965 for winter cereals was filled by regres-
sion equations between the Frankenforst and the Rhein-Sieg
Kreis data with Pearson correlation coefficients of 0-88 for
winter wheat and 0-82 for winter barley, respectively.

The parameterization of the C input from yield data for cereal
crops was adopted from Van Oost et al. (2005b), where the pro-
portion of C allocated to roots is assumed to constitute 30% of
total C assimilation. The grain dry matter yield is assumed to
constitute 45% of above ground dry matter, and stubble and
other losses of above ground crop residues is set to 15% of
above ground biomass. Following this, the root dry matter
can be estimated as 95% and the stubble dry matter as 33%
of grain dry matter. Carbon input for sugar beet is calculated
every third year. Following Draycott (2006), the proportion of
fibrous roots and storage roots of total dry matter weight before
harvest was set to 3% and 66.5%, respectively. Thus, the dry
matter content of fibrous roots corresponds to 4-5% and the



above ground biomass to 45% of the storage root. When
specifying mustard as a cover crop before sugar beet, the C
input by this cover crop is added to the C input in each sugar
beet year. Following Gan et al. (2009), mustard roots contribute
approximately 23% to total dry matter content, which was set
to 4 x 10° kg per hectare (Aigner, 1998; Frede and Dabbert,
1999). The C content in dry matter for all crops was set to
45%. As the estimation of C input is derived from relationships
at harvesting date, it does not consider C released by rhizode-
position (including exudates) (Hutsch et al., 2002) during crop
growth. Following Ludwig et al. (2007) this input was set to
50% of the C input by crop and root residues for cereals and
to 35% of the C input by crop and root residues for sugar beet.

The soil C dynamics model needed to be calibrated in an
inverse modelling approach without running the soil redistribu-
tion component for the described land management history.
Modelled SOC inventories in each soil layer were compared
with measured ones at reference sites (n=65) chosen from
earlier erosion modelling in the test site (DlugoB et al., 2010).
In several set-up runs, the C input by manure and roots as well
as the decline of the turnover rate with depth were iteratively
adjusted so that the modelled SOC inventories fit the measured
ones. Mean values at reference sites could be well met in the
first and second soil layer, whereas a higher deviation, still
within the range of +one standard deviation, was achieved
for the deepest soil layer (Figure 2). Adjustments resulted in C
input by manure of 10gCm™ and 60% of roots being in the
topsoil layer. The exponent for the reduction of turnover rate
with depth u (Equation 14) is set to 2-8, resulting in a mean
residence time of ~10 years for the young and ~1360 years for
the old pool in the deepest soil layer.

An average, spatially uniform soil bulk density of 1-3gcm™
in the plough layer and 1-5 g cm™ for the two subsoil layers was
implemented. The clay content influencing the humification
coefficient was also set as a spatially uniform value of 19% in
each soil layer since spatial variability was not very distinct.

For the beginning of the simulation in 1950, a spatially
uniform SOC content which is in equilibrium state was
assumed for each soil layer, since no data from the initial
SOC distribution were available. The results of Van Oost
et al. (2005a) showed that neglecting the pre-existing erosion
history leads to conservative estimations of the erosion induced
C fluxes.
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Figure 2. SOC inventories at reference sites (sites with erosion
or deposition) for three soil layers (I: 0-0-25m; II: 0-25-0-50m; IlI:
0-50-0-90 m). The black line represents the measured arithmetic mean
at reference sites (n=65) +one standard deviation (error bar) for each
soil layer. The grey line represents the corresponding modelled value
resulting from calibration in an inverse modelling approach.
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Sensitivity analysis

A sensitivity analysis was performed to test the effects of the
following uncertainties and assumptions on the mean lateral
and vertical C fluxes resulting from soil redistribution processes.

i. To test if the modelled C fluxes are sensitive to the assump-
tion of steady-state spatially uniform SOC contents at the
beginning of the simulation, the simulation period was
increased to 100years meaning that pre-existing land
management and corresponding erosional processes were
considered. A relatively low soil redistribution rate (C
factor=0.02; k4=100) derived from a crop rotation
solely consisting of small grains and non-mechanized
agriculture and a constant yield were assumed for the
period before 1950.

ii. As C inputs to the soil rely on yield data not directly
measured at our test site and on relatively simple average
relations between yield and C input, we varied the C input
by adding and subtracting 50% of the estimated C input
in each simulation year without recalibrating the SOC
dynamics model.

iii. To account for the fact that modelled soil erosion rates
could not be validated against an independent spatially
distributed erosion data set, the total soil redistribution rate
was changed by varying the tillage transport coefficient
and the potential water erosion calculated by RUSLE by
+50% for the two simulation periods. Potential water
erosion was changed by changing the USLE C factor, since
the calculation of this factor is most tentative and since it is
related to land management.

iv. As USLE based model approaches assume a constant
yearly erosion rate as long as the USLE factors do not
change, the model cannot take into account the fact that
soil erosion by water is not a continuous process, but
is dominated by a few large events, especially at the
catchment scale (Edwards and Owens, 1991; Fiener and
Auerswald, 2007). In order to explore the importance of
temporal variability of water erosion, we performed a
simulation where soil erosion by water only occurs every
10 simulation years with a 10-fold magnitude of the
average modelled water erosion.

For each sensitivity model run, the C fluxes of the two
periods (conventional and conservation tillage) were analysed
separately to consider possible effects between different land
management and the effect of a change from conventional to
conservation agriculture.

Results and Discussion
Soil redistribution

The map of modelled cumulative (1950-2007) total erosion
(Figure 3), comprising water and tillage induced soil redistribu-
tion as well as soil loss due to crop harvesting simulated every
third year, shows that the test site can be divided into two
parts with regards to the intensity of the erosional processes.
The western part of the test site with slopes between 1° and
2° (Figure 1) is dominated by relatively low erosion and depo-
sition rates between —0-05 and 0-05 m in 58 years. In contrast,
in the steeper eastern part (slopes up to 9-5°) a spatially distinct
pattern of erosion and deposition sites is observed. Highest
cumulative total erosion (< —0-2m) mainly caused by water
erosion occurs in the small thalweg area. As no deposition
by water is modelled within the test site, the colluvial area
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Figure 3. Map of modelled cumulative (1950-2007) total erosion;
positive values indicate deposition, and negative values indicate
erosion.

(deposition > 0-2 m) near the outlet of the test site is formed
by tillage induced deposition. Highest erosion by tillage opera-
tions is located at the shoulders of the north—south-facing slope
in the eastern part of the test site. This corresponds to other
results in the literature (e.g. Govers et al., 1994), where tillage
induced erosion generally occurs on convexities and on the
down slope sides of field boundaries, whereas deposition
caused by tillage processes occurs on concavities and on the
upslope sides of field boundaries.

The modelled cumulative deposition rates in the colluvial
area near the outlet of the test site are in qualitative agreement
with measured radiocarbon and corresponding SOC and tex-
ture data (Figure 4). In general, the chosen soil profiles at the
reference sites (modelled cumulative soil redistribution rates
of —0-01 m58a™' for both points), the erosion sites [modelled
cumulative soil redistribution rate of —0-22m58a™" (E1) and
—0-21m58a™' (E2)] and the deposition sites (modelled cumu-
lative soil redistribution rate of 0-38m58a~' (D1) and 0-12
m58a' (D2)] show a typical behaviour for water erosion with
respect to sand and for total erosion with respect to SOC
content. In comparison with the reference and the erosion
profiles, the depositional profiles are generally enriched in
sand, which is indicative of a preferential deposition of coarse
material. This is counterintuitive to the model results as no
deposition by water is modelled at the two profiles. This may
indicate three processes that are not taken into account in
the model: (i) deposition of coarse material during net erosion,
(ii) a backwater effect resulting from runoff entering the down-
slope grass strip (especially at D1), and/or (iii) deposition during
large transport limited events that are not accounted for in the
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yearly time step of the model. With respect to SOC content
no substantial differences were found in the topsoil layers
at all profiles. However, the decrease of SOC with depth is most
pronounced at the erosion profiles and less steep at the
reference profiles. At the depositional site, an accumulation of
SOC throughout the whole soil profile can be observed.

A similar relation between the three profiles could also be
found with respect to the AMS radiocarbon data (Figure 4). In
the plough layer, '*C contents did not show any substantial
differences between the six profiles with values ranging be-
tween 98 and 1004 0-4 pMC. But in contrast to results from
Rethemeyer et al. (2005) on undisturbed maize and wheat
fields in Germany, the values are below the actual atmospheric
' C concentration at the date of sampling (104-7 pMC in
2009). This indicates that besides young C from recent plant
residues, substantial amounts of older SOC pools exist in the
plough layer at our test site. In addition, relative differences
between the ' C depth profiles of the different landscape posi-
tions can be observed. The erosion and reference profiles show
a decrease of '*C with depth presumably caused by a higher
relative abundance of old SOC pools with increasing soil depth
being most pronounced at the erosion site. In contrast, at the
depositional site, '* C contents remain as high as in the topsoil
layer or slightly increase to values higher than 100 4+ 0-4 pMC
up to 0-6 m in depth at D1 and up to 0-4 m in depth at D2. This
indicates the abundance of younger SOC as compared to same
depth increments at the erosion and reference sites. Below this
depth, '*C values decrease to values similar to the reference
and erosion sites. Since '*C contents in excess of 100 pMC
must be attributed to the so-called bomb curve, the high '*C
contents at depth must have been imprinted since the 1950s.
These high radiocarbon concentrations were not found below
the plough layer at the reference and the erosion site. Thus,
the high '* C values found at D1 and D2 can only be attributed
to depositional processes. Simply estimating deposition from
the depth interval with increased '*C contents below the
plough layer revealed that deposition had not exceeded
0-45m at D1 (deposition rate: 7-5mma") and 0-3m at D2
(deposition rate: 5mma™') since 1950. The reconstruction of
the depth interval with increased '*C concentrations at the
depositional profiles resulted in similar estimates (Figure 5).
The measured ' C depth distributions were best reproduced
using a deposition rate of 7mma™' and 5mma’ at D1 and
D2, respectively, in the modified bomb '* C model of Harkness
et al. (1986) (Equations 1-3). The application of different
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Figure 4. Depth distribution of sand, SOC and '*C content of bulk soil samples at different slope positions. R, D, and E represent reference,

deposition, and erosion sites, respectively.
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Figure 5. Depth profiles of the measured and reconstructed '*C
content at the two depositional sites. For the reconstructed depth
distributions different erosion rates were applied.

erosion rates (Figure 5) showed, that the depth interval of
increased '*C contents did not depend on the origin of the
deposited soil and hence its depletion in '*C, but just on
the deposition rate so that the method can be used to derive
deposition rates since the 1950s without further knowledge of
the origin of the deposited soil. Comparing these values with
the modelled deposition rates (6-5 and 2-3mma~" at D1 and
D2, respectively) reveals that SPEROS-C slightly underestimated
deposition at both profiles. This might again be an indication
for additional deposition during water erosion processes which
is not modelled.

Due to the change from conventional to conservation agri-
culture in 1980, a distinct reduction of water and tillage erosion
was modelled in the second simulation period. Mean net water
erosion dropped from 0-66 to 0-13mma™' for 1950-1979 and
1980-2007, while the net tillage erosion reduced from 0-79 to
0-55mma~"' (Table I). Whereas the individual spatial patterns of
both erosion processes remained stable for the two simulation
periods, the spatial pattern of total erosion combining both
processes changed leading to an increase of the depositional
area from 26% to 39% within the test site (Table I).

Similar to the two test sites in Van Oost et al. (2005b), erosion
by tillage is the dominant process, accounting for ~71% in
the phase of conventional tillage and ~91% in the phase of
conservation tillage, respectively.

Soil organic carbon (SOC) stocks

In general, the measured SOC inventory patterns in each soil
layer (Figure 6A) are linked to modelled soil redistribution
patterns with low SOC values at the erosional sites and high
SOC contents at the depositional sites as was already shown
in an earlier study within the test site (DlugoB et al., 2010). This
pattern is more pronounced in deep soil layers and leads to a
higher spatial variability of measured SOC in the two subsoil
layers as compared to the plough layer. This result is confirmed
by the coefficients of variation of SOC which equal 8% in
the plough layer and 20% and 44% in the two subsoil
layers, respectively.

Another area of relatively high measured SOC contents,
primarily in the two upper soil layers is located in the upper
part near the southern boundary of the test site (Figure 6A). At
this relatively flat slope position, these high values cannot be
attributed to soil redistribution processes, but we assume that
they were caused by former dung or sugar beet storage.
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Table I. Statistics of modelled water (E,,), tillage (E;) and total
erosion (E,,) within the test site (n=1030) for the modelled period of
conventional (1950-1979) and conservation tillage (1980-2007), as
well as for the whole simulation period (1950-2007) differentiated
into erosional (E) and depositional (D) sites.

Soil erosion (mm a™')

Ewat Eti/ Etot
E D E D E D
1950-1979  Mean 066 — 079 111 111 068
SD 137 — 065 1-55 1.23 096
Max 1688 — 317 1025 1432 7-30
n 1030 O 588 442 761 269
1980-2007  Mean 013 — 0-52 0-74 0-57  0-62
SD 027 — 043 1-03 0-47  0-86
Max 333 — 211 6-83 2:38 625
n 1030 O 588 442 632 398
1950-2007  Mean 041 — 066 0-93 0-85 0-61
SD 084 — 054 0-96 0-82  0-87
Max 10-:33 — 266 7-30 818 679
n 1030 O 588 442 700 330

Note: SD, standard deviation; Max, maximum; n, number of grid cells
in the test site.

The modelled SOC inventory patterns of the three soil layers
(Figure 6B) are generally in good agreement with the measured
patterns. Lowest values can be found along the thalweg (water
erosion) and on the shoulders of the north—south-facing slope
(tillage erosion), whereas highest SOC contents in each soil
layer are located in the modelled depositional area near the
outlet of the test site. The other area of relatively high observed
SOC contents in soil layers | and ll, is potentially related to
processes not included in the model and could therefore not
be reproduced by SPEROS-C, resulting in moderate modelled
SOC contents in this area.

To more explicitly analyse which areas can be well
described by SPEROS-C and which ones show potential gaps
in process description, we divided the measured and modelled
SOC stocks into classes of cumulative (1950-2007) total ero-
sion (Figure 7). These comprise two classes of moderate to high
erosion (< —0-1 m), two classes of moderate to high deposition
(>0-1m), and three classes of low erosion or deposition
(between —0-05 and 0-05 m).

In the plough layer, modelled mean SOC inventories
lie close to the 1:1 line (Figure 7) except for the maximum
erosion (< —0-2m) class, where depletion of SOC is slightly
overestimated. On the one hand, this might indicate a slight
overestimation of erosion or an underestimation of dynamic
replacement at sites of extreme erosion. On the other hand, this
maximum erosion class is dominated by five grid cells located
along the thalweg of the catchment. In case of a raster based
model, the high erosion rates resulting from concentrated
erosion along the thalweg are attributed to the total area of this
grid cell, while point measurements of SOC within the grid cell
might or might not represent a linear feature smaller than the
overall grid cell. Hence, we assume that the mismatch between
measured and modelled SOC inventory in this erosion class
potentially results from the relatively small number of grid
cells and from differences representing space in SPEROS-C
compared to the measured inventory.

In the first subsoil layer, SOC in the maximum erosion class
is also slightly underestimated, whereas SOC in the maximum
deposition class is overestimated by SPEROS-C. This is in
contrast to the results of Van Qost et al. (2005a), who found
an underestimation of SOC accumulation in this soil depth.
However, as the maximum class just comprises ~1% of the
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Figure 6. Maps of measured (A) and modelled (B) SOC inventories (in kg m~?) for the three soil layers (I: 0-0-25 m; II: 0-25-0-50 m; ll1: 0-50-0-90 m).

total catchment area and the mean values of all other classes
lie close to the 1:1-line, SPEROS-C reproduces the spatial
variability of SOC contents in the first and second soil layers
very well.

In the deepest soil layer especially high measured SOC
values of the high deposition classes are underestimated by
the model (Figure 7). On the one hand, this underestimation
might be attributed to a general slight underestimation resulting
from inverse estimation of the SOC model parameters at refer-
ence sites in this soil layer (Figure 2). This is also visible in
Figure 7, where the mean of the class without erosion or depo-
sition is situated slightly below the 1:1 line for the deepest soil
layer, whereas this class is perfectly represented in the two
upper layers. On the other hand, the underestimation of C
storage by deposition in that soil layer might be caused by the
fact that our simulation started in 1950 with a spatially uniform
start value. Pre-existing soil redistribution history was thus not
considered, which might date back to AD ~1500 when agricul-
tural use began in the region (Preston, 2001). Our detailed
profile data from two depositional sites (Figure 4) indicate
historic deposition below 0-5 m depth, as they show a substan-
tial enrichment in sand, SOC and AMS '* C, when compared to
the reference and erosional profiles. Trying to reconstruct the
measured '*C depth distribution at the two depositional
profiles using the modelled deposition rates at these points
(Figure 5) also indicates an underestimation of deposition espe-
cially at D2. In their experimental study Van Hemelryck et al.
(2010) hypothesized that turnover of SOC might be lower at
depositional compared to erosional sites, especially in the
deeper soil layers because of the production of a dense
sediment layer capping the soil surface and thus hampering
gas exchange. Hence, turnover of SOC might also be overesti-
mated in this subsoil layer. In concordance to the modelled
results of the two upper soil layers, the mean SOC inventory
of the maximum erosion class is underestimated in the deepest
soil layer compared with the measured data. Again this can be
deduced by the fact that this class is dominated by five grid
cells lying in a line of concentrated flow.

The overall spatial variability of SOC as expressed in the
range of data (Figure 6) is simulated well in the two upper soil
layers, whereas it is significantly poorer in the deepest soil layer

with a modelled coefficient of variation of ~15%. The same is
true for the variability within one soil erosion class (Figure 7),
indicating that further spatially differentiating processes need
to be considered, especially within the deepest soil layer.
However, values describing the goodness-of-fit between
measured and modelled SOC inventories (Table Il) display a
better overall representation of the modelled results in the two
subsoil layers as compared to the plough layer, indicating a
close relationship between spatial patterns of soil redistribution
and of SOC pools in the deeper soil layers, supporting previous
results by DlugoB et al. (2010). In layer I, 28% and in layer llI
41% of the SOC variance can be ascribed to the variance
of simulated soil redistribution processes. In the plough layer,
this relationship is less pronounced due to homogenization
by tillage operations, the relatively high turnover rates in that
soil layer, and the site-specific high SOC contents in the south-
ern part of the test site resulting from former dung or sugar beet
deposits. The specification of the modelled spatial variability is
dominated by the redistribution of the old SOC pool, whereas
high turnover rates lead to a relatively low spatial variability
of the young pool in each soil layer. This is due to the fact
that the young pool only comprises about 10% of the total
organic C pool throughout the soil profile. In contrast, the mean
error and the root mean square error increase with increasing
soil depth (Table 11), indicating that the modelled SOC invento-
ries are more biased in the deepest soil layer. In general, the
overall representation of the measured SOC inventories by
the application of SPEROS-C is good, indicating a good process
representation concerning the interaction of soil redistribution
and soil C dynamics in the model. However, the goodness-
of-fit is significantly degraded by a few grid cells that undergo
extreme erosion and deposition as well as by the fact, that
the area of high SOC contents caused by dung or sugar beet
storage was not related to processes integrated in the model.

Lateral and vertical C fluxes

To determine the long-term (1950-2007) development of
net vertical C fluxes between soil and atmosphere resulting
from land management and generally increasing yields and to
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Figure 7. Scatter plots of modelled versus measured SOC inventories
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are summarized to classes of cumulative (1950-2007) total erosion.
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points represent arithmetic means for each erosion class & one standard
deviation. The dashed line represents the 1:1 line.

Table II. Values describing the goodness-of-fit [ME, mean error;
RMSE, root mean square error; MEF, model efficiency (Nash and
Sutcliffe, 1970); R, Pearson correlation coefficient] between measured
and modelled SOC inventories for the three soil layers (I: 0-0-25m; II:
0-25-0-50 m; [ll: 0-50-0-90m) (n=1030).

Soil layer
| Il 11
ME 0-06 0-07 0-12
RMSE 0-31 0-51 0-70
MEF —-0-13 0-15 0-28
R 0-27 0-53 0-64

separate these C fluxes from those induced by soil redistribu-
tion, a first model run was performed without taking erosion
into account. In general, the cultivation of sugar beet (starting
in 1953, then every third year) lead to a depletion of SOC in
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the test site, whereas the following cultivation of winter cereals
again increased SOC contents (Figure 8). Since yields did not
significantly increase between 1950 and 1970, the applied
crop rotation acted as a source of atmospheric CO, under
conventional farming in those years. In the following decade,
a rapid increase in yields generated a C sequestration in the
formerly depleted soils. Thus, the entire period of conventional
agriculture was modelled as a small sink of atmospheric C
(mean vertical C flux 1950-1979: 1.8gCm™2 a™").

From 1980 to 2007 (period of conservation agriculture), the
system became a stronger C sink caused by further increasing
yields on the one hand and by the incorporation of mustard
as a cover crop on the other hand (mean vertical C flux
1980-2007: 25-:2gCm~2 a™'). The biomass and its allocated
C of the cover crop are completely incorporated into the soil
in each sugar beet year before sowing of the winter cereals.
Aboveground biomass of mustard contributes to two thirds of
the total biomass and is completely incorporated in the plough
layer so that the sink term is mainly caused by an increase of
SOC in the plough layer. Single sugar beet years still act as
a C source to the atmosphere in the period of conservation
tillage, but this source term is less pronounced than in the
period before. The increasing sink term due to increasing yields
might be somewhat overestimated since the relation between
yields and C input into the soil remains constant throughout
our simulated period. This may not be realistic because an
increase in yield due to the cultivation of new crop species
does not necessarily result from higher photosynthesis but
from allocating more C to harvestable plant parts, thus reducing
the C input into the soil (Janzen, 2006; Billings et al., 2010).
However, there were no data available that took this aspect
into account.

Compared with the catchment integrated mean vertical
C flux caused by the applied land management for the
whole simulation period (1950-2007: 13-1gCm™ a™'), the
catchment integrated mean vertical C flux induced by soil
redistribution processes for the whole simulation period repre-
sents only ~6% of the total vertical C flux (1950-2007: 0-8 g C
m~ a™') (Figure 9). For the period of conventional tillage, the
soil redistribution associated vertical C flux contributes to
27% of the total vertical C flux being reduced to approximately
4% in the period of conservation tillage. This corresponds to
results of Yadav and Malanson (2009) who found that the
vertical C flux associated with erosion or deposition varies with
the type of management practice. In cases with conservation

1000

] conventional conservation

Cumulative vertical C flux [g Cm™]

-500 T T T T
1950 1960 1970 1980 1990 2000 2010

Figure 8. Temporal evolution of test site integrated cumulative
vertical C flux without simulating soil redistribution; negative fluxes
represent a loss, and positive fluxes represent a gain. The modelled time
span encompasses a period of conventional (1950-1979) and a period
of conservation (1980-2007) agriculture.
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Figure 9. Test site integrated mean lateral and vertical C fluxes
induced by soil redistribution processes for the modelled period of
conventional (1950-1979) and conservation tillage (1980-2007) as
well as for the whole simulation period (1950-2007). Negative fluxes
represent a loss, and positive fluxes represent a gain (ero: mean vertical
C flux at erosional sites; depo: mean vertical C flux at depositional sites;
net: mean vertical C flux for the whole catchment; exp: C exported by
water erosion; oxi: oxidized C during transport; balance: sum of mean
vertical C flux, oxidized and exported C).

practices, the soil redistribution induced C flux was less than
10% of the total C flux, whereas it contributed to almost 50%
for non-conservation practices in their test site (Yadav and
Malanson, 2009).

Despite its relatively low mean contribution to the catchment
averaged vertical C flux, in concordance to the results of
Van Qost et al. (2005a), the vertical C flux induced by soil
redistribution exhibits a very distinct spatial pattern of sink
and source areas (Figure 10). Areas with highest deposition
constitute the largest sources to the atmosphere (maximum C
efflux of ~15gCm™ a~') mainly by the enhanced mineraliza-
tion of buried C below the plough layer, whereas areas with
high erosion rates act as C sinks due to dynamic replacement
(maximum C sequestration of ~15gC m~2 a"1).

Thus, in general, the catchment averaged vertical C flux is
highly dependent on the relation of erosional and depositional
sites. Considering the entire simulation period, on average total
erosion occurs on almost two thirds of the test site area with a
mean vertical C flux into the soil of 1-7gCm™ a™', whereas
the depositional areas have a mean vertical C flux from
soil to atmosphere of 1-9gCm™ a™' (Figure 9). Thus, the net
soil redistribution induced vertical C flux within the whole
catchment acts as a small C sink. Only a small amount of
modelled C (0-3gCm™ a™') is oxidized during transport by
water. Integrating this C source to the atmosphere and the
loss of C due to the export by water erosion (Figure 9), the
overall mean C balance (1950-2007) of our test site becomes
negative (—4-4gCm~ a™"). This is mainly caused by the fact

1456 gCm?2a’
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Figure 10. Spatial distribution of mean (1950-2007) vertical C flux
caused by soil redistribution. Negative fluxes represent a loss, and
positive fluxes represent a gain.

that erosion by water is not transport limited in our test site,
so that all eroded sediment and C is exported out of the test site.

The reduction of the amount of exported C from ~8 gCm™a™'
during conventional tillage to less than 2gCm™ a~' during
conservation tillage indicates that it is strongly affected by
land management practices. Mainly this reduction of water
exported C leads to a less pronounced negative C balance
(=0-85gCm™ a™') under conservation agriculture, as com-
pared to conventional practices. In addition, the mean C
balance under conservation tillage is reduced due to the fact
that the vertical C flux induced by soil redistribution is more
positive in the period of conservation tillage compared to that
of conventional tillage (Figure 9). This is caused by higher
negative fluxes at depositional sites and higher positive fluxes
at erosional sites. On the one hand, this is a consequence of
the transient nature of the vertical C fluxes (Van Qost et al.,
2009) and on the other hand of land management change.
The erosion induced C fluxes in the period of conservation till-
age are dominated by vertical C fluxes, whereas the period of
conventional tillage is dominated by a C loss due to the export
by water.

Our results correspond to the findings of lzaurralde et al.
(2007). Soil respiration contributed to 96% of the erosion
induced C loss at their two test sites under no-till treatment.
These two test sites were C sinks, whereas the test site under
conventional tillage acted as a C source. Even more differenti-
ated results were derived by Billings et al. (2010) who found
that soil management practices that maintain low erosion
rates and high C inputs result in a minimal erosion induced C
exchange with the atmosphere at sites with low SOC content
or a small net C sink at sites with higher SOC contents. In
contrast, management practices promoting high erosion rates
and low C input into the soil represent a strong erosion induced
C source at sites with low SOC contents, whereas at sites
with higher SOC contents, soil redistribution might act as a C
source or sink.

In general, the C sink or source term of soil redistribution
strongly depends on the fate of the exported C by water erosion
(e.g. Berhe et al., 2007; Van Oost et al., 2007). Following
Stallard (1998), two thirds of the eroded sediment are stored
in the same catchment, in local wetlands or other depositional
sites. In the test sites analysed in Van Qost et al. (2007), up to
95% of the eroded C was redeposited within the catchments.
Since a grass buffer strip of ¢. 50m width adjoins our test site
near the outlet, we assume that most of the sediment and
associated C exported by water is trapped there (e.g. Fiener
and Auerswald, 2003). Additionally, evidence of water induced
deposition near the outlet is given by a change in soil texture
owing to an increased sand content of up to 35-40%, as
compared to a mean sand content of ~12% for the whole
catchment.

Our measured flume data for the Dissenbach catchment
(~150 ha), wherein the Heiderhof test site is located, exhibit a
mean annual sediment yield of 205gm™2a™' (2007-2009),
which is in the same magnitude as the amount of modelled
exported sediment from the Heiderhof test site for the period
of conservation tillage (mean 1980-2007: ~170gm2a™"). This
similar sediment yield on the different spatial scales is some-
what surprising, especially as there are grass buffer strips along
most of the Dissenbach, but probably results from the fact that
most fields in the catchment are still conventionally managed.
The mean C content of the exported sediment at the San Dimas
flume is ~4%, which constitutes an enrichment factor of 2.7, as
compared to a mean SOC content in the plough layer of ~1-5%
within the Dissenbach catchment (data derived from a digital
soil map (1:50 000) of North-Rhine Westphalia; Geological
Survey). This results in a mean C export of 8gm™a™' for the



whole Dissenbach catchment in the period 2007 to 2009. The
fact that the water exported sediment is enriched with SOC was
not accounted for in our model run. Thus, C loss by water
export of the Heiderhof catchment is potentially underesti-
mated even under conservation tillage.

Sensitivity of erosion induced lateral and vertical C
fluxes

Non-uniform SOC contents at the beginning of the investigated
time period (1950), introduced by a prolonged simulation
period (1850-2007), did not substantially change the mean C
balance in the considered period of conventional (1950-1979:
—7-41gCm~ a™') and conservation agriculture (1980-2007:
—0-53gCm™ a'). This is caused by the fact, that the C
balance in our test site is dominated by the C export by water.
Considering vertical C fluxes, the C sink strength of erosion
sites (mean vertical C flux 1950-2007: 2-21gCm™ a~') and the
C source strength of deposition sites (mean vertical C flux
1950-2007: —2-28gCm™> a™') increases with a prolonged
simulation period due to the transient nature of these fluxes.
However, the extent of this effect is highly dependent on
the land management assumptions that affect C inputs as well
as soil redistribution for the period before 1950. Assuming
extensive grain crop rotations and thereby relatively small
erosion rates and C inputs did not change the results for the test
site substantially. Hence, it seemed to be reasonable to start the
simulation in 1950 and to ignore long-term erosion due to historic
land management of which no profound data are available.

In contrast, the lateral and vertical C fluxes associated with
soil redistribution exhibit a more pronounced sensitivity to
changes of C inputs from plant to soil (Figure 11A). The
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sink term of the erosion sites as well as the source term at the
depositional sites increases with higher C inputs, whereas they
are smaller with lower C inputs. This corresponds to results
by Billings et al. (2010) who found that increasing the SOC
production increases the potential C sink at eroding sites as a
result of enhanced dynamic replacement. Since the proportion
of erosional to depositional sites remains constant, the catch-
ment averaged net vertical C flux increases with increasing C
input. However, the overall changes of the vertical C fluxes
due to changes in C input are relatively low, whereas the
change in the amount of water-exported C, especially under
conventional agriculture, is more pronounced. This indicates
that under constant soil erosion an increase in soil C inputs
increases the C loss of our test site.

The change of the C fluxes caused by the change of total ero-
sion shows a more distinct picture (Figure 11B). The overall C
balance of our test site exhibits a linear development in relation
to changes in total erosion, i.e. an increase of the source term
with increasing total erosion. Increasing the potential total ero-
sion by more than 30%, results in a transport limitation under
conventional tillage in our test site, which lead to deposition
by water and thus a reduction of the C export. Due to the over-
all smaller erosion such behaviour was not found under conser-
vation tillage. In each of the two land management periods, the
sink function of erosional sites becomes stronger with in-
creased erosion rates. This indicates that the absolute dynamic
replacement rate increases with increasing soil erosion as long
as yields do not decline. At depositional sites the source term
decreases with enhanced soil erosion rates. This results from
the deposition of C depleted soil originating from the erosional
sites where subsoil material is also eroded with enhanced ero-
sion rates. In general, changes of total erosion again have
a higher impact on the lateral than on the vertical C fluxes
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Sensitivity of test site integrated mean lateral and vertical C fluxes (in g Cm=2a™') induced by soil redistribution processes to changes of C

input (in percentage) (A) and changes of potential total erosion (in percentage) (B) for the modelled period of conventional (1950-1979) and conser-
vation tillage (1980-2007). Negative fluxes represent a loss, and positive fluxes represent a gain. Zero change in C input and total erosion corresponds
to the results of the reference run (ero: mean vertical C flux at erosional sites; depo: mean vertical C flux at depositional sites; net: mean vertical C flux
for the whole catchment; exp: C exported by water erosion; balance: sum of mean vertical C flux, oxidized and exported C).
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Figure 12. Test site integrated mean lateral and vertical C fluxes
induced by soil redistribution processes for the modelled period of
conventional (1950-1979) and conservation (1980-2007) tillage as
well as for the whole simulation period (1950-2007) when water
erosion is restricted to every tenth simulation year with a 10-fold aver-
age annual water erosion. Negative fluxes represent a loss, and positive
fluxes represent a gain (ero: mean vertical C flux at erosional sites;
depo: mean vertical C flux at depositional sites; net: mean vertical C
flux for the whole catchment; exp: C exported by water erosion;
oxi: oxidized C during transport; balance: sum of mean vertical C flux,
oxidized and exported C).

especially in the first model period. Especially a change in
water erosion processes, i.e. the introduction of deposition by
water, clearly shifts the linear behaviour of the C balance.
As under conservation agriculture the overall C balance is
dominated by the vertical C fluxes, its sensitivity to changes
in erosion rates is less pronounced.

The restriction of water erosion to every tenth simulation
year (with 10-fold long-term mean erosion) has a strong effect
on the lateral and vertical C fluxes in both simulation periods.
In contrast to the reference run (model run without any changes
of C input or erosion) under conventional tillage, the deposi-
tional sites are characterized by a positive vertical C flux to
the soil. In the period of conservation tillage, the source
strength at depositional sites is significantly reduced compared
to the reference run (Figure 12). This can be explained by the
fact that in years when water erosion occurs, the depositional
sites exhibit a strong sink term, whereas in years when just
tillage erosion occurs they act as a C source to the atmosphere.
As was the case in the runs with increased total erosion, restrict-
ing water erosion to a few large events, leads to a lateral transfer
of C depleted subsoil material that is redeposited at the deposi-
tional sites and thus reduces mineralization. Since the mean
modelled C export by water erosion is significantly reduced
especially under conventional tillage (—1-15gCm~2 a™') due
to transport limited conditions in case of extreme erosion
events, and since the mean vertical C flux at depositional sites
is almost zero considering the whole simulation period, the
overall effect of soil redistribution on C fluxes at our test site
is reduced by almost 90%. Even if we deal with a rough esti-
mate here, e.g. as the used model cannot simulate gully erosion
and sediment transport under concentrated flow conditions,
the results are a first hint that many studies (e.g. Stallard,
1998) (globally) estimating the effect of soil redistribution on
C balances and being based on long-term average erosion
rates, may be misleading. Moreover, it also indicates that the
mean C exported by water erosion might be overestimated in
our reference run.

Conclusions

At our test site, measured spatial patterns of SOC stocks in three
soil layers (0-0-9 m) were closely linked to soil redistribution

patterns. In general, SOC depletion was determined at
erosional sites and SOC accumulation was determined at depo-
sitional sites. Thus, the application of SPEROS-C, which
dynamically couples a spatially distributed soil erosion model
(including tillage and water erosion) and a SOC model,
allowed for the analysis of the spatial patterns of SOC stocks
as well as their lateral and vertical fluxes in our test site. The
model was applied from 1950 to 2007 in a one-year time
step, comprising a period of conventional tillage (1950-1979)
followed by a period of conservation tillage (1980-2007) with
reduced soil erosion rates and an additional C input by the
cultivation of a cover crop.

In general, modelled SOC patterns corresponded well with
the measured ones in each soil layer, although there were some
discrepancies on areas with extreme erosion or deposition
rates. However, these areas only represent ~3% of the total
test site area. Two measured AMS '*C depth profiles in the
colluvial area indicate that modelled deposition is slightly
underestimated, possibly caused by the fact that no deposition
by water is modelled near the outlet of the test site.

The lateral and vertical C fluxes induced by soil redistribu-
tion show a strong relation to land management practices.
Whereas the period of conventional tillage is dominated by
lateral C fluxes leading to an overall C loss of 7-7gCm™> a™,
the period of conservation tillage is dominated by vertical C
fluxes reducing the C balance to a loss of 0-9gCm™ a™'.

Although it can be expected that the main part of the water
exported C from the Heiderhof test site is deposited in an
adjacent grass buffer strip, its modelled sediment yield is similar
to the sediment yield from the overall Dissenbach catchment
which is mostly under conventional agriculture. As the C
exported from the Dissenbach catchment exhibits a SOC
enrichment factor of 2-7 it can be assumed that our modelled
C loss for the Heiderhof test site that does not account for any
enrichment is a conservative estimate.

Analysing the sensitivity of C sources and sinks to changes in
C input reveals that all C fluxes associated with soil redistribu-
tion are enhanced with increasing C input and attenuated with
decreasing C input. This indicates that an increase in C input
solely does not increase SOC pools when soil erosion rates
remain constant, but that for the sequestration of C in soils, soil
erosion has to be reduced correspondingly.

Changes in total erosion also exhibit a strong effect on the
soil redistribution induced C fluxes. Especially when restricting
the occurrence of water erosion to every tenth simulation year
with 10-fold increase of erosion, lateral C loss by water as well
as atmospheric C source at depositional sites are significantly
reduced. This indicates that estimates of the erosion induced
sink or source strength might be overestimated when mean
annual soil erosion rates are used.

All model runs show a substantial carry over effect of the
period of conventional to the following period of conservation
agriculture concerning the C fluxes, which is caused by the
applied crop rotation as well as those caused by soil redistribu-
tion. The applied crop rotation leads to a depletion of SOC in
our field in the first model phase, whereas this depletion is
compensated in the following phase due to increasing yields
and conservation practices. The erosion induced vertical C
fluxes are pronounced, whereas the lateral C fluxes are reduced
under conservation agriculture (encompassing a reduction of
soil redistribution and an increase in soil C input), both leading
to a stronger erosion induced atmospheric C sink and a lower
lateral C loss.

In general, the spatially distributed SOC and soil redistribu-
tion model SPEROS-C proved to be reasonably applicable at
the small scale Heiderhof catchment. The adaptations of the
model carried out in this study allow for the integration of



different land management, which is important with respect
to erosion induced lateral and vertical SOC fluxes. Thus, the
model will be applicable to larger spatial scales with spatial
variances of land management as well as complex manage-
ment histories, expanding the possibilities to analyse the soil
redistribution induced SOC fluxes at the catchment scale.
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