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Abstract

The objective of this study was to examine the interactive effects of tillage and land forms (erodibility) on the redistribution of C, N and P
within an agricultural landscape. Soils were sampled from an undulating maize field in central Belgium. Half of the field was under conventional
tillage (CT), while the rest was under minimum tillage (MT) management. Based on slope and curvature characteristics, depositional and erodible
zones were identified in both tillage treatments. We analyzed 400 surface (0—5 cm) soil samples, and 25 soil profiles (0—100 cm). Concentrations
of native C, maize-derived C, total N, Olsen P, and moisture content in the 0—5 cm soil layer showed distinct spatial patterns with variogram
ranges from 30 to 90 m. These patterns were related to local differences in texture and landform. In general, nutrient concentrations were greater in
lower, depositional areas, and smaller in higher, erodible areas. In addition, the impact of landform was more pronounced in CT than MT. Three
years after the implementation of the tillage treatments, native C, total N and Olsen P stocks (0—46 cm) in erodible zones were about 40% less
under CT than under MT. However, in depositional zones, nutrient stocks were equal between the tillage treatments. Differences in erosion rates,
the distribution of Olsen P and maize-derived C indicated that this pattern was mainly caused by soil transport induced by erosion since the
implementation of the tillage treatments, rather than local differences in decomposition rates. We concluded that the influence of landforms on the
stabilization and redistribution processes of nutrients is greater within CT than MT. Therefore, interactions between landform and agricultural
management need to be considered in regional soil organic matter inventory assessments.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction most studies pertain to experimental manipulations at the plot

level (for a review, see Six et al., 2002). In such studies, nutrient

The loss of agricultural land due to soil degradation poses a
very pertinent environmental challenge. Worldwide, soil ero-
sion is one of the most widely spread forms of soil degradation.
The negative effects of soil erosion (e.g. soil degradation, nu-
trient losses and a decline in water quality) have been acknowl-
edged since long (Jacks and Whyte, 1939; Jacobsen and Adams,
1958; Miller, 1986). However, we believe that calculations of
nutrient losses induced by erosion are severely biased since
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losses by water erosion dominate (Steegen and Govers, 2001).
However, at a landscape level, both erosion and deposition
occur and most of the nutrients are only translocated within the
landscape and hence not lost (Beuselinck et al., 2000, Steegen
and Govers, 2001). Therefore, omitting the landscape scale in
erosion studies severely biases all attempts to budget net soil
nutrient losses from the soil due to erosion (Van Oost et al.,
2000; Lal et al., 2000).

The few studies that have taken a comprehensive approach to
nutrient budgeting in erodible landscapes are contradicting.
According to Jacinthe and Lal (2001), erosion leads to a net loss
of soil organic matter (SOM) while Stallard (1998) stated that
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sedimentation of eroded organic C at a world scale is an im-
portant component of the missing C sink. We attribute this discord
to the many confounding processes involved. For example, it is
unknown how much SOM is decomposed during transport. In
addition, the fate of buried SOM in depositional areas is unclear.
Erosion may lead to a conveyor belt which constantly transports
young SOM from erodible zones to colluvial areas where it is
buried and stabilized, thus leading to net C sequestration (Van
Oost et al., 2005).

Furthermore, in most studies considering erosion, the effects
of soil cultivation are not fully taken into account. First, tillage
induces a considerable net downslope movement of soil which
can outweigh the effects of water erosion in many cultivated
hilly areas (Lindstrom et al., 1992; Govers et al., 1999; Van
Muysen et al., 1999; Richter 1999). However, most studies only
consider the effect of water erosion on C dynamics (Jacinthe
and Lal, 2001), and omit the effects of tillage erosion. Secondly,
reducing the intensity of soil cultivation offers the possibility to
abate erosion. Practices such as no-tillage or minimal-tillage
management (MT), decrease SOM breakdown, which increases
soil aggregation, and therefore reduce erosion (De Gryze et al.,
2007). However, an exact budgeting of the advantageous effects
of reduced tillage intensity at the landscape level is lacking.

We set out to (1) budget the effects of soil translocation on
nutrient stocks in an undulating agricultural field due to both
water and tillage erosion, and (2) investigate the interactive
effects of land form and tillage intensity on surface and depth
distributions of nutrients (C, N and available P).

2. Materials and methods
2.1. Site description

The experimental field site is located in the loess belt of
central Belgium (50°48'N, 4°35’E) near the town of Hulden-
berg. The field has a size of 3.2 ha and is characterized by a
complex topography with a difference in elevation between the
highest and lowest positions of 19.5 m. Slopes vary between 0%
and 28% and curvature (i.e. convexity or concavity of the soil
surface) between —0.07 and 0.05 m m™'. The main soil types
according to the World Reference Base for Soil Resources are
Luvisols, Cambisols and Regosols (FAO, 1998), these soils are
present on both management sides of the field (see further). Most
of the surface is covered by windblown loess deposits from the
Quaternary, which contain about 5-10% sand and 15% clay
(Van Oost et al., 2000). Due to the silty textural composition
(75—-80% silt), these soils are very erodible (Bryan and De Ploey,
1983). Severe water and wind erosion at the end of the ice ages
exposed the Tertiary sand at some locations (see De Gryze et al.,
2007); this substrate contains about 50% sand and 15% clay.
Mean annual precipitation at this site is 780 mm, which is
equally distributed during the year. Mean annual temperature is
9.8 °C (with a mean daily maximum temperature of 13.5 °C and
a mean daily minimum temperature of 6.3 °C). Prior to the
experiment, the site was in grass fallow for the last 20 years, and
low-intensity agriculture before this. In 2000, before the start of
the experiment, the entire field was ploughed to homogenize the

soil and remove the grass. Thereafter, the field was split in a CT
(25 cm deep moldboard plowing which inverts the complete
plow layer) section of 1.7 ha, and a MT (only loosening of the
soil using a cultivator to a maximum depth of 20 cm) section of
1.5 ha. At the same time, a mono-culture of maize (Zea mays L.)
was established. Every year, two weeks before sowing, pig
slurry manure (40 Mg ha ' yr~ ') was injected at a depth of
15 cm. Seedbed preparation consisted of a rotary harrow and a
cross-kill roller. Both sides received equal amounts of
herbicides, pesticides and fertilizer. The field next to the experi-
mental field was left under the original grass fallow and served as
a reference.

2.2. Soil sampling

All samples were taken after tillage and before manure
application plus sowing during the spring of 2003. In total, 400
surface samples and 25 one-meter profiles (13 under CT and 12
under MT) were taken. For the surface samples, standard pre-
weighed 100 ml Kopecki rings were used to sample the 0—5 cm
soil depth. We used a combined systematic and randomized
sampling strategy. For the systematic soil sampling, 263 samples
were taken based on a 10x 10 m grid to ensure all landscape
positions were represented. In addition, another 137 samples were
taken at randomly chosen locations to ensure the unbiased
construction of variograms. The soil profiles were taken with a
6 cm diameter core sampler up to 1 m depth. The exact location of
the profiles was determined using a map of the curvature classes
which was calculated using the digital terrain model (see further).
Within each of the curvature classes in each of the tillage
treatments, we chose the location for the profiles randomly. The
depth layers used for analysis were: 0—2 cm, 2—4 cm, 4—6 cm, 8—
10 cm, 14-16 cm, 20-22 cm, 30-32 cm, 44-46 cm, 60—80 cm,
and 80—100 cm. After sample collection, the cores were weighed
and stored at 4 °C until further analysis. Samples were then gently
crumbled along the natural planes of weakness to pass an 8-mm
sieve. During this procedure, stones >2 mm and visible plant
residues were removed. Samples were then air dried and a
subsample of 5 g was taken to determine soil moisture (105 °C).

The study area was surveyed with a Trimble 5800 GPS
(Trimble, Sunnyvale, California) at a resolution of about 3 m. The
precision of the GPS is smaller than 5 cm horizontally. A digital
elevation model with a resolution of 1.5 m was constructed using
a Delaunay triangulation interpolation method using Surfer 8
(Golden software, Golden, Colorado). After applying a low-pass
filter to smoothen the surface, plan-, profile and mean slope
curvature were calculated based on the procedures presented
by Zevenbergen and Thorne (1987). Because tillage erosion is
known to be a very important process in this area (Van Oost et al.,
2003) and tillage erosion is proportional to local slope curvature
(Quine and Walling, 1993; Govers et al., 1994), we chose slope
curvature as the topographic variable for landform classification.
The surface sampling locations were classified into 5 classes
of curvature (referred to as ‘landforms’): very convex (from
—0.072 m m ' to —0.013 m m '), convex (from —0.013 to
—0.005 m m "), linear (from —0.005 to 0.005 m m ™ '), concave
(from 0.005 to 0.017 m m™ "), and very concave (from 0.017 to
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0.060 m m™ ). For the depth sampling locations, samples were
divided into convex (curvature<O m m ') and concave
(curvature>0 mm_ ).

2.3. Analyses

Total soil C, N and 6'*C signature were measured on a 5 g
subsample. This subsample was pulverized using a Retsch
MM 200 Mixer mill (Retsch Gmbh & Co, Haan, Germany). If
the soil pH was above 7, carbonates were removed using acid
fumigation (Harris et al., 2001). This material was then ana-
lyzed with an ANCA 20-20 GSL mass spectrometer (PDZ
Europe Ltd., Cheshire, UK) for organic C, 613C, and total N.
The 6'3C signature of the original grassland soil substrate was
found to be —29.1+0.5%0 as measured on the field adjacent to
the experimental plots, which was still under the same grassland
as the study site before maize cultivation. The average 6'°C
signature of the maize biomass, sampled in September 2003,
was —12.7+0.5%0. Amounts of native and maize-derived C
were calculated according to Cerri et al. (1985). The 6'"°C
values of the SOM were used to calculate the proportion of
new C (fiew, 1.6. the C derived from the present maize vege-
tation) and of native C (fhatve=1 —fnew 1.€. the C derived from
the grassland), by using the mass balance equation:

.ﬁlew - (5new - 5native)/(5veg - 5native)

Snew is 6"°C of the SOM of the field site, Syaive is the §'°C of
the SOM of the remaining grassland strip (—29.1+0.5%o), and
Oyeg 1s the 6'3C of the maize (—12.74£0.5%0). Total N was
measured by combustion in O,. All resulting gases were re-
duced to N, using copper. The N, was measured with a TCD
detector.

Bulk density was calculated by dividing the stone-free weight
of the soil sample by the stone-free volume of the soil sample:

BD = VVtot - Wstone )
Vtot - 2-65/Wstone

Where W, is the total weight, W, the weight of the stones,
and V., the total volume of a kopecki ring (100 ml), the density of
the mineral fraction was assumed to be 2.65 g cm ™ >. Olsen P was
determined by extracting air-dry soils for 30 min with 0.5 M
NaHCO; at pH 8.5 (Olsen et al., 1994) and measuring the PO3 —P
concentration by the molybdenum blue method.

To compare nutrient stocks between the two treatments, we
calculated the total amount of C in the upper 46 cm, and not to
the UNFCCC standardized depth of 30 cm. This was done to
include the C which was buried below 30 cm due to the effects
of soil erosion.

2.4. Statistical analyses

The data were analyzed using a general linear model ANOVA,
using the SAS statistical package for analysis of variance (PROC
GLM, SAS Institute, 2002). Pairwise comparisons were done
post-hoc using a Tukey test at a significance level of a=0.05.

Differences between curvatures within a management treatment
or between management treatments within a curvature class were
tested post-hoc using contrasts. In each ofthe 5 different curvature
classes, there were about 40 measurements. Using these 40 values
directly would lead to a bias due to spatial autocorrelation.
Therefore, we calculated averages of 6 randomly sampled values
out of the initial 40. These averages could then be regarded as
separate and uncorrelated measurements. For the depth samples,
samples were divided into convex and concave samples. Using
this procedure, we obtained 6 values per depth for convex and 7
for concave positions under CT. Under MT, there were 7 values
per depth for convex and 5 for concave positions. Profiles of soil
variables were analyzed using a repeated measurements analysis
of variance (ANOVA) procedure in which landform, depth, and
tillage treatment and their two-way interactions were fixed effects.
Depth was considered as a repeated measurements variable with
the soil column as a subject. No three-way interactions were
considered to avoid over-specification of the model. Since we
found no evidence of changes in soil parameters deeper than
46 cm, the effect of depth was considered to be linearly changing
until 46 cm, and constant from 46 cm to deeper.

To obtain maps of old and new organic C, total N, Olsen P,
moisture content and bulk density, geostatistical analyses were
done with VARIOWIN (Pannatier, 1998) and Surfer 8 (Golden
Software, Colorado, USA). For each of these variables, the vario-
gram (/) was calculated so that each point of the variogram was
based on at least 80 point couples. The same variogram was used
for both tillage treatments. In the kriged maps, specific zones are
referenced. These zones were constructed for illustrative purposes
only, and are not based on a statistical test.

3. Results

3.1. Native C, maize-derived C, Olsen P. and moisture content
in surface samples across the field

Of the four soil variables considered, native C had the shortest
variogram range (34 m) and the least amount of spatial auto-
correlation (25%) (Table 1). Olsen P and moisture content had
much longer ranges (136 m and 93 m respectively) and a higher
degree of spatial autocorrelation (both about 60%). Maize-derived
C was associated with a medium range (54 m) and degree of
spatial autocorrelation (44%).

The highest concentrations of native C in CT were present in
the lower, depositional areas of the landscape (zones b and ¢ in
Fig. 1a) whereas the lowest concentrations were present on top
of the mid slope (zone a). In MT, low concentrations of native C

Table 1
Parameters from kriging analysis of 4 variables measured

Variogram range Spatial autocorrelation

(m) (%)
Native C 34 25
Maize-derived C 54 44
Olsen P 136 64
Moisture content 93 61

The spatial autocorrelation is calculated as: sill/(nugget variance+sill).
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(a) native C (g kg™ soil)

81 - 89
89 - 97
9.7 - 105

10.5- 11.3
11.3- 1241
>12.1

(C)Olsen P (mg kg™ soil)
24 - 32
32 - 40
40 - 48
48 - 56
56 - 64
=64

(b) maize-derived C (g kg™ soil)
1.2 - 14
14 - 16
16 - 1.8
1.8 - 2.0
20 - 22

Fig. 1. Maps of kriged soil parameters at the 0—5 cm surface layer of the Huldenberg field site. This site is split into minimum tillage (MT) and conventional tillage
(CT) systems. For illustrative purposes, the area was divided in zones differing in magnitude of soil parameters. These are indicated with different letters (see text). The
X and Y coordinates (respectively easting and northing values) follow the UTM Lambert zone 24 coordinate system.

were found in the sandy outcrop area (De Gryze et al., 2007)
(zone d). Higher native C concentrations were present in zone e.

In CT, the highest concentrations of maize-derived C were
present again in the lower, depositional areas (zone ¢ in Fig. 1b)
and lower concentrations were located at the top of the slope
(zone b). Intermediate values were found in the rest of the field.
In MT, the lowest concentration of maize-derived C was found
again in the sandy outcrop (zone d) whereas higher concentra-
tions were present on top of the mid slope (zone a). Nitrogen
followed the same pattern as native C, with higher concentra-
tions in the depositional sites in CT and lower concentrations on
the mid slope and up slope (data not shown). Olsen P generally
increased from the top to the lower zones in CT (from zone a to
zone b in Fig. 1c). In MT, highest concentrations of Olsen P
were found on the top of the slope and in the sandy outcrop
(zones d and e, respectively). Lowest concentrations were found
on the lower slope (zone c). In CT, moisture roughly decreased
with increasing elevation (Fig. 1d). The driest parts were located
on the steep slopes of the middle part (zones a and c). The lower
areas (zone b) were generally wetter. This is in contrast with the
situation in MT where the moisture content was generally

highest on top of the middle slope (zone ¢) and decreased with
decreasing elevation (towards zone d). The average bulk density
was equal in CT and MT (1.29 g cm™ > versus 1.32 g cm ™ °). In
CT, bulk density decreased from the top to the lower parts.
However, in MT, there was no obvious trend in bulk density.

3.2. Surface C, N, P, moisture and bulk density across
curvature classes

There was no difference in native C content of surface
samples between CT and MT samples, except in the very
concave curvature class (Fig. 2a). Native C content increased
from 9.1 g kg~ ' soil to 12.1 g kg~ ' soil with an increasing
curvature from erodible (i.e. very convex) to depositional (i.e.
very concave) sites under CT. No differences among curvature
classes were found under MT. The N content of surface samples
followed a similar trend (data not shown). Across all curvature
classes, maize-derived C content of surface samples was higher
under MT than under CT (Fig. 2b). No significant differences
were detected among the different curvature classes in both CT
and MT. Olsen P content was significantly higher in MT than in
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Fig. 2. Concentrations of native C, and maize-derived C, Olsen P and moisture content in surface samples (0—5 cm) across curvature classes within a conventional (CT)
and minimum tilled (MT) plot at the Huldenberg field site. The statistical analysis is based on a re-sampling procedure as described in the Materials and methods
section. Values followed by a different uppercase letter are significantly different among curvature classes within a tillage treatment. Values indicated by a ‘* are
significantly different between the two tillage treatments and within a curvature class.

CT for each curvature class and increased significantly for both
CT and MT systems with increasing curvature (from 30.3 to
50.6 mg kg~ ' soil and from 48.3 to 63.6 mg kg~ ' soil in CT and
MT, respectively) (Fig. 2¢). Moisture content was higher in MT
than in CT for all curvature classes, except in the very concave
curvature class (Fig. 2d). Moisture content in CT increased
slightly with increasing curvature from 16.1% to 19.8%. There
were no differences in moisture content within MT among the
different curvature classes. There were no differences at all in
bulk density between tillage treatments or among curvature
classes (data not shown).

3.3. Nutrient stocks

Native C stocks (down to 46 cm) were significantly larger in
MT (5596 + 424 g m %) than in CT (3658 +387 g m %) at

Table 2

erodible sites (P=0.003) (Table 2). No differences in native C
stocks were detected between MT and CT at depositional sites
(7021 + 424 g m ? compared to 6879 + 358 g m™%). Deposi-
tional sites had larger native C stocks than erodible sites under
both CT (P<0.0001) and MT (P=0.03), but a significant
interaction between tillage management and landform (P=0.03)
showed that the difference between erodible sites and deposi-
tional sites is greater in CT than in MT. There were no dif-
ferences in maize-derived C stocks between CT and MT, neither
for erodible nor for depositional sites. Under CT, depositional
sites contained more maize-derived C than erodible sites (669 +
40 g m ™% compared to 512 +43 g m™?). In contrast, there was
no significant difference in maize-derived C stock between
erodible and depositional sites under MT (532+43 g m *
compared to 638+ 61 g m ). Furthermore, no significant
interaction between curvature and management practices was

Stocks of native C, maize-derived C and Olsen P in depth profiles up to 46 cm of erodible versus depositional sites within a conventional (CT) and a minimum tilled

(MT) field at the Huldenberg field site

Stock values (g m™?)

ANOVA effects

Post-hoc contrasts

CT MT Difference CT—MT Landform difference
Erodible Depositional ~ Erodible Depositional  Tillage Landform Tillagex  Within ~ Within Within CT ~ Within MT
landform erodible depositional
Native C 3658+387 6879+358 5596+424  7021+424 * kK * K K *
Maize-derived C~ 512+43 669+40 532+43 638+61 o *
Olsen P 122413  229+1.3 21.1+1.8  22.5+1.6 * kK ok K kK *

Values are reported+standard error. *: 0.01 <P<0.05, **: 0.001<P<0.01, ***: P<0.001.
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Fig. 3. Moisture content and bulk density in depth profiles of erodible versus depositional sites within a conventional (CT) and a minimum tilled (MT) plot at the
Huldenberg field site. D = depth, T'= tillage effect, L = landform position effect (erodibility), D x L indicates the interaction between depth and landform position, etc.

*:0.01<P<0.05, **: 0.001<P<0.01, ***: P<0.001.

found, meaning that the effect of curvature on maize-derived C
stocks was identical in the two tillage treatments. Olsen P stocks
were significantly larger in MT (21.1+1.8 g m™ ?) than in CT
(122+1.3 g m %) in erodible sites (P=0.001), but no dif-
ferences in Olsen P stocks were detected between CT and
MT at depositional sites (22.9 + 1.3 g m ™~ compared to 22.5 +
1.6 g m ?). Depositional sites had larger Olsen P stocks than
erodible sites under CT (P<0.0001), while no difference in Olsen
P between depositional and erodible sites was found under MT.
A significant interaction between curvature and management
practices (P=0.009) was found, indicating that the differences
induced by curvature were different between CT and MT.

3.4. Depth profiles of native C, maize-derived C and Olsen P

Concentrations of native C, maize-derived C, and Olsen P
decreased from the soil surface until a depth of about 46 cm,
from which concentrations became constant. Profiles of native
C were not affected by tillage intensity in both depositional and
erodible sites (Fig. 3a). However, the significant interaction
between depth and landform indicates that the depth profile of
native C was different at erodible and depositional sites. In

depositional sites, there was a steeper decrease in native C
concentrations than in depositional sites. The depth profile of
maize-derived C was significantly affected by tillage intensity
(interaction between depth and tillage intensity is significant)
(Fig. 3b). In addition, the effect of tillage was different for
erodible and depositional sites (significant interaction of land-
form and tillage intensity). While there was almost no difference
between CT and MT for depositional sites, in erodible sites the
decrease of maize-derived C with depth was much steeper for
MT than for CT. Olsen P was significantly affected by both
tillage intensity and landform (Fig. 3c). The effect of landform
on Olsen P was identical for both tillage treatments (no signi-
ficant interaction between landform and tillage intensity).

4. Discussion

Erosion induces displacement of surface soil from higher to
lower parts of the landscape, where the soil may be deposited or
further transported into rivers and streams. This net transport has
severe impacts on soil organic matter (SOM) dynamics and its
spatial distribution in both horizontal and vertical directions. Here,
we investigate differences in stocks and the spatial distribution of
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nutrients (C, N, and P) across different landforms (from erodible
to depositional zones) under two different tillage management
types (conventional and minimal tillage: CT and MT). Our ap-
proach is novel since most studies investigate either erosion or
management practices at a plot level (Kwaad, 1994; Myers and
Wagger, 1996; Basic et al., 2004), while we investigated the inter-
action of both factors across an agricultural landscape (Moorman
et al., 2004).

Generally, we observed a greater amount of macronutrients (C,
N, and P) and moisture in depositional areas compared to erodible
areas. This has been reported before; for example, Ellis found
already in 1938 that C content increased from upper to lower
slopes (Ellis, 1938). Similarly, Gregorich (1996), Gregorich et al.
(1998), Vandenbygaart (2001) and Yoo et al. (2005) found that
erosion can concentrate organic C in depositional areas. On
eroded sites, C concentration is smaller as SOM-poor subsoil is
incorporated into surface horizons (Pennock, 1997). Li et al.
(2004) studied, next to organic C, also N and Olsen P and found
that these nutrients were also redistributed due to erosion and
accumulated on the lower slope of a steep backslope.

In addition, we found that this effect of landform was
profoundly influenced by tillage management practices. Most
obviously, because crop residues stay on the surface under MT
while they are mixed into the plow layer under CT, recent soil C
and Olsen P concentrations are enriched in the top soil layer
under MT and diluted over the plow layer under CT. This
enrichment versus dilution is mostly observed in the profiles of
recent C: there is a steeper decrease in MT in the top 20 cm (the
tillage depth) compared to CT, reflecting the homogenizing
effect of tillage in CT. However, nutrient stocks reported up to
46 cm (and therefore not influenced by this effect) were still
different between the CT and MT management treatments,
indicating that another mechanism than tillage mixing is also
inducing differences in nutrient stocks across the profile. More
specifically, both differences in total C stocks from the depth
profiles (0—46 cm) and surface samples (0—5 cm) induced by
landform were much more pronounced under CT than under
MT.

The observed difference in spatial patterns in macronutrients
might be caused by: (1) differences in soil C input. If there would
have been a greater C input in depositional areas due to a possible
higher crop growth in these areas, this might have led to a higher
input of C to the soil. However, the differences in crop biomass
growth between CT and MT or among landform positions were
minimal (data not shown). In addition, it is unlikely that there
was a difference in grass productivity between the two tillage
treatments before the establishment of the experiment. Because
even the non-crop derived soil C was different in the tillage
treatments, it is improbable that the observed differences are
solely caused by differences in soil C input. (2) Spatial differences
in soil C dynamics might have been caused by landform-induced
differences in micro-climatic conditions. For example, conditions
in depositional areas might lead to increased protection of SOM.
De Gryze et al. (2007) observed an increased amount of macro-
aggregates in depositional areas. They hypothesized that the
higher presence of organic components and macronutrients in
depositional areas increased the formation of binding agents for

soil aggregates. These aggregates can then physically protect
organic matter inside them, slowing down the turnover of organic
matter in these depositional zones (Elliott, 1986). In addition,
moisture contents were greater at lower positions in the landscape
for CT, which can profoundly affect SOM dynamics. (3) Soil
erosion might have induced horizontal transport of soil from
erodible parts of the field to depositional areas.

Based on the soil phosphorus (P) profiles in CT and MT, we
hypothesize that the observed differences in soil C must be (at
least partly) due to soil transport induced by erosion. Since
phosphorus (P) is even stronger adsorbed to mineral soil
particles than C or N, it can be used as a tracer for mineral soil
particles in soil erosion studies (Steegen et al., 2000, 2001).
First, more P was present in depositional sites compared to
erodible sites. In addition, in depositional sites, P accumulated
up to a depth of 20 cm, and decreased rapidly at greater depth.
There was a much more gradual decrease in P with depth in
erodible zones. Furthermore, these effects were more pro-
nounced in CT compared to MT. These observations indicate
that the tillage-induced erosion in the CT system moves soil
mineral particles from erodible to depositional positions and
validates the observed patterns in soil C. However, it cannot be
negated that landform-induced changes in decomposition rate
have also led in part to the spatial patterns in soil C. Never-
theless, we observed that tillage intensity did not affect total
stocks of recent C up to 46 cm, which indicates that landform-
induced differences in soil C decomposition are probably
minimal.

The question remains whether the observed spatial patterns in
soil nutrients are caused by erosion events before the establish-
ment of the experiment in 2000, or after 2000. To investigate
this, the spatial distribution of maize-derived soil C and the
differences between CT and MT can be used. We hypothesize
that the CT management induced a significant amount of soil
transport after 2000. First, there is morphological evidence that
recent erosion rates under CT were much larger than under MT:
the CT part contained rills, whereas the MT part did not (see
photographs in the supplementary online materials). In addition,
the tillage erosion rates for the CT treatment are substantially
higher than those for the MT treatment. The tillage transport
coefficient, which is a measure for the erosivity of the imple-
ment, equals 169 kg m ™' for a moldboard operation used in the
CT treatment (Van Muysen et al., 2002) and only 13kgm™ ' fora
cultivator, used in the MT treatment (Lobb and Kachanoski.,
1999). Furthermore, an erosion survey on this field calculated
the total amount of soil loss based on the size of rills (Gillijns
et al., 2007). It was found that in the CT part of the field, 76.3,
15.7, and 8.6 Mg ha ! was lost during 2002, 2003, and 2004
respectively, while this was only 4.1,0, and 0 Mgha™ ' in the MT
part. Secondly, landform did affect recent soil C stocks: more
recent C was present in depositional areas than erodible areas,
but this was only the case in the CT treatment. Also the recent C
profile was similar between depositional and erodible positions
for MT, but there were much more differences between the
landscape positions for the CT treatment. Therefore, we con-
clude that the relatively short duration of the experiment (about
4 years) was sufficient to create erosion-induced spatial variation
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in SOM accumulation. However, due to the greater amount of
grass-derived C versus maize-derived C, changes in the former
were more outspoken than changes in the latter. It is known that
the majority of organic C changes only occur after 5—10 years of
conversion from conventional to reduced tillage management
(West and Post, 2002).

Comparing the results of our study with the factor analysis
and multiple regression analysis done by De Gryze et al. (2007),
we observe that in their study, the correlation between C and
macroaggregates was more dependent on erodibility in the
landscape under CT than under MT. This analysis corresponds
well with the results of our study, confirming that effects of
erosion and deposition play a more important role in CT than
in MT. More specifically, in CT there seems to be much more
destructive forces, leading to the break-up of unstable soil
macroaggregates. Only aggregates that are stable and contain
new SOM inside are able to withstand these forces. A study
done by Jacinthe et al. (2001) showed that erosion breaks down
the less stable aggregates, releasing organic matter for decom-
position. Therefore, this corroborates our results of a higher
sensitivity of SOM to erodibility in CT compared to MT soils.

5. Conclusions

Based on the results of this study, we found indications that the
redistribution processes from erodible to depositional sites in an
agricultural field are dependent on tillage intensity. Organic matter
(C, N, P) content and moisture content were generally greater in
depositional sites than in erodible sites and this effect was much
more pronounced in the CT part of the field than in the MT part of
the field. The findings of this study confirm the need to include
the topographic characteristics of an agricultural field and their
interactions with management when budgeting soil nutrients.

Acknowledgements

This research was supported by the Fund for Scientific
Research (FWO), Flanders, Belgium (G. 0241.03). Heleen
Bossuyt and Steven De Gryze acknowledge a grant from FWO,
Belgium. Johan Six was supported by a grant of the US National
Science Foundation (DEB 0344971). Thanks to Jos Peeters
from the Huldenberg experimental field site. Thanks to Kristin
Coorevits, Katleen Gillijns, Karla Moors, Michel Motos and
Frans Schoovaerts for technical assistance.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.geoderma.2007.11.013.

References

Basic, F., Kisic, 1., Mesic, M., Nestroy, O., Butorac, A., 2004. Tillage and crop
management effects on soil erosion in central Croatia. Soil & Tillage
Research 78, 197-206.

Beuselinck, L., Steegen, A., Govers, G., Nachtergaele, J., Takken, I., Poesen, J.,
2000. Characteristics of sediment deposits formed by major rainfall events in

small agricultural catchments in the Belgian Loam Belt. Geomorphology 32,
69-82.

Bryan, R.B., De Ploey, J., 1983. Comparability of soil erosion measurements
with different laboratory rainfall simulators. Catena 4, 33—57.

Cerri, C., Feller, C., Balesdent, J., Victoria, R., Plenecassagne, A., 1985. Ap-
plication du tracage isotopique natural en '*C & I’étude de la dynamique de la
matiere organique dans les sols. Comptes Rendus de I’ Académie des Sciences
de Paris T300, 423—428.

De Gryze, S., Bossuyt, H., Six, J., Van Meirvenne, M., Govers, G., Merckx, R.,
2007. Controlling factors of aggregation at the landscape level in minimum
and conventional tillage systems. European Journal of Soil Science (In print).

Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen and phosphorus in
native and cultivated soils. Soil Science Society of America Journal 50, 627—633.

Ellis, J.H., 1938. Soils of Manitoba. Department of Agriculture and Immi-
gration. Province of Manitoba, Winnipeg.

Gillijns, K., SOWAP group, 2007. Technical Final Report: Soil and Surface
Water Protection Using Conservation Tillage in Northern and Central
Europe. SOWAP, Berks, UK.

Govers, G., Quine, T.A., Desmet, P.J.J., Poesen, J., Bunte, K., 1994. The role of
tillage in soil redistribution on hillslopes. European Journal of Soil Science
45, 469-478.

Govers, G., Lobb, D.A., Quine, T.A., 1999. Tillage erosion and translocation:
emergence of a recent paradigm in soil erosion research. Soil & Tillage
Research 51, 167-174.

Gregorich, E.G., 1996. Soil quality: a Canadian perspective. In: Cameron, K.C.,
Cornforth, 1.S., McLaren, R.G., Beare, M.H., Basher, L.R., Metherell, A.K.,
Kerr, L.E. (Eds.), Soil Quality Indicators for Sustainable Agriculture in New
Zealand, Proceedings of a Workshop. Lincoln University, Christchurch,
New Zealand, pp. 40—52.

Gregorich, E.G., Greer, K.J., Anderson, D.W., Liang, B.C., 1998. Carbon distri-
bution and losses: erosion and deposition effects. Soil & Tillage Research 47,
291-302.

Harris, D., Horwath, W.R., van Kessel, C., 2001. Acid fumigation of soils to
remove carbonates prior to total organic carbon or carbon-13 isotopic
analysis. Soil Science Society of America Journal 65, 1853—1856.

Jacinthe, P.A., Lal, R., 2001. A mass balance approach to assess carbon dioxide
evolution during erosional events. Land Degradation and Development 12,
329-339.

Jacinthe, P.A., Lal, R., Kimble, J., 2001. Organic carbon storage and dynamics in
croplands and terrestrial deposits as influenced by subsurface tile drainage.
Soil Science 166, 322-335.

Jacks, G.V., Whyte, R.O., 1939. The Rape of the Earth. Arno Press, New York.

Jacobsen, T., Adams, R.M., 1958. Salt and silt in ancient Mesopotamian agri-
culture. Science 128, 251-1258.

Kwaad, F.J.P.M., 1994. Cropping systems of fodder maize to reduce erosion of
cultivated loess soils. In: Rickson, R.J. (Ed.), Conserving Soil Resources,
European Perspectives. CAB International, Wallingford, pp. 354—368.

Lal, R., Mahmadi, M., Bajracharya, R.M., 2000. Erosional impacts on soil
properties and corn yield in alfisols in central Ohio. Land Degradation and
Development 11, 575-585.

Li, Y., Tian, G., Lindstrom, M.J., Bork, H.R., 2004. Variation of surface soil
quality parameters by intensive donkey-drawn tillage on steep slope. Soil
Science Society of America Journal 68, 907-913.

Lindstrom, M.J., Nelson, W.W., Schumacher, T.E., 1992. Quantifying tillage
erosion rates due to mouldboard plowing. Soil & Tillage Research 24, 243-255.

Lobb, D.A., Kachanoski, R.G., 1999. Modelling tillage erosion in the topo-
graphically complex landscapes of southwestern Ontario, Canada. Soil &
Tillage Research 51, 261-277.

Miller, M.H., 1986. Soil degradation in Eastern Canada: its extent and impact.
Canadian Journal of Agricultural Economics 33, 7—18.

Moorman, T.B., Cambardella, C.A., James, D.E., Karlen, D.L., Kramer, L.A.,
2004. Quantification of tillage and landscape effects on soil carbon in small
Towa watersheds. Soil & Tillage Research 78, 225-236.

Myers, J.L., Wagger, M.G., 1996. Runoft and sediment loss from three tillage
systems under simulated rainfall. Soil & Tillage Research 39, 115-129.
Olsen, S.R., Cole, C.V.,, Watanabe, F.S., Dean, L.A., 1994. Estimation of
available phosphorus in soils by extraction with sodium bicarbonate. US

Department of Agriculture Circular 939. US Department of Agriculture.


http://dx.doi.org/doi:10.1016/j.geoderma.2007.11.013

188 S. De Gryze et al. / Geoderma 144 (2008) 180-188

Pannatier, Y., 1998. Variowin — software for spatial data analysis in 2D.
Computational Statistics, pp. 419-422.

Pennock, D.J., 1997. Effects of soil redistribution on soil quality: pedon, landscape
and regional scales. In: Gregorich, E.G., Carter, M.R. (Eds.), Soil Quality
for Crop Production and Ecosystem Health. Elsevier Science Publishers,
Amsterdam, pp. 167—185 (The Netherlands).

Quine, T.A., Walling, D.E., 1993. Use of caesium-137 measurements to in-
vestigate relationships between erosion rates and topography. In: Thomas,
D.S.G., Allison, R.J. (Eds.), Landscape Sensitivity. John Wiley, Chichester,
pp. 31-48.

Richter, G., 1999. Soil erosion by ploughing operations in vineyards on steep
slopes. Proceedings of the Second International Symposium on Tillage
Erosion and Tillage Translocation, Abstracts, p. 55 (Leuven, Belgium).

SAS Institute, 2002. SAS OnlineDoc Version 8. SAS Institute, Cary, NC, U.S.A.

Six, J., Feller, C., Denef, K., Ogle, S.M., Sa, M.J.C., Albrecht, A., 2002. Soil
organic matter, biota and aggregation in temperate and tropical soils —
Effects of no-tillage. Agronomie 22, 755-775.

Stallard, R.F., 1998. Terrestrial sedimentation and carbon cycle: coupling
weathering and erosion to carbon burial. Global Biogeochemical Cycles 12,
231-257.

Steegen, A., Govers, G., 2001. Correction factors for estimating suspended
sediment export from Loess catchments. Earth Surface Processes and
Landforms 26, 441-449.

Steegen, A., Govers, G., Beuselinck, L., Van Oost, K., 2000. The use of phosphorus
as a tracer in erosion/sedimentation studies. In: Stone, M. (Ed.), The Role
of Erosion and Sediment Transport in Nutrient and Contaminant Transfer,
Conference Proceedings of Symposium, Waterloo, Canada. International
Association of Hydrological Sciences Press, Wallingford, U.K., pp. 59-66.

Vandenbygaart, A.J., 2001. Erosion and deposition history derived by depth-
stratigraphy of '*’Cs and soil organic carbon. Soil & Tillage Research 61,
187-201.

Van Muysen, W., Govers, G., Bergkamp, G., Roxo, M., Poesen, J., 1999. Mea-
surement and modelling of the effects of initial soil conditions and slope
gradient on soil translocation by tillage. Soil & Tillage Research 51,303-316.

Van Muysen, W., Govers, G., Van Oost, K., 2002. Identification of important
factors in the process of tillage erosion: the case of mouldboard tillage. Soil
& Tillage Research 65, 77-93.

Van Oost, K., Govers, G., Desmet, P., 2000. Evaluating the effects of changes in
landscape structure on soil erosion by water and tillage. Landscape Ecology
15, 577-589.

Van Oost, K., Govers, G., Van Muysen, W., 2003. A process-based conversion
model for caesium-137 derived erosion rates on agricultural land: an integrated
spatial approach. Earth Surface Processes and Landforms 28, 187-207.

Van Oost, K., Govers, G., Quine, T.A., Heckrath, G., Olesen, J.E., De Gryze, S.,
Merckx, R., 2005. Landscape-scale modeling of carbon cycling under the
impact of soil redistribution: the role of tillage erosion. Global Biogeo-
chemical Cycles 19. doi:10.1029/2005GB002471.

West, T.O., Post, WM., 2002. Soil organic carbon sequestration rates by tillage
and crop rotation: a global data analysis. Soil Science Society of America
Journal 66, 1930—1946.

Yoo, K., Amundson, R., Heimsath, A.M., Dietrich, W.E., 2005. Erosion of upland
hillslope soil organic carbon: coupling field measurements with a sediment
transport model. Global Biogeochemical Cycles 19 (3) (art. No. Gb3003).

Zevenbergen, L.W., Thorne, C.R., 1987. Quantitative analysis of land surface
topography. Earth Surface Processes and Landforms 12, 47-56.


http://dx.doi.org/10.1029/2005GB002471

	The relationship between landform and the distribution of soil C, N and P under conventional an.....
	Introduction
	Materials and methods
	Site description
	Soil sampling
	Analyses
	Statistical analyses

	Results
	Native C, maize-derived C, Olsen P, and moisture content in surface samples across the field
	Surface C, N, P, moisture and bulk density across curvature classes
	Nutrient stocks
	Depth profiles of native C, maize-derived C and Olsen P

	Discussion
	Conclusions
	Acknowledgements
	Supplementary data
	References


