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A B S T R A C T

Soil erosion due to cultivation of row crops on soils with a high silt content can result in hazardous on-site
and off-site damages. An effective and sustainable soil protection measure is to reduce the intensity of
tillage. On-farm trials were conducted to compare the effect of strip tillage (ST), full-width reduced tillage
(RT) and intensive tillage (IT) systems on surface runoff and soil loss in sugar beet crops grown on four
typical loess sites in hilly regions of southern Germany in 2014 and 2015. Heavy rainfall (24 mm 20 min�1)
was simulated in the 4–6 leaf stage of sugar beet with a small portable nozzle rainfall simulator. Observed
data were used to establish soil loss ratios for ST as part of the cropping and management factor of RUSLE.
Compared to IT, surface runoff was 55% and 92% lower for RT and ST, respectively, caused by increased

water infiltration presumably due to (i) higher earthworm activity and (ii) the absence of negative effects
of reduced tillage intensity on penetration resistance. Moreover, reducing tillage intensity increased
surface residue cover, initial water content and organic carbon content in the topsoil layer.
Soil loss was 85% and 98% lower for RT and ST compared to IT, respectively, as a result of (i) decreased

runoff rates, (ii) higher stability of aggregates against the impact of raindrops and (iii) reduced velocity of
the runoff flow and thereby lower sediment concentrations. Based on residue cover, the soil loss ratio
calculated for ST agreed well with values established for other tillage systems.
Overall, reducing tillage intensity by strip tillage was proven to offer environmental benefits due to

reduced surface runoff and soil loss. In addition, plant-available water likely increases through enhanced
infiltration.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Cultivation of row crops results in a long period of uncovered
soil which makes it prone to soil erosion by water and wind (Jones
et al., 2003). Loess soils containing a high proportion of silt
particles are typical for the most sugar beet growing areas in
Central Europe; even at low to moderate slope such soils are highly
susceptible to water erosion (Jones et al., 2005). In hilly loess areas
of Western and Central Europe soil loss ranges form 2 to 10 Mg per
year and hectare (Cerdan et al., 2010). In addition to land
degradation due to soil loss, erosion causes transport of nutrients
and pollutants into nearby waterbodies and ecosystems, either
bound to soil particles or as soluble material in runoff water (Stoate
et al., 2001; Withers and Lord, 2002). Routschek et al. (2014)
presumed that climate change will cause an increase of soil loss in

the next decades; however, the impact of soil management and soil
properties on soil erosion by water was estimated to be higher than
the effects of changed precipitation patterns which was confirmed
by measurement of Bosch et al. (2005). Reducing the tillage
intensity is an effective measure for soil protection, thereby
increasing soil surface cover by plant residues, aggregate stability
and earthworm activity; moreover, water infiltration rate was
found be enhanced likely due to macropores remaining intact
under reduced tillage systems (Tebrügge and Düring, 1999).

In general, Scholz et al. (2008) estimated for sugar beet growing
areas in Central Europe that conservation tillage systems reduced
soil erosion rates between 49 and 87% in comparison to intensive
tillage systems, revealing the highest reduction for no-till.
However, sugar beet yield under Central European growing
conditions was significantly lower for no-till compared to reduced
and intensive tillage systems as a result of lower plant density and
changes in soil physical properties (Koch et al., 2009). Recently,
strip tillage was developed as a conservation tillage system
providing more favourable growing conditions for sugar beet than* Corresponding author.
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no-till (Overstreet, 2009): the tilled strips improve field emergence
and plant development while the untilled surface area covered
with plant residue procures protection against soil erosion. In strip
tillage, less than half of the surface area is tilled; therefore it can be
hypothesized that soil loss is lower than in full-width reduced
tillage systems. Nevertheless, results regarding soil erosion under
strip tillage in comparison to full-width tillage practices have not
been reported for sugar beet cultivation in Central Europe.

The Revised Universal Soil Loss Equation (RUSLE) was devel-
oped in North America to quantify soil loss due to water erosion
(Renard et al., 1997). The effect of cropping and management
practices (C factor) on erosion rates was adapted to central
European conditions by Schwertmann et al. (1990). The C factor
represents a complete cropping season and is composed from
rainfall erosivity and soil loss under the conditions given in distinct
cultural periods relative to an unprotected bare soil (soil loss ratio,
SLR). Kainz (1989) described SLRs for ploughing and reduced
tillage methods under central European sugar beet growing
conditions, however, SLRs for strip tillage have not yet been
reported.

Thus, the objective of our study was (i) to quantify soil loss and
surface runoff of strip tillage compared to full-width reduced and
intensive tillage systems, (ii) to identify physical and chemical
mechanisms for differences between the tillage systems, and (iii)
to provide an SLR value for strip tillage in an early sugar beet
growing stage. For these purposes heavy rainfall simulation
experiments were conducted in on-farm tillage trials in
2014 and 2015 on hilly loessial sites.

2. Material and methods

2.1. Experimental sites and treatments

Field trials were carried out in 2014 and 2015 on commercial
farm fields at four hilly loessial sites in Southern Germany. Details
about the sites are given in Table 1.

The sites were operated by the agricultural division of
Südzucker AG with farm-specific machinery. Since the early
1990s, non-inversion mulch tillage was annually applied. At each
site, the preceding crops were cereals and crop residues were left
in the field. After pre-crop harvest, the fields were divided into
three tillage plots with a size of at least 0.5 ha. Tillage direction was
parallel to the slope gradient. In each plot one tillage treatment was
performed as on-farm trial without replicates. Treatments con-
sisted of (i) annual moldboard ploughing (intensive tillage = IT), (ii)
non-inversion full-width mulch tillage (reduced tillage = RT) and
(iii) strip tillage (ST). White mustard (Sinapis alba L.) was grown as
an autumn catch crop in RT treatment exclusively. Table 2
summarizes the major tillage operations in the three treatments.

Strip tillage was implemented by using an RTK-GPS based 12-
row shank tiller (row width 0.45 m) equipped with a leading
coulter, row-cleaner, covering disk and packer roller wheel (Horsch
‘Focus’). The strips were 0.17–0.22 m deep and 0.20 m wide. Thus,
44% of the surface area was tilled and 56% was left undisturbed and
covered with chopped straw of the preceding cereal crop.

Sugar beet was sown in March–April by using a single-seed drill
adapted to crop residues on the soil surface. Crop management was
carried out according to the regional standards of recommended
agricultural practices.

2.2. Rainfall simulation

Heavy rainfall was simulated in the 4–6 leaf stage of sugar beet
in May 2014 and 2015, respectively. Rainfall simulation was carried
out in three repeated measurements per tillage plot; the subplots
sized 0.90 m � 2.00 m and covered two sugar beet rows (row width
0.45 m). To minimize data variation, we carefully chose plots
without visible wheel tracks.

A small portable nozzle rainfall simulator with one swivelling
nozzle for medium-sized drops (VeeJet 80/100) was deployed at a
constant pressure of 0.50 bar and a height of 2.00 m above ground.
Rainfall was homogenously distributed on the subplot in an
intensity of 1.2 mm min�1 for 20 min (24 mm (20 min�1)). In order
to control the surface runoff a metal frame was pushed 0.05–0.10 m
deep into the soil at the borders of the irrigation subplot. The metal
frame towered 0.15–0.20 m above ground and directed the runoff
flow towards an outlet at the bottom end of the irrigation area,
where the surface runoff was collected in 2 l PET-bottles. Bottles
were changed every minute. For quantification, the filled bottles
were weighed, the supernatant water was pumped off after at least
one week sedimentation and sediment was dried at 70 �C for 72 h.
Soil loss and surface runoff were determined by subtracting the
bottle’s tare weight. Sediment concentration in surface runoff was
calculated as mean value during 20 min of simulated rainfall.

2.3. Soil characteristics

All subsequent samplings and measurements were carried out
separately for each irrigation subplot. Sampling positions for ST
were in and between sugar beet rows, however, for further analysis
mean values were calculated with percentage of 44% in row and
56% between row areas.

Slope gradient was quantified and surface cover of the beet crop
and pre-crop residues was visually scored according to Brunotte
and Ortmeier (2007). Before and after rainfall simulation,
volumetric water content of the topsoil (0.00–0.05 m deep) was
measured by time-domain reflectometry (TDR) with ThetaProbeTM

ML2 (Delta-T Devices Ltd., Cambridge, United Kingdom). In close
proximity of each irrigation subplot, disturbed soil samples were
taken from 0.00 to 0.05 m depth. Samples were gently mixed by
hand, large soil clods were broken and plant material was
separated. Soil samples were stored cool and dark until analysis.
The aggregate stability was determined with a wet-sieving
apparatus (Eijkelkamp Soil & Water, Giesbeek, The Netherlands).
Sieves were filled with 4 g of soil aggregates and placed in a can
filled with deionised water, which was moved up and downward
for six minutes. Unstable aggregates were stimulated to fall apart
and pass through the sieves, and were collected in the can. After
drying at 105 �C for 24 h, the weight of both stable and unstable
aggregates were determined.

Table 1
Soil characteristics (0.03–0.30 m) at the experimental sites according to FAO (2006) and IUSS Working Group WRB (2006). Soil data result from treatment plots (n = 9).

Site Year Clay Silt (g kg�1) Sand Soil type Slope gradient (%)

Bockschaft 2014 256 � 42 677 � 52 67 � 15 Haplic Luvisol 12.8 � 0.6
Bockschaft 2015 231 � 9 729 � 13 40 � 14 Haplic Luvisol 13.8 � 0.4
Gieshügel 2014 233 � 19 690 � 21 77 � 17 Haplic Luvisol 8.4 � 0.6
Sailtheim 2014 217 � 28 726 � 22 57 � 22 Haplic Luvisol 11.8 � 0.7
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