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Introduction

The need for sustainable management strategies to maintain and improve soil quality and enhance
agricultural production has been stressed by many in the light of an increasing world population and
climate change (Lal, 2009). In recent years the concept of conservation agriculture has been promoted
(by e.g. FAO) as an integrated management tool to meet the challenges of the future. The
conservation agriculture concept includes conservation tillage, diverse rotations, residue management
and cover crops as key elements. Many studies have assessed the impact of the different elements
individually, but few studies have quantified the effect of combining e.g. conservation tillage with
cover crops. Using conservation tillage such as direct drilling is universally accepted as a way of
protecting soil against structural degradation and erosion (Reeves et al., 2005). It has widely been
observed that tillage treatments have influenced soil physical quality (Sainju et al., 2003). Optimized
use of cover crops may alleviate problems with soil compaction and thereby reduce the need for
intensive tillage (Stirzaker and White, 1995). Our study examined the effect of different tillage
treatments including direct drilling (D), harrowing to a depth of 8-10 cm (H) and moldboard plowing
to a depth of 20 cm (MP) in combination with cover crop use (fodder radish, Raphanus sativus L.) on
soil physical properties of a sandy loam soil in a long-term field trial in Denmark. We hypothesized
that the cover crop will reduce the need for intensive tillage.

Materials and methods

The experiment was a split-plot in three replications with two factors: tillage as main plot and cover
crop as subplots. A chisel coulter was used in the H and D treatments and a traditional Nordsten seed
drill was used in the MP treatment. Each tillage plot consisted of two 3-m wide tillage bands of 72.2
m length. The gross area of each sub-plot was 13.7*3 m. Paired subplots with (+CC) or without (-CC)
a fodder radish (Raphanus sativus L.) cover crop were used for this study. The main crop was spring
barley (Hordeum vulgare L.). Fodder radish was sown every year during the experimental period
(2007-2011) in spring barley by the surface broadcasting of seeds, two weeks before harvesting of
spring barley.

In the spring of 2012 an in-field measurement program was carried out at soil moisture content near
field capacity. A drop-shatter test was performed as described by Schjgnning et al. (2002). In short, 72
undisturbed soil cubes were collected from the 10-20 cm layer and dropped from 75 ¢cm height into a
metal box. Soil fragmentation was quantified as the mean weight diameter (MWD) of the aggregate
size distribution from sieves with apertures of 2, 4, 8, 16 and 32 mm. Topsoil structural quality
(VESS) was assessed in the field using the visual soil structure evaluation method according to Ball et
al. (2007). In short, considering the aggregation, root growth and porosity, the topsoil (0-20 cm) is
evaluated and graded on a scale from Sqgl to Sg5 where Sql is the best. The average of two
evaluations per subplot (18 plotsx2 points=36 points) was used for statistical analysis. Soil
penetration resistance (PR) was measured to a depth of 60 cm using an automated cone penetrometer
(Olsen, 1988). The measurements were performed at field-capacity soil water content. Ten
measurements were performed in each subplot.

Results and discussion

The effect of tillage treatments on soil friability (MWD) was significant (Figure 1a). Plowing (MP)
gave the smallest MWD (best friability) of the tillage treatments. There was no significant difference
between D and H treatments in this experiment. Cover crop did not significantly affect the MWD. The
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interaction between the cover crop and tillage treatments was significant, i.e. cover crop reduced the
MWD for D and tended to increase the MWD for MP and H.

The VESS results revealed a significant effect of tillage treatments on soil structural quality (Figure
1b). The best structural quality effect of the tillage treatments (Sq=1.4) was found for MP, but fair to
good structural quality (Sq<3) was also found for H and D. This indicates that the soil was favorable
for agricultural purposes for all tillage treatments (Ball et al., 2007). This is consistent with the results
achieved by Munkholm et al. (2013) for a Canadian silt loam soil. Ball et al. (2007), who developed
the VESS method partly in the same field, also found a significant effect from tillage systems on Sq
values. They also reported the best VESS score for MP (Sg=1.1). However, their results showed a
significantly poorer VESS score for D (Sg=3.1) compared to H (Sq=2.1). Our results indicate that soil
structure had improved in D from 2006 (Ball et al., 2007 sampling) to 2012 (this paper). The effect of
cover crop treatments on soil structural quality was not clear from the VESS scores (Figure 1b).

12 3

1

VESS score

MWD ()

)

DHCC D-CC H+CC  H-CC MP+CC MPCC D H MP +CC -CC

Frentment T'reatment

Fig. 1. Effects of different treatments on the Mean Weight Diameter (MWD) (a) and visual evaluation of soil
structure (VESS) (b). The bars on the columns indicate standard error. The bars labeled with identical letters are not
significantly different (p=0. 05).

For both tillage and cover crop treatments, the PR increased gradually and reached critical values
>1.5 MPa in the plow pan zone at around 30 cm depth (Figure 2).
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Penetration resistance (MPa)
Fig. 2. Penetration resistance (geometric means) determined at water content near field capacity for different
tillage and cover crop treatments to a depth of 60 cm. Letters show the significant differences at specified depth
intervals. Brackets show depth intervals significantly affected by the tillage and cover crop treatments.

There was a significant effect of tillage on PR at 18-23 cm and 55-60 cm depth. At 18-23 cm, PR
increased in the order MP<D<H with average values of 0.71, 0.90 and 1.28 MPa, respectively. At
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lower depths (55-60 cm) the results were the reverse, and H (1.80 MPa) had a significantly lower PR
than MP (2.18 MPa) and D (2.14 MPa). Cover crop decreased PR significantly (p=0.055) at 32-38 cm
depth (Figure 2) (1.62 and 1.85 MPa for +CC and —CC, respectively). The penetration resistance data
supported the VESS data of better structural quality in the topsoil (0-20 cm) with MP (Figure 2). The
PR data also showed a prominent plow pan at c. 20-40 cm depth for all the treatments. The cover crop
tended to reduce PR in the soil profile and significantly lowered PR at 32-38 cm depth (plow pan
region) across tillage treatments. This implies that Brassica cover crops have the potential to alleviate
soil compaction in the subsoil due to bio-pore formation and stimulation of the natural soil structure
formation.

The MWD correlated negatively with macroporosity (Figure 3, Data from: Abdollahi et al. Submitted),
indicating that soil structural porosity controls the fragmentation behavior and strength of bulk soil.
Hallett et al. (1995) also found that pre-existing structural pore spaces strongly affected soil
fragmentation.

v=14-29.9X
°=0.55

MWD (mm)

014 016 008 020 022 024 026 028 030 032

Macroporosity (>30um )

Fig. 3. The correlation between Mean Weight Diameter (MWD) determined from the size distribution of
aggregates following a drop-shatter test and macroporosity (>30 pum).

A significant correlation between MWD and VESS scores (Figure 4) is considered an indication of
the suitability of VESS for soil structure evaluation. Munkholm et al. (2013) also found a good
agreement between MWD and VESS for a study using soil from a long-term Canadian rotation and
tillage experiment on silt loam. Visible porosity is a key parameter when performing the VESS test
(Ball et al., 2007) and thus indirectly confirms the importance of structural porosity for soil structural
quality.

The interaction between tillage and cover crop treatments observed from the drop-shatter test
(MWD) (Figure la) was revealed by a positive effect of cover crop on direct drilling (i.e. lower
MWND/higher friability) and a negative effect on harrowing (although not significant in either case).
This supports the idea that the negative effects of direct drilling on soil physical properties might be
alleviated when combined with a cover crop (fodder radish in this experiment). Chen and Weil (2011)
also suggested using fodder radish to alleviate compaction-induced problems in a no-till system of
maize cropping. The negative effect of cover crop on the friability with the H treatment could not be
explained by existing information.
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Fig. 4. The correlation between Mean Weight Diameter (MWD) determined from the size distribution of
aggregates following a drop-shatter test and visual evaluation of soil structure (VESS).
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