Mechanical subsoiling: Mitigation of recompaction by light traffic and on-land ploughing 
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Abstract

Plough pans have been shown to severely hamper root development, limit rooting depth and reduce crop yield. However, mechanically loosening of compacted subsoils often gives discouraging results. This has in many cases been related to a quick recompaction of the subsoil after loosening, as loosened subsoils are highly prone to recompaction. We evaluated the degree of recompaction of a mechanically loosened sandy loam. In addition, we studied the effect of plough pan compaction and subsoiling on root and yield response for a winter wheat crop. Plots were mechanically loosened to a depth of 35 cm in 1997 and again in 1998. Perennial grass/clover was grown with limited traffic intensity in 1999-2000. The perennial grass/clover was ploughed under in spring 2001 and oats established. Winter wheat was established in the autumn about a month after the harvest of oats. A recompaction experiment was conducted in 2001 and 2002 using the plots from the subsoiling experiment. On-land ploughing was compared with traditional mouldboard ploughing. In addition, the loosened plots were either heavy trafficked (>6 Mg axle load and high pressure tires) or light trafficked (<6 Mg axle load and <100 kPa inflation pressure). In this paper results from the combination of on-land ploughing and light traffic (NINV-OL) and the combination of traditional ploughing and heavy traffic (NINV-TH) will be presented. The loosened soils were referenced by a conventional ploughing-harrowing tillage system (CONV). The CONV soil was treated with on-land ploughing and light traffic from 2001 and experienced traditional ploughing for the last time in 1998. Penetration resistance was recorded in the field. Undisturbed soil cores were taken in 1999 and 2002 from the 18-27 and 25-30 cm layer and used for measuring porosity, air permeability, Ka, and pore continuity, PO, at –100 hPa matric potential. Root growth of winter wheat was followed during the growing season applying the minirhizotron technique and supplemented with core sampling at around anthesis (June 11). Grain yield was also determined. The results showed that the combination of on-land ploughing and light traffic mitigated recompaction of the upper subsoil. It was further found that the structural condition of the CONV plough pan was improved from 1999 to 2002. Ka,100 almost doubled for the 18-27 and 25-30 cm layers from 1999 to 2002. This suggest that the CONV plough pan had been biologically tilled resulting from high biological activity in the two years of grass ley (1999 and 2000) and a shift from traditional tillage and traffic to on-land ploughing and light traffic when growing cereals in 2001 and 2002. The CONV soil with a biologically ameliorated but still evident plough pan performed similar or better than the plough pan loosened and moderately recompacted NINV-OL soil. The CONV soil facilitated higher root intensity and produced similar yield. For instance, at around anthesis in 2002 (June 16), the fraction of grid frames at 94-104 cm depth with roots were 51, 31 and 14% for CONV, NINV-OL and NINV-TH, respectively. The deep rooting in CONV occurred despite root diameter data indicating that root growth was hampered in the plough pan layer of CONV and NINV-TH. Our results indicate that mechanical subsoiling may create even more constraints than benefits to crop development. Biological amelioration induced by appropriate changes in cropping system as well as tillage and traffic intensity comprise a favourable alternative to mechanical subsoiling for sandy loams with plough pan compaction.

INTRODUCTION

Traffic with increasingly heavier machinery has resulted in subsoil compaction becoming a widespread problem in Denmark. In general subsoil compaction is most severe immediately below the plough layer, i.e. plough pans. It is well know that compaction effects may be persistent in soil layers, which are not mechanically tilled (Håkansson, 1994). Many studies have shown that soils can be satisfactory loosened by mechanical loosening. However, mechanically loosened subsoils are prone to recompaction since a recently tilled soil has a low strength (Soane et al., 1987).
In the field mechanical subsoiling on compacted soils has been found to positively affect crop performance of spring barley (Hipps and Hodgson, 1988) and winter wheat (Barraclough and Weir, 1988). The latter authors showed that the winter wheat roots were largely concentrated above a plough pan until March on a British sandy loam. Further, they found that roots in a loosened soil reached a larger maximum rooting depth than in the soil with a marked plough pan. Pan compaction only resulted in a yield decrease when water was a limiting factor.

Plant roots react on compacted layers by thickening and/or deflection a a a  a . Materechera et al. (1991) showed thickening of roots was a significant response to mechanical constraints for both monocotyledons and dicotyledons. By thickening, the root is able to insert a greater axial pressure and thereby perhaps be able to penetrate the layer (Misra et al., 1986). When the root deflects it often grows horizontally until it finds vertical pores as illustrated in laboratory studies by Stirzaker et al. (1996). The more vertical pores the greater the likelihood of by-passsing a compact layer. 

Munkholm et al. (2001) found that subsoiling to 35 cm depth effectively loosened a compact and root restricting plough pan in an organically managed Danish sandy loam soil. They also showed that the loosening of the plough pan was still evident two years after loosening in a perennial grass/clover crop. On this particular site, a tillage and traffic experiment was carried out in 2000-2002 to evaluate the extent of recompaction of loosened soil by traffic and during mouldboard ploughing. The objective of this study was to evaluate the effect of recompaction on penetration resistance, root growth and crop yield. 

MATERIALS AND METHODS
Soil Type and Field Trial


A field experiment located at Rugballegård Experimental Farm for Organic Farming, Denmark, was conducted on a sandy loam (13% clay, 3.1 % organic matter) classified as a Glossic Phaeozem. In the region, the 30 year mean annual precipitation (1961-90) is 722 mm and the mean annual temperature is 7.5˚C. In the 2002 growing season both the average temperature and the accumulated rainfall was higher than normal. In April-August 2002 the accumulated rainfall was 360 mm in comparison to normally 280 mm. Prior to the initiation of the tillage experiment in 1997 (Munkholm et al., 2001), the study site had been under long-term conventional tillage that included mouldboard ploughing to a depth of about 20 cm depth. Small grain cereals had been grown in the years preceding the tillage trial. 

A tillage and traffic experiment was carried out in 2000-2002 to evaluate the extent of recompaction of loosened soil by traffic and during mouldboard ploughing. The tillage and traffic experiment was conducted using plots from a tillage experiment carried out in 1997-2000 (Munkholm et al., 2001). In the 1997-2000 trial a conventional ploughing-harrowing tillage system (CONV) was compared with non-inversion deep tillage (35 cm depth) in a randomised block experiment with four replicates. The original tillage treatments were applied in 1997 and again in 1998 to 12x95 m plots After the last year with subsoiling a perennial grass/clover crop was grown for two years. In 2000 the new experiment was started using the plots of the original experiment. The original CONV soil with mouldboard ploughing was continued with some significant modifications. On-land ploughing and light traffic (<6 Mg axle load and <100 kPa inflation pressure) was applied instead of traditional ploughing and traffic, which had been the routine until the start of the non-inversion tillage trial in 1997. For the NINV treated plots, two new factors were included in the plan in a crossed split-plot design. On-land mouldboard ploughing was compared with traditional mouldboard ploughing. In addition, light traffic (<6 Mg axle load and <100 kPa inflation pressure) was compared with heavy traffic using heavy tractors and trailers and high pressure tires (>6 Mg axle load and approximately 200 kPa inflation pressure). In the heavy traffic subtreatment adjacent wheel tracks were created at the time of harvest of the oat or grass ley crop (Table 1). In this paper results will be reported from the combination of on-land ploughing and light traffic (NINV-OL) and the combination of traditional ploughing and heavy traffic (NINV-TH). The NINV-OL subplots were only exposed to the wheeling necessary to carry out the field operations. In spring 2001 the grass/clover crop was ploughed under applying on-land or traditional ploughing and oats were established. In autumn 2001 the plots were ploughed using either on-land or traditional ploughing and winter wheat established. 

Table 1. Overview of the experimental treatments

	Activity
	Treatments
	
	Time

	Subsoiling

Subsoiling
	NINV

NINV
	
	Spring 1997

Spring 1998

	Initiation of new experiment
	All
	
	Spring 2001

	Compaction treatments 
	
	
	

	Moving of grass/clover
	NINV-TH
	
	4x in 2000

	Harvest of oats
	NINV-TH 
	
	September 5 2001

	Sampling and measurements
	
	
	

	Sampling, penetr. resistance
	All
	
	September 1999

and May 2002

	
	
	
	


Soil Physical Measurements 

Soil penetration resistance was measured to a depth of 60 cm with an automated cone penetrometer (Olsen, 1988), using an ASAE R313.1-recommended 20.27 mm diameter / 30o semi-angle cone. The measurements were performed in spring 2002 at approximately field capacity. Twenty-five measurements were performed in each CONV plot (i.e., 100 replicates). In the NINV-OL and NINV-TH subplots 15 measurements were done (i.e. 120 replicates per subtreatment).

Minimally disturbed soil cores were retrieved from the transition zone between top- and subsoil (18-27 cm) (soil cores: 6.1 cm diameter, 8.5 cm height, 250 cm3 volume) and from the upper subsoil (25-30 cm) (soil cores: 6.1 cm diameter, 3.4 cm height, 100 cm3 volume). In September 1999 five soil cores were collected at both depths in each plot (i.e. 20 soil cores per treatment and depth). In May 2002, eight soil cores were sampled from the CONV plots and four soil cores were collected from the NINV-OL and NINV-TH subplots at both depths. The soil cores were capillary wetted to saturation in sandboxes and then drained to a matric potential of -100 hPa. Air permeability at -100 hPa matric potentials (Ka,100)was measured by the steady-state method recently described by Iversen et al. (2001). Air-filled porosity at –100 hPa, (a,100, was calculated as the difference between total porosity and the water retained at –100 hPa. An empirical index of pore continuity/pore organization (PO, μm2) was calculated as PO100 = Ka,100/(a,100. 

Root Growth and Crop Yield

Minirhizotron method: Measurements of root growth during the growing season was carried out in both fields using the minirhizotron technique described by Thorup-Kristensen (2001). Minirhizotron glass tubes (outer diameter 70 mm, length 1.5 m) were inserted into the soil in October 2001 shortly after the emergence of the winter wheat crop. The minirhizotrons were installed at an angle of 30º from vertical, reaching a depth of approximately 1.0 m in the soil. Two counting frames consisting of 4x60 fields were painted on the ’upper’ surface of the minirhizotron tube with a field size of 2.0x2.0 cm2. Each field represents a soil layer of 1.73 cm. Measurements were made using a mini-video camera. Root intensity was determined as the fraction of grid fields within each 10.4 cm soil layer where roots were visible. Twelve tubes were installed in the CONV treated plots as well as in the NINV-OL and NINV-TH treated subplots (3 per block). Data from 0-10 cm depth were rejected for the 2002 spring and summer observations due to poor quality of the recordings. 

Core method: Root length density (RLD) and root diameter (RD) was determined using soil cores (d=9.0 cm, h=7.0) taken June 11 2002. Five core samples per plot were taken at 0-20, 20-35, 35-55 and 55-80 cm depth from the CONV soil as well as from the NINV-OL and NINV-TH subtreatments (i.e. 20 cores per treatment). The RLD and RD measurements were carried out by dispersing the soil in water and subsequently retrieving the floating roots on a 250 μm sieve. The roots were coloured with Evans Blue (0.1gl-1, pH 8.0) and then analysed by image analysis. 

The winter wheat crop was harvested using a combine harvester and the grain yield (85% dry matter) recorded. In the CONV plots 192 m2 was harvested whereas 96 m2 was harvested in the NINV subtreatment plots. 

RESULTS AND DISCUSSION

Soil Physical Characteristics 

The penetration resistance determined in 2002 for the different soils was compared to the results from 1998 reported by Munkholm et al. (2001) (Fig. 1). Significant loosening effect was still evident in 2002 for the subplots receiving on-land ploughing and light traffic (NINV-OL). In contrast, the NINV-TH treated subplots receiving both traditional ploughing and heavy traffic were recompacted to yield penetration resistances at the same level as the CONV plots. 
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Figure 1. Penetration resistance (geometric means) determined in spring 1998 and 2002 at water contents near field capacity. CONV = conventional tillage to 20 cm depth; NINV = non-inversion tillage (loosened to 35 cm depth in 1997 and 1998); NINV-OL = non-inversion loosened, on-land ploughed and light trafficked; NINV-TH = non-inversion loosened, traditional ploughed and heavy trafficked. Horizontal bars indicate SE.

Before the recompaction subtreatments were applied (September 1999) the NINV soil had significantly higher Ka,100 and PO100 than the CONV soil in the 18-27 cm layer (Table 2). This indicates that the NINV soil had more macropores as well as higher macropore continuity for this soil layer including the transition between the subsoil and the (former) plough layer. Just below the plough layer (25-30 cm depth) there was no significant difference in Ka,100 and PO100 between the CONV and NINV soils. In May 2002 there was a significant difference between the recompaction subtreatments. A higher Ka,100 was found at both depths for the on-land ploughed and light trafficked NINV-OL soil (Table 2). The NINV-OL soil showed also higher values of the PO100 index in the 18-27 cm layer indicating higher pore continuity. Detailed studies (data not shown) showed that it was primarily on-land ploughing rather than light traffic that mitigated recompaction of the upper subsoil in NINV-OL. Notice that in 2002, the CONV soil displayed values of Ka,100 and PO100 comparable to the NINV-OL soil. In fact, Ka,100 had almost doubled from 1999 to 2002 in the transition layer between the top- and subsoil (18-27 cm) for the CONV soil. This is probably due to biological amelioration in primarily the grass/clover crop. In addition, the reduced mechanical stress from the conversion to light traffic and on-land ploughing when growing cereals in 2001 and 2002 has minimized subsequent deterioation of the improved upper subsoil structure under grass/clover growing.

Table 2. Air permeability, Ka (geom. means) and pore organisation, PO (geom. means) determined at –100 hPa matric potential. Figures followed by the same lettering within year and depth are not significant different at the P=0.10 level.

	
	
	
	1999
	
	2002

	Depth 
	Parameter
	
	CONV
	NINV
	
	CONV
	NINV-OL
	NINV-TH

	
	
	
	
	
	
	
	
	

	18-27 cm
	Ka, 100 (μm2)
	
	5.7 a
	9.5 b
	
	10.5 ab
	11.7 b
	4.8 a

	
	PO,100 
	
	42 a
	61 b
	
	68 ab
	74 b
	39 a

	
	
	
	
	
	
	
	
	

	25-30 cm
	Ka, 100 (μm2)
	
	9.6 a
	8.1 a
	
	11.7 ab
	13.8 b
	7.6 a

	
	PO,100 
	
	74 a
	63 a
	
	76 a
	79 a
	64 a

	
	
	
	
	
	
	
	
	


Root Growth and Crop Yield

The measurements in the newly established crop late autumn 2001 showed a tendency to deepest rooting in the CONV soil. On December 5, the percentage of grid frames with roots at 52-62 cm depth was 6, 1 and 0% for CONV, NINV-OL and NINV-TH, respectively (Fig. 2a). Due to relative mild    minweather late winter and early spring, the root system had developed strongly before the first measurements in the spring (April 18, Fig. 2b). At 52-62 cm depth, roots were observed in 58% of the grid frames in the CONV soil. There was no clear tendency to early-season confinement of roots above the plough pan in the CONV and NINV-TH soils as shown in the study by Barraclough and Weir (1988). At depths below 60 cm the CONV soil tended to have highest root intensity followed by NINV-OL and NINV-TH. This ranking was consistent at all times of sampling in 2002 and at all depths below 60 cm. The difference between the treatments was substantial although the variation was also large. For instance, at around anthesis (June 16), the fraction of grid frames at 94-104 cm depth with root were 51, 31 and 14% for CONV, NINV-OL and NINV-TH, respectively (Fig. 2c). Results from the core sampling also indicated strongest deep rooting in the CONV soil (data not shown). The average root diameter increased with depth for all soils. In the plough pan layer (20-35 cm depth) the CONV and NINV-TH soils tended to have the largest root diameter (i.e. 0.31, 0.31 and 0.26 mm for CONV, NINV-TH and NINV-OL, respectively). However, the difference between the soils was only close to be significant at 20-35 cm depth (P=0.12). Supposedly, the indication of larger root diameter for CONV and NINV-TH was related to the higher mechanical resistance found for these soils in comparison with NINV-OL (Fig. 1). The CONV and NINV-OL soils gave the highest yields (50 hkg ha-1). They significantly outyielded NINV-TH soil by 8%. 

Overall, the CONV soil performed similar or better than the loosened and moderately recompacted NINV-OL subtreatment. Especially the observed higher root intensity at depth in CONV than in NINV-OL was surprising, as the NINV-OL had lower penetration resistance in the plough pan layer. The tendency to larger average root diameter in the CONV than in the NINV-OL soil indicated negative effect from plough pan compaction on root growth also in 2002. However, weather, biological tillage and detrimental effects of subsoil looseing may explain the good performance of the CONV soil. Firstly, the soil was moist during the whole 2002 growing season, which disfavoured harmful effects of plough pan compaction on crop performance. Secondly, the increased number of continuous vertical macropores in the plough pan layer caused by biological amelioration from 1999 until 2002 markedly has improved the conditions for deep rooting in CONV treated soil. Thirdly, the disturbance of the subsoil structure during deep loosening may have had negative effects on root growth. The continuity of macropores was broken in the whole 20-35 cm layer during subsoiling. Supposedly, it takes years to regenerate good pore continuity through the whole upper subsoil layer. Poor effect of subsoiling has been shown in numerous studies. Schjønning and Rasmussen (1994) showed for a sandy Danish soil that subsoiling resulted in a yield decrease unless the soil exhibited severe subsoil compaction.
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Figure 2. Root intensity (fraction of grid fields with visible roots) of winter wheat applying the minirhizotron technique. Horizontal bars indicate SE. The crop was at the stage of heading on June 1.

CONCLUSIONS

A combination of on-land ploughing and light traffic mitigated recompaction of a recently loosened plough pan. Some natural regeneration of soil structure in the plough pan layer had taken place in the non-loosened CONV soil from 1998 to 2002.

The CONV soil performed in general similar or better than the plough pan loosened and moderately recompacted NINV-OL soil when growing winter wheat in 2002. The CONV soil facilitated higher root intensity at depth at the end of the growing season. Further, the CONV soil produced similar yield. Our results suggest that mechanical subsoiling may create even more constraints than benefits to crop development. Biological amelioration may comprise a favourable alternative to mechanical subsoiling for sandy loams with plough pan compaction. 
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