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ARTICLE INFO ABSTRACT
Article history: The costs and beneﬁts of soil compaction mitigation are reviewed and analysed based on UK examples Received 30 January 2014 and soil types in this article. The review focusses ﬁrst on operational costs, where the most deﬁnitive data Received in revised form 31 August 2014 are available. This includes the costs associated with remediation/alleviation strategies such as Accepted 1 September 2014 subsoiling. Next it considers the costs of limiting the occurrence of compaction by the adoption of new technologies. The environmental costs of soil compaction, through direct impacts at the farm gate on yields and inputs, and indirectly on ecosystem services provided by soil are also considered to assess the value of different approaches. Factors considered are the inﬂuence of soil, farm management practice and novel approaches that are either in use or being developed. Although data were limited and often context speciﬁc, the signiﬁcance of soil compaction to farm gate gross margins was apparent. We examined subsoiling, targeted subsoiling and ploughing as soil compaction mitigation options, as well as low ground pressure tyres, tracked tractors and controlled trafﬁc farming (CTF) as soil compaction avoidance technologies. For mitigation options, only targeted subsoiling resulted in a positive change to gross margin, between £0/ha for sandy soil and £22/ha for clay soil. All soil compaction avoidance technologies increased gross margins signiﬁcantly, ranging from £26/ha for tracked tractors on sandy soil to £118/ha for CTF on clay soil. Avoidance technologies also decrease leaching and emissions of nitrogen, and require less fuel, providing a win–win situation for farmers and the environment. ã 2014 Elsevier B.V. All rights reserved.
1. Introduction In this article we have assembled the available data on the costs and beneﬁts of soil compaction mitigation (e.g. Schjønning et al., Almost 20 years ago, Soane and van Ouwerkerk (1995) pleaded 2009; Glenk et al., 2010; Görlach et al., 2004). We consider the with soil scientists to assemble costs and beneﬁts of mitigating soil relevance of the information to current production systems, so for compaction. During this time period, the weight of machinery has arable systems some older literature will be less relevant because continued to increase, weather patterns appear to be more erratic of shifts in machinery size and tillage implements. The article is and the global demands on soils to provide food has grown rapidly. limited to arable systems but the analysis and some of the data are In the past 20 years there has been considerable research on soil relevant to grazing and horticulture. compaction, but even in a more recent review, Batey (2009) Our search of the literature has shown that assembling the costs bemoaned the dearth of hard evidence on the economic impacts. and beneﬁts of soil compaction mitigation and avoidance This is surprising given that a recent report by Schjønning et al. approaches presents a great challenge as data are scarce. To some (2009) identiﬁed soil compaction as the greatest threat to extent the on-site and off-site threats of soil compaction are agricultural productivity in Denmark. Other national reports, such appreciated, although the availability of quantitative data varies as Dobbie et al. (2011) also emphasise the importance of soil between countries (Bateman et al., 2011; Batey, 2009; Ball et al., compaction in developing policies to protect the environment and 2000; Van den Akker et al., 2003). These factors make it difﬁcult to sustainable food production. perform more than an indicative economic assessment based on existing degradation and strategies employed to mitigate soil compaction. * Corresponding author. Tel.: +44 1224 272264. We begin with an overview of the potential direct and indirect E-mail address: [email protected] (P.D. Hallett). (e.g. environmental) costs of compaction. Mitigation strategies are http://dx.doi.org/10.1016/j.still.2014.09.011 0167-1987/ã 2014 Elsevier B.V. All rights reserved. W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 11 also reviewed. Using winter wheat as an example, the assembled Fig. 1. By alleviating compaction, for example by subsoiling, data provided by this review are then used for some illustrative positive economic beneﬁts to the farmer may result from improved economic analysis of soil compaction impacts and mitigation yield. Seeking to avoid causing compaction through, for example, strategies. This analysis and our interpretation of the literature controlled trafﬁc farming (CTF) or the use of low ground pressure have identiﬁed the most economically beneﬁcial methods to avoid tyres limits the incidence and/or severity of compaction in the ﬁrst and mitigate soil compaction based on a combination of farm gate place and tends to offer both superior yields and lower production and environmental costs. costs.
2. Soil compaction: occurrence and causes 3.1. Yield penalty
Review articles (Batey, 2009; Greenwood et al., 1997) and Yield may decrease in compacted soils because of (1) increased government reports (Schjønning et al., 2009; Dobbie et al., 2011) mechanical impedance for roots, (2) decreased aeration and (3) provide a detailed overview of the causes of soil compaction, the decreased water storage in soil (Da Silva and Kay, 1996). Water- threat soil compaction poses to farming and the environment and logging is directly related to compaction (Douglas and Crawford, the effectiveness of a range of mitigation strategies. Compaction 1998). It has negative impacts on plant production, often resulting occurs if the stress imposed by trafﬁc causes damage to soil pores. in crop failures in agriculture (Wairiu et al., 1993). Although Damage includes both the compression and shearing of the soil numerous sources of data exist that demonstrate decreased yield pore structure, so simple indices such as changes in soil bulk caused by soil compaction, the experimental treatments employed density often provide a poor indicator of compaction damage often create a bias that limit the use of the data for economic cost (O’Sullivan et al., 1999). As the strength of soil is heavily dependent curves. on water content, wet soils are far more susceptible to compaction Eriksson et al. (1974) reported estimates that cereal yields in than dry soils. A general rule of thumb is to prohibit trafﬁc when Sweden would be increased by 6% in the absence of compaction, soils are wetter than ﬁeld capacity, although this may not account while research from Germany (Koch et al., 2008) reported an for conditions in the subsoil. increase in sugar beet yield with no trafﬁc but little response in Increased production demand on the land resource in coming wheat yield following sugar beet harvesting and ploughing. years, which will be needed to feed a growing population and Various studies employ different depths and intensities of driven by shifts in commodity prices, is a social and economic cultivation, which have different cost and timeliness aspects driver that may inﬂuence compaction and its mitigation. associated with them. Arguably the best data available come from Environmental factors due to climate change or social factors collaborative project involving seven countries in northern Europe due to food demands, however, are beyond the scope of our review. and North America (Håkansson, 1994). These experiments wheeled entire plots on one occasion with loads of either 10 Mg 3. Cost beneﬁt analysis of soil compaction and its mitigation on single axles (5 Mg wheel load) or 16 Mg on tandem axles, with tyre inﬂation of 250–300 kPa. All ﬁelds (both compacted and Before it is possible to assess the economic beneﬁts of soil controls) were subsequently ploughed to 20–25 cm using lighter compaction mitigation strategies, the economic penalty of soil machinery, thus limiting the usefulness of the data for economic compaction to farm income is required. Various economic on-farm cost curves that incorporate reduced tillage systems. Yield data losses can be considered including yield penalties, increased collected from this collaborative project showed large variability fertilizer requirements and restricted land access. due primarily to climatic conditions either in a growing season or If untreated, a compacted soil imposes both higher production when the compaction stress was applied (Håkansson and Reeder, costs and lower revenue receipts on an enterprise. Lower revenues 1994). Compaction of deep subsoil was found to be relatively long reﬂect lower yields due to, for example, poorer germination rates term that continued to reduce crop yields by 2.5%, even after and crop growth but also possibly poorer crop quality. Higher costs 10 years of recovery (Håkansson, 1994, 2005). Shallower compac- reﬂect additional inputs such as greater fertiliser use to counter tion to the plough layer (0–25 cm), however, was short-term with compaction-induced losses plus greater fuel use due to the higher yields recovering to previous levels within 5 years (Fig. 2). energy requirements of pulling implements through compacted Further analysis of crop response to soil compaction in Sweden soil. However, it is important to note that not all production was conducted by Håkansson (2005). He used the results of activities (and thus costs) are affected by compaction. The impact 21 trials in Sweden carried out between 1963 and 1992 represent- of compaction on gross margin at the farm gate is illustrated in ing 259 location years. Wheel loads of around 2 Mg, which are small by today’s standards, were applied just before autumn ploughing. However, the intensity of trafﬁc was high (350 Mg km [(Fig._1)TD$IG] ha1) compared with conventional practice because the trafﬁcwas Lower revenue applied uniformly across the whole plot width. Following the Lower revenue ploughing operation, only light vehicles with low ground pressure Gross Margin Gross Margin Gross Margin tyres were used consistently across all the regional sites, the bulked results of which are shown in Fig. 3. These clearly show that trafﬁc effects were not mediated by the ploughing operation and that yields took nearly 4 years to return to the non-treatment level. In parallel with these trials were others imposing lower intensity $/ha Producon costs Producon costs Producon costs trafﬁc(120Mgkmha1), where the yield losses were about one third of those from the higher intensity trial, suggesting that the effect was inﬂuenced by trafﬁc intensity. Chamen (2011) analysed data from 25 different research papers Avoided compacon Alleviated compacon Compacted soil on the effect of soil texture on the yield of combinable crops e.g. CTF e.g. sub-soiling i.e. no management subjected to conventional or zero trafﬁc. In comparison to zero ﬁ ﬁ Fig. 1. Stylised comparison of the effect on gross margin of different compaction traf c soil, those with conventional traf c had yield reductions of management strategies. 16% for clay, 18.5% for loam and 7% for silt. Although not deﬁnitive, 12[(Fig._2)TD$IG] W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25
Fig. 2. Recovery of crop yield over time following compaction at different levels in the proﬁle. Paired plots of compacted versus non-compacted treatments were compared at a range of sites across a number of countries (Håkansson and Reeder, 1994). these provide some indication of distinct yield responses from been parameterised for a range of soils. Expert models of soil different soil textures. susceptibility to compaction (Jones et al., 2003) could perhaps be Yield reductions for different crops were also reviewed by adapted as well to make predictions of yield penalties from soil Håkansson (2005). These were plotted in terms of degree of compaction on a wide range of soil types. compactness, which is based on soil density found in the ﬁeld As shown earlier in the study of Håkansson and Reeder (1994), versus a density induced by a large compacting stress applied in soils without intensive tillage have an inherent resilience to soil the laboratory. A degree of compactness of 100 simulates trafﬁc compaction, particularly in the topsoil. Given the limitations from very heavy machinery. Håkansson’s (2005) analysis shows a imposed by the experimental conditions used to induce compac- relatively higher degree of compaction being optimal for cereal tion in the studies reported thus far (i.e. subsoil compaction, light crops but a lower level for oilseed rape (Fig. 4). and heavy compaction) another approach could be used to A more recent study in England applied ‘light’ and ‘heavy’ compare yields between trafﬁcked and non-trafﬁcked soils. compaction stresses to soils with different textures and then Non-trafﬁcked soils are possible through the use of CTF, which sowed the ﬁelds with wheat (Gregory et al., 2007). ‘Light’ will be reviewed in greater detail as a potential avoidance strategy. compaction was applied by a single pass of an 11Mg tractor Table 1 summarises yield data for a wide range of non-trafﬁcked having maximum tyre pressures of 180 kPa, while ‘heavy’ experiments that have been conducted in paired experiments that compaction was applied using eight passes of the same tractor, contain trafﬁcked plots. Taking the data from Chamen (2011), the both of which were applied over the whole plot area. The yield response of different crops to trafﬁcked and non-trafﬁcked reduction due to ‘heavy’ soil compaction in a sandy loam soil was conditions can to some extent be isolated, as indicated in Fig. 6. almost 50%, whereas for a clay soil the yield was not changed by The number of data points is highly variable but provide an applying ‘heavy’ compaction stresses (Fig. 5). The authors indication of the robustness of the trends. attributed the results found for the clay soil on the buoyancy effect of pore water. 3.2. Fertiliser demand Using any of the data presented thus far to predict yield penalties will be inﬂuenced by the uncertainty of weather, soil A decreased spreading of roots in compacted soils can result in type, soil cultivation practice and the crop grown. Further research less access to nutrients (Miransari et al., 2009; Wolkowski, 1990). in England by Whalley et al. (2008) found that the yield of wheat Microbial processes occurring in compacted, waterlogged soils can was related to soil strength, as induced by soil compaction. also dramatically reduce the amount of nitrogen available to plants Pedotransfer equations exist to predict soil strength and include (Boone and Veen, 1994). Douglas and Crawford (1993) demon- the inﬂuence of soil type and machinery (Horn and Fleige, 2003). strated the combined implications of soil compaction and applied At present, these models still require considerable reﬁnement to N on crop production in Scotland. This is also illustrated in Fig. 7, provide reasonable predictions of soil strength and they have not [(Fig._3)TD$IG]
Fig. 3. Mean crop yield relative to no treatment compaction (100) from a series of 21 long-term trials in Sweden. (A) Mean relative yield in the compacted plots. (B) Yields from year 4 to year 8 as a function of soil clay content. (C) Yields following termination of treatment trafﬁc (year 0 last treatment) (data from Arvidsson and Hakansson, 1994; redrawn by Håkansson, 2005). W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 13 [(Fig._4)TD$IG] [(Fig._5)TD$IG]
Fig. 5. Grain yield following no (grey), light (large diagonals) and heavy (small diagonals) compaction on sandy loam, SL, sandy clay loam, SCL and clay, CY soils (Gregory et al., 2007).
 differences are illustrated in the work of Patterson et al. (1980) who produced data for cereal crop establishment over a number of years from three different soils, the principal components of which are listed in Table 2 together with energy requirements per unit volume of soil moved. Soil type compaction effects can be elicited from penetration resistance measured by a range of authors (Chamen et al., 1990; Jorajuria et al., 1997; Pagliai, 2003; Stenitzer and Murer, 2003). Based on the data from these papers, penetration resistance increases of 45% for clay, 76% for loam and 92% for silt would be caused by compaction. Considering these in relation to those in Table 2, although clays have the greatest energy requirement for cultivation, the percentage increase in strength (penetration resistance) with compaction on these soils appears to be the least. It also appears that there is no obvious direct relationship between penetration resistance and cultivation energy require- ment. Lamers et al. (1986) working in the Netherlands on loam and clay soils reported a 25% reduction in draught in the absence of Fig. 4. Share of trials on different crops with estimated yield reductions (%) relative to the maximum yield for an individual trial with varying degrees of compactness in compaction. Dickson and Campbell (1990) compared conventional the plough layer (Håkansson, 2005). and zero trafﬁc systems over a period of four years on a clay loam in Scotland. They found that for both direct drilling and ploughing, conventional trafﬁc increased draught forces by 17%. Dickson and which shows that more nitrogen is required to obtain the same Ritchie (1996) compared conventional and zero trafﬁc systems for crop yield in compacted than in non-compacted soils. a rotation of spring barley, spring oilseed rape and potatoes for ﬁve Wolkowski (1990) found large differences in the uptake of years on a gley soil in Scotland, measured substantial differences in nutrients by crops induced by compaction. The loss of nitrogen draught forces and power requirements. Nominal depth of through denitriﬁcation tended to increase with reduced tillage and cultivation for all treatments was 25 cm, but for the cereal crops was exacerbated by compaction that caused anaerobic conditions with zero trafﬁc, this was reduced to 20 cm. The conventional when soils are moist. Phosphorus uptake in fertilised soil ranged system on average required 92% more draught than zero trafﬁc and from 100% in a non-compacted control with a bulk density of 82% and 90% more power for primary and secondary tillage, 1.4 Mg m3 to 62% in a compacted soil with a bulk density of respectively. Tullberg et al. (2003) concluded that approximately 1.7 Mg m3. Decreased rooting induced by compaction caused this half the total power output of a conventional tractor used in a drop in uptake. If compaction causes a signiﬁcant reduction in random trafﬁc system can be dissipated in the process of aeration, nitrogen availability may decrease because of denitriﬁ- compaction and de-compaction of its own wheel tracks. In cation while potassium uptake may be constrained if respiration contrast, draught differences in dry conditions were not detect- within the root is reduced. able. Chamen et al. (1990, 1992a) working on a clay soil in England 3.3. Energy requirements for soil cultivation and comparing conventional and zero trafﬁc reported a 60% reduction in draught and energy for shallow ploughing (10 cm) and Energy levels for cultivation differ widely between soil types a 20% reduction in draught for conventional ploughing (20 cm), and with soil moisture content for a given soil type. Soil related both in the absence of trafﬁc. Also recorded was an 84% reduction 14 W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25
Table 1 Overview of literature comparing crop yield on trafﬁcked versus non-trafﬁcked plots. A range of soil types, crops and countries are presented.
Crop Yield% of non-trafﬁcked Soil information Country Reference Cereals 87–110 Proﬁle: clay, loam, sandy loam, loam England, Netherlands, Scotland, Germany Chamen et al. (1992b) Barley 62–81 Subsoil: sandy loam England Pollard and Elliott (1978) Wheat 85 Proﬁle: clay England Chamen et al. (1992a) Spring barley 86 Proﬁle: clay England Chamen and Cavalli (1994) Wheat 79 Proﬁle: clay England Chamen and Longstaff (1995) Wheat 100 Proﬁle: silt loam England Graham et al. (1986) Barley 100+ Proﬁle: sandy clay loam Scotland Spring barley 84 Proﬁle: gley2 Scotland Dickson and Ritchie (1996) Spring osr 80 Proﬁle: gley2 Winter barley 87 Proﬁle: gley2 Wheat 74 Raised beds: sands, loams Australia Hamilton et al. (2003) Barley 69 Oilseed rape 75 Wheat 83 Proﬁle: clay loams USA Voorhees et al. (1986) Maize 79 Soybean 84 Wheat 93 Proﬁle: loam Netherlands Lamers et al. (1986) Cereals 69 Proﬁle: clay loam Australia Radford and Yule (2003) 80 Subsoil: clay Cereals and grain legumes 89 Proﬁle: red brown Earth Australia Sedaghatpour et al. (1995) Wheat 100 Proﬁle: clay Australia Radford et al. (2000) Wheat 84 Proﬁle: ﬁne sand South Africa Bennie and Botha (1986) Cereals 87–95 Proﬁle: various Ukraine Medvedev et al. (2002) Cereals 77–122 Proﬁle: various Poland Lipiec (2002) Oats 71 Proﬁle: clay Sweden McAfee et al. (1989) Barley and peas 77–100 Subsoil: silt loam USA Hammel (1994) Wheat 100 Oilseed rape 53 Proﬁle: sodic clay Australia Chan et al. (2006) Spring cereals 79 and 84 Proﬁle: clays Sweden Håkansson et al. (1985) Cereals 88 Proﬁle: clay Australia Tullberg et al. (2001) in the energy needed to establish wheat, both as a result of wheels wear out more rapidly. This was conﬁrmed by Owsiak changing from trafﬁc to no trafﬁc and shallow tillage to no tillage (1999) who observed that the wear of spring tine points was and without loss in yield. Chamen et al. (1992b) in summarising 40–100% higher in sandy loam soil texture compared with clay soil coordinated projects on the effects of different trafﬁc systems texture, and that wear within a tractor wheel track was 17–40% across northern Europe in the early 1980s reported that zero trafﬁc higher than outside the track. Fielke et al. (1993) reported 55–73% reduced energy demands within cereal rotations by 29–87%. reduction in wear rate when bulk density had been reduced by a Following a longer period without trafﬁc on the Evesham soil, previous pass but also by 40–50% just due to a change in bulk Chamen and Longstaff (1995) reported a 37% reduction in draught density from one year to the next. Richardson (1967) also suggests when ploughing 20 cm deep. However, they also reported one that wear on a particular implement is subject to the strength of instance when the draught requirement for shallow tillage was the soil causing abrasion. higher on the non-trafﬁcked compared with the trafﬁcked plots. This was with a tine cultivator and may possibly be explained by 3.4. Water fundamentally different processes in soil failure. On the non- trafﬁcked soil the implement was working in a moist ﬁne tilth Compaction can cause a combined impact of decreased water where the tines were causing a stirring action, whereas on the storage, through the loss of soil porosity, and decreased root trafﬁcked soil, the operation was dominated by fracture of proliferation, through an increase in soil strength (Whitmore et al., aggregates from within the soil mass. Mouazen (2002) provided 2010). This has potential implications to how efﬁciently farming a possible explanation for this, albeit in a sandy loam rather than a operations use water and the demands for irrigation. Radford et al. clay soil. Cohesion was found to increase in loose soil when the (2001) compared the water use efﬁciency (WUE, yield per unit of samples underwent contraction due to shearing forces and evapotranspiration) of maize in a vertisol compacted by either a conditions in the friable clay may have been similar. Working 6 Mg or 10 Mg axle load. The greater axle load decreased WUE from deeper in the proﬁle on the same soil, Chamen and Cavalli (1994) 14.3 to 9.7 kg ha1 compared to the smaller axle load. reported an 18% reduction in the draught of a mole plough working Chamen (2011) reviewed numerous articles on the impact of at 0.55 m depth on plots non-trafﬁcked for four years compared soil compaction on WUE and inﬁltration rates. Inﬁltration with conventionally trafﬁcked plots. increased by 84–400% in the absence of wheel compaction, with As controlled trafﬁc practitioners, Boydell and Boydell (2003) increased plant available water also found. In wet conditions, report savings in power during their soil cultivation operations and compaction mitigation or avoidance could decrease the risk of suggest the possibility of downsizing their tractors. Spoor (1997) ﬂooding, whereas in dry conditions it could decrease the risk of on a similar energy theme shows just how much extra pull is drought. Drought is inﬂuenced by both the ability of soil to capture needed when hauling trailers across differently managed land. water (inﬁltration rate) and store water in its pores (plant available Compared with conventional practice, he found working from a water). With subsoil compaction caused by 4–5 Mg machinery, permanent trafﬁc lane reduced rolling resistance by between 24% hydraulic conductivity at 0.4–0.5 m depth can decrease by as much and 30% depending on soil type. as 98% in clays, loams and organic soils (Alakuku,1996). For a sandy Literature on the speciﬁc effect of soil compaction on the wear loam soil the subsoil compacts under much smaller loads. of soil engaging implements is scarce. In randomly compacted soils Processes such as subsoiling to increase inﬁltration rates, for it is generally accepted that “points” behind implement or tractor instance, could potentially have very large off-site beneﬁts in terms [(Fig._6)TD$IG] W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 15 ﬂ 40 of ood risk reduction but equally, could increase it by creating more rapid drainage. However, quantiﬁcation of these effects is difﬁcult and the literature is largely qualitative and/or anecdotal.
30 3.5. Modelling soil compaction impact on yield
Lipiec et al. (2003) provided an in-depth review of numerous e (%) ﬂ
(1) models that predict the in uence of soil compaction on crop yields.
20 et 3) Most of these models characterise compaction from bulk density creas in (1 or penetration resistance, and use this in combination with water d at content to predict the impact on root growth. Hydraulic properties iel
Y ﬁ ass (4)
Sugar be of soils from water retention and in ltration data are included in Whe 10 3) y (4) y more complex deterministic models. One of these, SIMWASER, e gr le (5) e (1 toes (4) gave reasonable predictions of crop yield impacts from soil z ons (1) rag Bar ai ats ni ﬁ ota compaction in experimental elds (Stenitzer and Murer, 2003). O Peas (1) O Fo P M 0 There have been few papers in recent years on modelling the impact of compaction on crop yield. A decision support system has Fig. 6. Yield increase attributed to non-trafﬁcked compared with conventionally been developed by Nyeki et al. (2013) integrating a range of ﬁ traf cked soils (number of research reports from which data derived) (from databases to predict yield impacts from compaction. Its purpose Chamen, 2011). was to implement precision technologies in farming, based on spatial measurements of electrical conductivity and penetration resistance. [(Fig._7)TD$IG] 3.6. Environmental costs
Fig. 8 illustrates various environmental costs associated with soil compaction. Although a tractor is shown, the illustration is also appropriate for other land based activities as well as arable agriculture, and the major drivers that induce environmental costs are reviewed below.
3.6.1. Greenhouse gases
Nitrogen can be lost from soils as nitrous oxide (N2O) emissions, with this greenhouse gas presenting a signiﬁcant environmental cost. There are numerous papers that report the effect of soil
 compaction on N2O emissions (Sitaula et al., 2000; Ball et al., 1999a,b, 2008; Vermeulen and Mosquera, 2009; Hansen et al., 2008). Poor aeration in compacted soils was identiﬁed in all these studies as the underlying cause of increased emissions. Dobbie and
Smith (2003) determined that the key factors affecting N2O emissions from agricultural soils were water ﬁlled pore space,  temperature and NO3 –N content. Milne et al. (2011) using a landscape-scale transect in eastern England also found that nitrate and water-ﬁlled pore space are the key soil properties for predicting nitrous oxide emissions, but only at the location Fig. 7. The relationship between the amount of N applied and crop yield under sampled and not on a ﬁeld scale. In one study comparing soil  different compaction regimes. A compacted soil (i.e.1.55 Mg m 3) may require more normally trafﬁcked by vehicles to another that was non-trafﬁcked, 3 N to obtain similar yield to a non-compacted soil (i.e.1.30 Mg m ). From (Soane and Vermeulen and Mosquera (2009) measured a 20–50% decrease in van Ouwerkerk, 1995). N2O emissions in the absence of trafﬁc suggesting that speciﬁc soil
Table 2 Soil descriptions and cultivation energy requirements for cereal crop establishment of the three soils used by Patterson et al. (1980).
Description Site 1 Site 2 Site 3
Soil series Hanslope Batcombe Wicken Parent material Chalky boulder clay Plateau drift Gault Soil texture Clay loam Silty loam Clay loam
Particle size distribution Sand 25 12.1 27.2 Silt 25.1 51.4 21.4 Clay 45.9 28.5 51.4 Carbonate 19.1 3.3 9.8 Organic 5.5 1.8 3.9
Cultivation energy requirements Depth of work, mm 220 130 110 220 145 105 205 130 105 Energy, kJ m3 117 103 108 56 75 74 146 108 122 [(Fig._8)TD$IG]16 W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 practice and with a “zero” trafﬁc regime. The LGP system employed tyres inﬂated to around one third of the pressure of conventional practice (50–80 kPa) but after four years there was no conclusive evidence that the lower pressures had either increased yields or reduced tillage inputs. In contrast, Graham et al. (1986) recorded a 6–7% increase in wheat yield due to low ground pressure trafﬁc compared with conventional and zero trafﬁc on a silt loam soil. In more extensive trials some time later, Chamen et al. (1992a) again using tyre-based reduced ground pressure systems, also recorded a 3% increase in yield but the systems were only considered practicable for wheel loads of up to 5 Mg. Additionally, there was a small increase in shallow tillage (100 mm) draught caused (it was presumed) by the more extensive area tracked by the low ground pressure system. Dickson and Ritchie (1996) measured the yields of winter and spring barley, spring oilseed rape and potatoes in the presence of reduced ground pressure trafﬁc where tyre inﬂation pressures ranged from 30 kPa to 120 kPa. Compared with conventional practice with pressures ranging from 80 kPa to 250 kPa, there was no measurable difference in yields from these Fig. 8. A conceptual diagram from Soane and van Ouwerkerk (1995) and Lipiec et al. crops under the low pressure system. To date there have been no (2003) that shows the various implications of soil compaction to the environment. comparable experiments where rubber track systems have been This diagram omits the potential negative implications to crop productivity. employed for the heavier loads. Pagliai et al. (2003) compared rubber tracks with tyres using management inputs that have the potential to affect water-ﬁlled small loads (c. 1 Mg) and concluded that the tracks tended to pore space may have an impact at the ﬁeld scale. conﬁne compaction to the surface layers, similar to ﬁndings of Blunden et al. Ansorge and Godwin (2007) working with much 3.6.2. Soil biodiversity higher loads (12 Mg) came to a similar conclusion. In a review on the impact of soil compaction on biodiversity, There has also been research and debate on the relationship Beylich et al. (2010) concluded that, “due to the high variability of between ground pressure, wheel or track load and the attenuation experimental situations and conditions in the evaluated papers, of stresses with depth. Lamandé and Schjønning’s (2011a) recent especially in papers describing ﬁeld investigations, no general research supports that of Söhne (1953) suggesting that stresses in effect of soil compaction (on soil biota and biological processes) the topsoil rise with contact pressures whereas those at depth was found”. Moreover, putting an economic value on soil increase with load. For example, they found that the maximum biodiversity could be highly subjective and not based on a stress at 0.3 m depth in a silty clay loam (Stagnic Luvisol) was thorough understanding of the function of the plethora of related to the mean ground pressure, while the stress at 0.9 m microbial species living in soil. depth closely correlated with wheel load. Disparities in measured and predicted stresses according to the Söhne (1953) model were 4. Mitigation, conﬁnement and avoidance considered to be due to differences in strength of the frequently tilled topsoil, suggesting soils of this nature may have to be treated Soil compaction mitigation strategies incur cost due to the as a two-layer system. In this respect, Lamandé and Schjønning direct costs of, for example, subsoiling, investment in new (2011b) measured the effects of loosening the topsoil to around equipment, decreasing or altering the timing of trafﬁcof 200 mm depth by ploughing. This led to a more even stress equipment or livestock, changes in cropping/grazing system and distribution at the tyre–soil interface but little attenuation of the a range of other possible practices. There is a strong inﬂuence of peak stresses to 0.3 m depth. However, the Söhne model tended to soil type on the incurred costs, but data are sparse or only possible underestimate stresses in the subsoil for both the recently to generate using empirical models. One example is the fuel use ploughed condition and the soil which had not been cultivated required to subsoil on different soils. for 18 months. This research does not stand in isolation; it is Complete shifts in production approaches may also be supported by the work of Smith and Dickson (1990),Taylor and employed to alleviate or avoid soil compaction. Low ground Burt (1987), Lamandé et al. (2007) and Arvidsson and Keller (2007) pressure tyres are now commonplace on arable farms, enabling and as such has signiﬁcant implications in terms of mitigation machinery access over a wider range of weather conditions. measures. Alleged decreases in topsoil compaction from low ground pressure Vermeulen and Perdok (1994) suggested that a low ground tyres, however, may be offset by the greater threat of subsoil pressure system used with a high proportion of sugar beet, compaction from higher loads and as farmers can access land potatoes and onions, returned only a marginal improvement in during wetter conditions. Already, large shifts towards GNSS auto- farm proﬁt compared with conventional practice. As this steered machinery could have very positive implications but the improvement was largely associated with increased yields, they return on investment for smaller farms is still poor. considered that proﬁtability would be more satisfactory in vegetable production owing to the higher value of the produce. 4.1. Low ground pressure tyres Eradat Oskoui et al. (1994) determined from a survey that the cost of tyres was exponentially related to their width and based on yield Low ground pressure tyres are an avoidance measure aimed at responses, that farms of around 200 ha or more were needed to reducing the stresses applied to soils. Research suggests that this justify their cost. Stranks (2006) provides more information on the measure is only effective for topsoils in the case of tyres and effect of reduced inﬂation pressure on rolling resistance, rut depth possibly only for subsoils in the case of tracked vehicles (Ansorge and depth to which compaction occurs. His studies suggested a and Godwin, 2007, 2008). In the 1980s, Chamen et al. (1990) signiﬁcant reduction in rolling resistance and fuel use as a result of compared a low ground pressure (LGP) system with conventional using lower pressure tyres. For a multi-axle machine, fuel cost per W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 17 hectare for a 500 mm tyre width at 220 kPa could be decreased by without further trafﬁc enhanced inﬁltration on sandy loam and a £2.18/ha by switching to a 700 mm tyre width at 220 kPa and by clay soil by a factor of 1.7. Allen and Musick (2001) reported a £4.55 by switching to an 800 mm tyre width at a reduced pressure similar effect on inﬁltration in irrigated furrows, which was of 160 kPa. increased by around 28% due to subsoiling, but this was reduced to no net effect by subsequent trafﬁc. Said (2003) investigating 4.2. Subsoiling various tillage tools on sandy loam, sandy clay loam and clay loam soils determined that a subsoiler increased total porosity and In their paper on prevention strategies for trafﬁc-induced macropores as well as the vertical ﬂow of water in the proﬁle. It subsoil compaction, Alakuku et al. (2003) divided the subsoil into would appear therefore that subsoil loosening can be beneﬁcial but two distinct layers, namely: only when extreme care is exercised both during and after the Pan layer. This is a layer of varying thickness immediately below operation. the annually cultivated layer created either by implements or wheels, or both. It may or may not be loosened on a regular basis. 4.2.2. Cost of subsoiling Unloosened subsoil. This is the layer that normally remains The data available on costs have been derived for the United undisturbed by tillage other than during drainage operations such Kingdom, although a general approach is presented that can be as trenching and mole ploughing. Loosening of this layer is often adapted for use in other countries. Nix (2011) suggests that the considered to be undesirable due to its potential to make the soil average farmer’s cost for subsoiling in the United Kingdom is more vulnerable to further compaction. In many cases it would also £49 ha1 while contractor’s charges average £56.10 ha1.Sub- be uneconomic due to the high forces and costs involved. soiling costs in other regions are roughly similar, such as £28 to It may be seen therefore that the deeper the cultivations are £45 ha1 for sugarcane production in India (Kumar et al., 2012). As traditionally carried out, the greater must be the depth of will be seen from the above deﬁnition,thiscostwillvary subsoiling to address a problem with the pan layer, particularly signiﬁcantly depending on the depth of operation. Manuwa if tractors are driving in the furrow during ploughing. (2009) determined that tillage draught (D) increased exponen- tially with depth (d) according to an equation of the following 4.2.1. Extent and effectiveness of subsoiling as a mitigation measure form: According to a survey (ADAS, 1996) to determine the nature of ¼ bd cultivation practices in England, nearly 90% of the 868 analysed D ab (1) respondents subsoiled their land with a frequency of between where a and b are coefﬁcients of the exponential function. Speciﬁc 1 and 6 years with a trimmed mean of 4 years. Of those that did coefﬁcients determined by Manuwa (2009) for a sandy clay loam subsoil, the lowest percentages were those on loams (72%) and any soil at 11.5% moisture content and tested as repacked soil in a large ﬁ soil containing chalk (68%). Most subsoiled the whole eld and the soil bin that can accommodate a subsoiling implement were: majority (76%) at depths of between 310 and 500 mm. : Marks and Soane (1987)assessed crop yield responses to D ¼ 82:991e0 0091d (2) subsoil loosening on a wide range of soils including sands, loams ﬂ  and silty clay loams but not clays. Soil loosening to 450 mm depth for a 50 mm wide at plate at a rake angle of 90 travelling at 1 was of a rigorous nature with virtually complete loosening of the 2.5 ms . The depths of operation used to derive this equation were proﬁle to operating depth. Most responses were conﬁned to 35, 70, 150, 200 and 200 mm.Mouazen and Ramon (2006) further spring sown crops and at the 25 sites assessed in this category, six developing their model described in Mouazen et al. (2003) showed a positive response in the range 1.5–9.4% but four considered that the draught force (D) on a simple deep loosening r resulted in a negative response in the range 5.7–11.7%. Of the tine could be predicted from soil bulk density ( ), moisture content 17 winter crop sites, none provided a positive response while four (w) and depth (d). Mouazen et al. (2003) was restricted to resulted in decreased yields (5.8–15.1%). Crucially no mention is operating depths less than 15 cm. Rearranging their equation in made of post loosening operations that would allow estimation of terms of draught force gives the following relationship: the re-compaction effect prior to crop sowing. Chamen (2011) D ¼ 3:16r3  21:36w þ 73:93d2 (3) similarly found no response from winter wheat on a sandy loam ﬁ soil despite no further traf c following loosening to around From these data it can be seen that draught forces are dominated 350 mm depth. This was also the case on a clay soil except yields by depth of operation and soil bulk density, with both having an ﬁ were reduced compared with a long term non-traf cked exponential effect on force as they increase. Increase in moisture condition. In terms of soil conditions, responses at both sites content however has the opposite effect but too high a level ﬁ were generally bene cial, with reduced soil strength and endangers the effectiveness of tillage aimed at deep loosening ﬁ increased water in ltration as a result of deep loosening, but (Spoor and Godwin, 1978). only with no subsequent trafﬁc. On the sandy loam site, just two tractor passes were sufﬁcient to return the soil to a stronger state 4.3. Auto-drive GNSS farming machinery than its original condition. Olesen and Munkholm (2007) assessed the effect of subsoiling In a given year, 95% of an agricultural ﬁeld can experience at on a loamy sand and sandy loam in an organic farming rotation least one wheel pass (Kroulík et al., 2009). Using a one pass including a grass–clover mix, wheat, lupin and barley. Other than cultivation system, such as minimum tillage with auto-steer, the where organic manure was added post subsoiling, yield responses amount can reduce to 45% and to less than 20% if direct drilling is were often negative and particularly so for wheat following a wet used but unless controlled trafﬁc is employed, these percentages winter. The authors suggested that subsoil loosening was not an are applied to different areas of the ﬁeld each year. effective measure for ameliorating subsoil compaction. Recognising the lack of effectiveness of these rigorous subsoil- ing operations, Spoor et al. (2003) recommended creating ﬁssures 4.4. Use of lighter machines or cracks through compacted zones to restore rooting and drainage, rather than massive disruption, which they considered Using lighter machines has often been proposed as a mitigation most inappropriate. Chamen (2011) demonstrated that subsoiling measure for soil over-compaction. However, research is not fully 18 W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 supportive of the effectiveness of using lighter vehicles. Jorajuria 4.6. Controlled trafﬁc et al. (1997) compared two tractors having an equal contact pressure, but one with a mass of 4.2 Mg and the other just 2.3 Mg. This technique conﬁnes all trafﬁc compaction to the least For a given number of passes, the heavier tractor always produced possible area of permanent trafﬁc lanes. This deﬁnition prescribes greater increases in bulk density, but the lighter tractor was neither the tillage to be employed nor the area of the trafﬁc lanes, capable of causing just as much compaction with additional passes. which are decided by the practitioner and the constraints under Voorhees et al. (1986) drew a similar conclusion about the load on which they are operating. However, these aspects impinge heavily a wheel and went on to suggest that its damaging effects may not on the economics which will be determined by: be mediated by decreasing surface pressures or even over-winter freezing to a depth of 70 cm. Botta et al. (2006) also found that  the cost and timescale of conversion to CTF; multiple passes with a lighter tractor (1 Mg maximum wheel load)  the running costs of the CTF system; had serious consequences in direct drilled topsoil, rendering it  the return in terms of sustained crop yields. unsuitable for seedling emergence. With 10–12 passes of this tractor, compaction effects (increases in penetration resistance and Taking the last of these factors ﬁrst, differences in crop income bulk density) reached to 600 mm depth in the same proﬁle. will depend upon differences in yield from the non-trafﬁcked beds; Farm economic concerns such as increasing costs of labour are and yield from the cropped trafﬁc lanes. also against using smaller machines, other than those that might Work by Chamen and Audsley (1993) considered all these be achieved with robotics that could use very light machines aspects other than the cost and timescale for conversion to CTF. In working slowly but without direct labour constraints. their deﬁnitive study of a rotation of wheat, barley, beans and oilseed rape (OSR) using the Silsoe arable farm model (Audsley, 4.5. Organic matter sequestration 1981), detailed account was taken of the rates of work, timeliness of operations, energy inputs and the transmission efﬁciencies of There are numerous data to support the premise that adding the different machinery involved, including both conventional and organic matter to soils helps to protect them from compaction, gantry tractors. The 6 m tractor-based non-plough CTF system mainly due to improving drainage conditions so that the risk of (with extra costs of £57 ha1 for chemical weed control) was found trafﬁc on soils that are highly susceptible due to water content is to be £18 ha1 less proﬁtable than conventional plough-based diminished. Diaz-Zorita and Grosso (2000) for example found that practice on a sandy loam soil, but £25 ha1 more proﬁtable than the susceptibility of soils to compaction was reduced when organic the same comparison on a clay loam. Gaffney and Wilson (2003) in carbon levels were elevated, regardless of soil textural class in the their comprehensive desk-top study used a steady state analysis range loamy sand and loam to silty loam. Kumar et al. (2009) came technique to calculate long-term average costs and returns for four to a similar conclusion for both sands and clays, but that the different systems based on a ﬁve-year rotation in Australia. They optimal amount of organic matter to achieve a target maximum included some of the implementation costs and considered bulk density will depend on soil texture. reductions in ﬁeld efﬁciency for the CTF systems as well as testing The effectiveness of different methods of adding organic matter yield effects and input savings. Their cautious estimate of the is however either very variable or unproven. Powlson et al. (2011), beneﬁt of changing to CTF based on a 3 m track gauge for all for example, seem to dispel the widely held assumption that straw equipment was AU$32 ha1 (£19 ha1). incorporation will improve organic matter levels, at least in terms Kingwell and Fuchsbichler (2011) carried out a similar but of timescales of anything less than ten years. Similarly, Powlson whole-farm modelling approach to assess the proﬁtability and role et al. (2012) identiﬁed potential increases in nitrous oxide of CTF based on a 2000 ha dryland farm in Western Australia. emissions as a result of reduced tillage which tends to elevate However, results are very speciﬁc to the regional cropping systems, water ﬁlled pore space. The use of green manures or cover crops to which contain a high element of pasture to support sheep within increase soil organic carbon has similarly not been proven or what is otherwise a combinable cropping scenario. The model also perhaps well researched (Bavin et al., 2009). Uncertainty in the divides crop responses to CTF according to soil types, with averages impacts of cover crops is caused by climatic impacts on biomass of +5% for sandy soils, +7% for duplex soils (loams over clays) and production and decomposition, with Sainju et al. (2007) conclud- +9% for clays. However, mean values of data collected from around ing that cover crops will more rapidly improve C-sequestration in the world (Chamen, 2011) suggest these predictions could be too irrigated crops. However, there may be secondary beneﬁts such as small. In comparison to conventional trafﬁc, CTF on average improved aggregate stability driven by the turnover of young increased yields by 19% on clay, 22% on loam, 8% on silt, and 20% for organic matter (Cuttle et al., 2003). Deep rooting crops may also root crops across a range of soil textures. In their work, Kingwell penetrate through compacted soils to subsoil depths (15–50 cm), and Fuchsbichler (2011) found that CTF increased the proﬁtability causing the soil fragment by “biological tillage” (Chen and Weil, on a farm with sandy loam or coarser soils by 53% and by 43% on a 2010). There can also be added beneﬁts of subsoiling to compaction farm with soils with clay loam or ﬁner textures. Although the mitigation if it is combined with the injection of organic matter. greater proﬁtability of CTF for cropping shifted the whole farm into Leskiw et al. (2012) found that 5 months after subsoiling, plots this rotation, constraining cropping to 1571 ha as for the non-CTF with injected pelletised organic matter were about 20% less dense farm only reduced these proﬁt ﬁgures by 1.8%. Much of the than either control plots that were not subsoiled or subsoiled plots additional proﬁt with CTF was due to yield improvements and cost in the absence of fresh organic matter. savings. To a large extent the reduction in operating costs was Azeez (2009) concluded that organic farming, which regularly associated with overlap savings brought about by the adoption of a uses green manures, has the potential to increase soil organic  2 cm GNSS compared with physical markers. Casual labour costs carbon by 28% in northern Europe and by 20% globally. Although were also reduced by around 17% during harvesting operations this sequestration is ﬁnite, the author argues that the next 20 years because the auto-steer system allowed cheaper labour to be hired. are the critical period when this sequestration will be required. An These results are almost certainly an over-estimate of the increase added beneﬁt of increased organic matter in soils is the greater in proﬁtability but the authors reduced the advantages of CTF by availability of nutrients released through bacterial and other 50% and still realised an increase in proﬁtability of 23%. There are processes. In many cases this has led to a reduction in the use of the also a number of key points that this study did not address. Firstly it three principal nutrients, N, P and K (Cuttle et al., 2003). appears that yield beneﬁts were not corrected for the non-cropped W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 19 trafﬁc lanes which are a feature of Australian CTF systems. Mitigation to alleviate compaction includes subsoiling or the use of Secondly, although mention was made of reduced draught of alternative rotational practices. Compaction avoidance through the implements due to CTF, this does not seem to have been included in cessation of agriculture on susceptible soils, postponement or the modelling. Thirdly, overlap savings have all been attributed to abandonment of cropping in favour of fallowing the land, diverting CTF whereas most of these gains are possible with less expensive land to another enterprise or delaying the start of the enterprise is GNSS systems that should now be part of best practice. another option. Although the costs of such land use change in Interestingly, the authors consider in detail the constraints to terms of agricultural production foregone in the current year could CTF adoption because of the relatively slow uptake of a technology be high, higher yields and lower environmental damage might be that would appear to deliver such large and tangible beneﬁts. achieved in subsequent years. More generally, a ﬂexible approach Limitations to the adoption of CTF include the high entry cost and to the timing of activities and indeed the choice of agricultural land the fact that there are often long intervals between machinery use might be cost effective if soil conditions are taken into account. replacements on farms and the relative complexity of ensuring Equally, alternative technological solutions could be deployed. For proper matching of axle and implement widths. The cost factor is example, low pressure tyres, minimum tillage and CTF may all offer less likely to be an issue in European conditions because harvester routes to managing compaction more effectively. However, in all and tractor axle widths are not generally matched (Stewart et al., instances, the investment and operational costs of altering farming 1998). The added costs are therefore mostly associated with the systems need to be weighed against likely yield gains and reduced auto-steer systems, which can generally be justiﬁed outside of a environmental damage. move to CTF. A further factor is an inability to trial CTF alongside Consideration of the costs and beneﬁts of different strategies traditional practice without committing to complete conversion. and of speciﬁc management options may be envisaged at Without such detailed comparisons, it is difﬁcult for the farmer to different levels of economic aggregation (Hazell, 1986; Taylor discern whether the modest yield beneﬁts are actually attributable et al., 1993; Warren, 1997). Initially, a focus at the enterprise-level to CTF (Galambosova et al., 2010). Credible and reliable sources of (e.g. winter wheat) may be appropriate since a pre-requisite for information on CTF may also be an impediment as is the any further analysis is a sound technical understanding of how complexity of GNSS which suffer from an incompatibility between the type, intensity and ordering of particular management providers. operations interact with compaction to affect yields, operational costs and environmental loadings. Enterprise-level analysis can 5. Summary of literature be conducted through partial budgeting and gross margin analysis, drawing on standard farm management data supple- We found a large amount of evidence on the threat posed by soil mented by experimental and survey data to characterise farm compaction and the effectiveness of mitigation strategies. Climate, operations. Given that the efﬁcacy and duration of measures are soil type and farm typology were large drivers of the threat of soil likely to vary over time, care needs to be taken to consider the compaction to farm gate income through losses in yield or grazing time proﬁle both of costs incurred and beneﬁts achieved, access. Mitigation strategies also vary considerably in effectiveness entailing the use of techniques such as ﬁnancial discount rates depending on the extent and depth of compaction, climate and soil or pay-back periods. type. To some extent top soils with adequate levels of organic However, an increase in the relative proﬁtability of a given matter have a natural resilience to compaction whose repair takes enterprise may lead to that enterprise expanding at the expense of several years, whereas subsoil compaction persists and causes a another. Similarly, rotational patterns may be affected by the long-term yield penalty. Subsoiling was reviewed to be less degree of compaction and its management. Hence a farm-level effective than perceived by many farmers other than when used on focus may extend analysis of costs and beneﬁts by allowing for highly degraded soils or when no further trafﬁc is anticipated for substitution possibilities and inter-dependencies between enter- an extended period. prises and their resource allocations. Similarly, assessment of Environmental costs and beneﬁts (in terms of changes to environmental loadings may be more accurate if account is taken environmental loadings) of soil compaction were more difﬁcult to of adjustments to whole farming systems rather than enterprises ascertain. No clear evidence of an impact on biodiversity could be in isolation. Quantitative farm-level analysis requires greater found. Greenhouse gas emissions are likely to increase as a result of modelling sophistication than enterprise-level analysis, typically soil compaction, as are nutrient losses and run-off due to poor involving parameterisation of inter-linkages between different inﬁltration and decreased water holding capacity. resources, operations and enterprises over time plus an optimisa- tion algorithm to guide choices between different enterprises and 6. Assessment of compaction management strategies resource allocations. Finally, at the sectoral or national-level, aggregate changes to The available data on the impacts, costs and mitigation of soil resource allocations across competing enterprises (and farm types) compaction have so far been reviewed. The remainder of the article will have market effects in terms of the relative prices of inputs and offers an illustrative example of how such information could be outputs. Quantitative assessment of such inter-linkages and applied to the case of winter wheat production in England. possible feedback effects requires a market-level focus, typically Information from the literature was supplemented with data and through either a partial or general equilibrium model that qualitative insights derived from visits to ten farms in southern and simulates market dynamics and production responses. eastern England. Unfortunately, notwithstanding the data revealed by the review Since both the incidence and impact of compaction are likely to exercise, there is insufﬁcient information on the incidence and vary across different types of soil, weather conditions, enterprises effects of soil compaction and the distribution of current and farming systems, the balance between different management compaction management to support formal market-level analysis. strategies is likely to vary depending on local circumstances (Soane Similarly, in the absence of information on how a wide range and van Ouwerkerk, 1995; Batey, 2009; Glenk et al., 2010). Such of enterprises are each affected by compaction and how their management strategies may be viewed as falling into three nter-relationships might be altered by alternative compaction categories: (i) do nothing, (ii) mitigation and (iii) avoidance. If management. The scope for quantitative farm-level modelling is nothing is done then costs relate mainly to on-site yield reductions somewhat limited, although Kingwell and Fuchsbichler (2011) and additional input usage, plus off-site environmental damage. present such an approach. Likewise, data to differentiate across 20 W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 different soil types or weather conditions or across different or poor implementation would lead to less of the yield penalty farming systems and managerial abilities remain scarce. Hence an being negated. enterprise-level analysis is adopted here. Although compaction The net cost of a management option is calculated as the value and its mitigation could be expressed in terms of changes to a of any yield gains and reduced input (i.e. nutrients and fuel) usage speciﬁc soil property, such as bulk density, the effects of less any additional expenditure incurred by the management compaction and its mitigation are expressed in terms of their option. In some cases (e.g. subsoiling, deeper ploughing, stubble impact on crop outputs, input usage, environmental loadings and cultivating) additional expenditure was based on Nix (2011) but gross margins. adjusted for different soils on the basis of estimated differences in diesel usage and nutrient losses. 6.1. Costs and effects of management strategies: a winter wheat Compaction exacerbates nutrient losses. Such nutrient losses example impose off-farm environmental costs in the form of water pollution and GHG emissions but also impose on-farm productivi- Wheat is the dominant cereal crop in England accounting for ty costs in terms of the value of lost nutrients. Lost nutrients are around 1.8 m ha of the 2.5 m ha under cereals (HGCA, 2011). Within valued at cost to the farmer of £0.62/kg N, £0.68/kg P and £0.52/kg this, autumn sown winter wheat is most common since it achieves K(Nix, 2011). Nutrient losses attributable to compaction have been higher yields than spring sown varieties. Yields vary slightly assumed to be 20% on clays, 11% on silt, 2% on sand and 20% on peat between years, soil types, and position within a crop rotation. The based on Graves et al. (2012) and supported by Vermeulen and extent of wheat production in England means that a variety of soils Mosquera (2009). For the assumed baseline nutrient application of contrasting texture are covered. Wheat production involves a rates, this equates losses of N of 15.54 kg/ha on clays and peat, relatively large number of ﬁeld operations and the potential risk of 8.55 kg/ha on silt and 1.55 kg/ha on sand. Of the total N losses, 34% signiﬁcant compaction. Machinery used can vary greatly, partly is assumed to be leached and 4% emitted as N2O. N2O GHG depending on soil type, but tractor power of 0.75–1.4 kW/ha (Nix, emissions are multiplied by 310 to convert to CO2e. These ﬁgures 2011) implies typical tractor power requirements of around 75– are shown in Table 3 assuming varying efﬁcacy of soil compaction 140 kW given that the average farm area is 140 ha (Defra, 2013a). mitigation on decreasing environmental loadings. Signiﬁcantly,
Seed rates are typically around 175 kg/ha and nitrogen applications the relative global warming potential (GWP) weighting of N2O around 200 kg/ha. Reﬂecting differences in site conditions and means that it dominates estimates of CO2e arising from compac- management, yields of winter wheat vary spatially across farms tion and mitigation here, implying that improved estimation of and also over time. However, site conditions and management fuel usage estimates would be of less analytical value than regimes are seldom recorded routinely alongside reported yields, improved estimates of nutrient losses. meaning that parameterising yield variation to soil type is not easy. Diesel usage for ﬁeld operations represents a signiﬁcant on- However, quantifying this and estimating the impact of alternative farm cost whilst GHG emissions from diesel usage also represent a management responses necessarily invokes a number of assump- signiﬁcant off-farm cost. We do not account for GHG emissions tions and some uncertainty. associated with the production and transportation of diesel prior For the purposes of this exercise, baseline yields for winter to its use on-farm. Indicative ﬁgures in Nix (2011) suggest that a wheat on different soil types have been taken from a project on the 120HP tractor consumes around 18 l of diesel per hour whilst a costs of soil degradation (Graves et al., 2012). Speciﬁcally, yields 180HP tractor consumes around 25 l/h1. For a conventional wheat per hectare of 10.2 t, 9.0 t, 7.7 t and 8.0 t have been assumed for, system, ﬁeld operations likely to be affected by compaction are respectively, clay, silt, sand and peat soils. These are assumed to be expected to take around 1.4 h (Graves et al., 2012). Diesel is costed achieved under a conventional farming system using typical levels at £0.70 per litre (price in March 2012) and is assumed to generate of inputs as outlined in Nix (2011). 2.7 kg CO2e per litre consumed on-farm, as assumed in many Against these assumed baseline yields, compaction is assumed carbon calculators (Carbon Trust, 2014). to impose a per hectare yield penalty of 2.5% on clay and 2.0% on However, different soils impose different draught requirements other soil types. This is based on a conservative interpretation of and operations on clay will have higher fuel consumption than on the literature such as Håkansson (1994, 2005) and allows for silt or sand. It is assumed here that the relative fuel consumption higher pro rata penalties on compacted areas within a ﬁeld but ﬁgures are 1 for clay, 0.8 for silt and 0.6 for sand and peat (e.g. lower pro rata losses on uncompacted areas. The baseline yields Patterson et al., 1980). Compaction will increase the power and and yield penalties give per hectare output losses below the thus fuel required to pull implements through the soil. Additional baseline of 0.26 t, 0.18 t, 0.15 t and 0.16 t respectively on clay, silt, sand and peat. Both baseline yields and percentage yield penalties Table 3 might be expected to vary with weather conditions. Example reductions in environmental loadings* (kg/ha) on different soil types In turn, the value of a given physical output loss will also under different assumed levels of mitigation efﬁcacy. depend on the prevailing market price for wheat. A value of £118/t Efﬁcacy (%) Clay Sand Silt Peat has been assumed in the analysis based on Nix (2011), but it must Nitrogen leached 25 1.32 0.73 0.13 1.32 be noted that prices over the past 30 years have varied by 30% 50 2.64 1.45 0.26 2.64 ﬁ (Defra, 2013b). The ef cacy of management responses in terms of 75 3.96 2.18 0.4 3.96 mitigating yield losses may be expected to vary across different 100 5.28 2.91 0.53 5.28 management options. However, in the absence of detailed data on such variation, efﬁcacy has simply been assumed to be 100%, CO2e from N2O 25 48.17 26.5 4.82 48.17 50 96.35 52.99 9.63 96.35 meaning that the entire yield penalty is negated and the baseline 75 144.52 79.49 14.45 144.52 yield is achieved. The literature suggests that some management 100 192.7 105.98 19.27 192.7 options offer yield gains in excess of simply negating the yield penalty attributed to compaction (see summaries in Table 1 and CO2e from diesel 25 11 7.09 3.17 3.17 50 22.01 14.18 6.35 6.35 Fig. 6). For instance, both low ground pressure tyres and tracks are 75 33.01 21.26 9.52 9.52 assumed to achieve yields 3% above the baseline and CTF is 100 44.01 28.35 12.69 12.69 assumed to achieve yields 5% above the baseline. Lower efﬁcacy * due to, for example, technical weaknesses with mitigation options Indicative loadings are based on estimates reported by Graves et al. (2012). W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 21
Table 4 Changes (£/ha) in wheat output, inputs and gross margin under alternative options. This is based on 100% mitigation efﬁciency listed in Table 3.
Type Management option £/ha change Clay Silt Sand Peat Alleviation Subsoiling (general) Option cost £56.10 £51.90 £47.70 £47.70 Input saving £14.53 £7.99 £1.45 £14.53 Output gain £30.60 £21.60 £18.48 £19.20 GM change £10.97 £22.31 £27.77 £13.97
Alleviation Subsoiling (targeted) Option cost £23.56 £21.80 £20.03 £20.03 Input saving £14.53 £7.99 £1.45 £14.53 Output gain £30.60 £21.60 £18.48 £19.20 GM change £21.57 £7.80 £0.10 £13.70
Alleviation Plough Option cost £54.90 £46.50 £38.10 £38.10 Input saving £14.53 £7.99 £1.45 £14.53 Output gain £30.60 £21.60 £18.48 £19.20 GM change £9.77 £16.91 £18.17 £4.37
Avoidance Low ground pressure tyres Option cost £3.58 £3.58 £3.58 £3.58 Input saving £14.53 £7.99 £1.45 £14.53 Output gain £67.32 £54.00 £46.20 £48.00 GM change £78.27 £58.41 £44.07 £58.95
Avoidance Tracked tractors Option cost £21.00 £21.00 £21.00 £21.00 Input saving £14.53 £7.99 £1.45 £14.53 Output gain £67.32 £54.00 £46.20 £48.00 GM change £60.85 £40.99 £26.65 £41.53
Avoidance Controlled trafﬁc farming (CTF) Option cost £0.00 £0.00 £0.00 £0.00 Input saving £25.94 £15.34 £4.74 £17.82 Output gain £91.80 £75.60 £64.68 £67.20 GM change £117.74 £90.94 £69.42 £85.02
Note: Assuming 100% alleviation of yield penalties and nutrient losses, with further yield gains under avoidance options plus fuel savings under only CTF. Hence differences in GM changes are driven mainly by relative changes to output values and the respective option costs.
 fuel usage is assumed here to be +87% on clays, +60% on silt and Hence they have a negative impact on enterprise gross margin. The +29% on sand and peat (Graves et al., 2012; Spoor, 1997; UNCTC, ineffectiveness of non-targeted subsoiling does not appear to be 1983). Based on fuel usage and the weightings applied to different appreciated by farmers in England, as evident from its widespread soils, Table 3 provides a summary of CO2e from diesel assuming use. By contrast, by limiting additional operational costs and only different mitigation efﬁciencies. addressing areas of concern rather than entire ﬁelds, targeted Table 4 provides the gross margin predicted at the farm gate subsoiling has a positive effect on gross margin on all soils, except through a range of compaction avoidance or mitigation technolo- for sand where the effect is more or less neutral. Assuming a lower gies based on 100% efﬁcacy. Although the precise values presented level of efﬁcacy would weaken this result, but the option would are subject to various forms of uncertainty, the broad patterns still rank higher than non-targeted subsoiling or ploughing. revealed are nonetheless informative. Although subsoiling and However, avoidance options of using low ground pressure tyres, ploughing are assumed to counter any yield loss attributable to tracked vehicles or CTF all deliver superior gross margin gains. This compaction, they incur additional operational costs that outweigh is essentially due to achieving higher yields and thus higher the gain in yield revenue and savings in nutrient losses achieved. revenues. Saving may also arise from the potential to decrease
Table 5 Variation in gross margin change (£/ha) under different efﬁcacy assumptions, by soil type.
Soil Efﬁcacy (%) Subsoiling (general) Subsoiling (targeted) Plough Low ground tyres Tracked tractors Controlled trafﬁc farming Clay 25 £44.82 £12.28 £43.62 £16.88 £0.54 £29.44 50 £33.53 £0.99 £32.33 £37.35 £19.93 £58.87 75 £22.25 £10.29 £21.05 £57.81 £40.39 £88.31 100 £10.97 £21.57 £9.77 £78.27 £60.85 £117.74
Silt 25 £44.50 £14.40 £39.10 £11.92 £5.50 £22.74 50 £37.10 £7.00 £31.70 £27.42 £10.00 £45.47 75 £29.71 £0.40 £24.31 £42.91 £25.49 £68.21 100 £22.31 £7.80 £16.91 £58.41 £40.99 £90.94
Sand 25 £42.72 -£15.05 £33.12 £8.33 £9.09 £17.36 50 £37.73 £10.07 £28.13 £20.25 £2.83 £34.71 75 £32.75 £5.08 £23.15 £32.16 £14.74 £52.07 100 £27.77 £0.10 £18.17 £44.07 £26.65 £69.42
Peat 25 £39.27 £11.60 £29.67 £12.05 £5.37 £21.26 50 £30.83 £3.17 £21.23 £27.69 £10.27 £42.51 75 £22.40 £5.27 £12.80 £43.32 £25.90 £63.77 100 £13.97 £13.70 £4.37 £58.95 £41.53 £85.02 22 W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 [(Fig._9)TD$IG] [(Fig._10)TD$IG]
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Fig. 9. Economic analysis of winter wheat yield gain on a range of soils from the Fig.10. Economic analysis of the cost per kg N leaching avoided for winter wheat on adoption of a range of soil compaction avoidance and mitigation technologies. CTF is a range of soils from the adoption of a range of soil compaction avoidance and ﬁ controlled traf c farming. mitigation technologies. CTF is controlled trafﬁc farming.
 fertilisers. For CTF diesel usage may also decrease. The perfor- of emissions to start with, meaning that compaction savings are ﬁ mance gap widens if alleviation options are assumed to be less relatively modest whilst the extra diesel used by additional eld than 100% effective (Table 5). In all cases, the “best” results relate to operations more than offsets these. Again, N2O dominates clayey soils since these are characterised by worse compaction estimates of CO2e arising from compaction and mitigation. On problems. Avoidance options outperform alleviation options by other soils, general subsoiling and ploughing do decrease overall virtue of having lower option costs, higher output gains and, in the emissions, but their impact on enterprise gross margin means that case of CTF, further fuel savings. there is a cost per tonne of grain produced. By contrast, low ground Fig. 9 shows how changes in gross margin translate into the cost pressure tyres, tracked vehicles and CTF all have strongly negative per tonne of yield gain. Reducing compaction leads to higher costs per tonne of grain produced. Hence, there is scope for – ﬁ yields, but the cost of achieving this depends on the management rwin win options for farm pro tability and environmental quality. option. All options reduce the yield penalty, but they have different effects on gross margin since different options have different costs and avoidance options also offer increased yields above the [(Fig._1)TD$IG] assumed baseline. 1000 Fig. 10 shows how changes in gross margin translate into the cost per kg of nitrogen not leached. Whilst reducing compaction 500 leads to less leaching of nitrogen, the cost of achieving this (£) reduction depends on how the management option to decrease ed 0 compaction affects enterprise proﬁtability. All options reduce the oid level of leaching but since they have different effects on gross e av
2 -500 margin, the cost per kg not leached does vary. Speciﬁcally, general subsoiling and ploughing incur costs per kg CO -1000 not leached whilst all other options (except targeted subsoiling on ne ﬁ sand) combine lower leaching with higher pro tability. This offers ton r win–win possibilities for farmers and the environment. Lower -1500 Clay efﬁcacy assumptions weaken these results, but the avoidance Silt ﬂ -2000 Sand options still dominate. The results for sand are in uenced strongly Cost pe Peat by the low level of leaching attributable to compaction, which produces extreme results per kg. -2500 h ng ng g es Fig. 11 shows how changes in gross margin translate into the yr tors oili oili lou t CTF -s -s P e trac cost per tonne of CO2e not emitted. Emissions are reduced by ub ub ur S s ss ed ck lowering net diesel use and by decreasing N2O emissions. Although a eted Tr the volume of N2O emission reduction is relatively small, its high Targ ound pre GWP weighting means that it dominates the GHG emissions here. w gr Results on sand ﬂuctuate between extremes due to the relatively Lo low level of emissions involved. Fig. 11. Economic analysis of the cost per tonne CO2e avoided for winter wheat on a Not all options decrease GHG emissions, notably subsoiling and range of soils from the adoption of a range of soil compaction avoidance and ploughing on sand and ploughing on silt. This reﬂects lower levels mitigation technologies. CTF is controlled trafﬁc farming. W.C. Tim Chamen et al. / Soil & Tillage Research 146 (2015) 10–25 23
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