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Abstract

With the recent push toward more sustainable agricultural practices, better understanding and management of the nutrient cycling in the system soil-crop-residues-microbe system becomes crucial. Management of nutrient release from crop residues and other forms of organic matter, combined with optimal fertilisation regime, is important in ensuring appropriate availability of nutrients to crops to achieve maximum economic yields without increased leaching and other off-site impacts of nutrient transfer into terrestrial and aquatic ecosystems. Canola swathing (and associated re-distribution of soil nutrients on and off windrows) in minimum-till/no-till agriculture practiced on low-fertility soils in Western Australia offered an excellent example of the role of crop residue management in maintaining soil fertility and optimising fertiliser recommendations. 
Introduction

Understanding nutrient cycling in agricultural landscapes is essential for determining optimal fertilisation in the following season. Managing crop residues is an important component of nutrient cycling. In minimum-till and no-till agriculture (eg. in Australia), there is limited incorporation of crop residues into soil. Instead, crop residues are left to decompose on the soil surface, or can be grazed and/or even burnt. When considering crop residue management choices, in addition to nutritional issues, land managers have to take into account disease and weed control, the ease of seeding and harvesting as well as sustainability issues (including acidification, soil wettability and erosion control). 

A recent example from the canola-wheat rotation in Western Australia has illustrated the importance of nutrient cycling in crop nutrition. Canola (Brassica napus) has an extensive root system, creating a large surface area of contact with the soil. Hence, canola is efficient in taking up soil nutrients, particularly the immobile ones such as K, P, Cu, Zn, and Mn. Canola is generally swathed into windrows prior to harvest to reduce the amount of seed lost as a result of seedpod shattering. Swathing canola can put 10 metres of tops growth into a 1.5-metre strip. This practice transfers the nutrients taken up by the whole crop into strips covering about 15% of the paddock. A marked contrast in nutrient status between the windrow zone of nutrient accumulation and the off-windrow zone of nutrient depletion causes a wave effect in growth of subsequent cereal crop (good growth on-windrow, poor off-windrow). While depletion of nutrients from 85% of the area may not affect crop growth if background levels are high enough, the wave effect is a clear indication of nutritional problems, highlighting the need for budgeting the nutrients in crop residues. 
As a typical example from canola-wheat rotation in Western Australia, a 1.5-t/ha canola crop could contain 12 kg of K in the grain and 100 kg in the residues.  If a 10-metre swathing machine dropped 85% of the stubble into a 1.5-metre windrow, the export area will be depleted by 85 kg K/ha and depositing area on the swath enriched by about 560 kg K/ha (Bowden et al. 1999), which represents a substantial redistribution of K. 
For wheat following canola, the off-windrow areas yielded as little as 25% of the on-windrow areas (Bowden et al. 1999; Brennan et al. 2000). This yield difference might have been due to a variety of reasons (eg. higher water retention, reduced soil erosion or higher microbial activity in windrows than in inter-rows), the release of nutrients from windrowed canola residues (Isbister 1999; Stockdale 2000) played a dominant role in the post-canola syndrome. Indeed, adequate nutrient concentrations in tissue of cereals following canola were found on windrows, but low tissue P, K, Zn and Cu have been recorded off-windrows.
Crop residue management and nutrient budgets

Dynamics of residue decomposition is reliant on complexity of processes occurring simultaneously: an increase in microbial biomass causing nutrient immobilisation, increased amounts of nutrients coming into the system from decomposing residues, changes in pH and other soil chemical and physical factors, etc. (Unger 1994). 

Crop residue decomposition is a result of activity of a variety of soil microorganisms (Lafond et al. 1994). Soil microbial populations grow rapidly during residue decomposition and take up (immobilise) a significant proportion of N, P and S (Ocio et al. 1991; Wu et al. 1993; Jones et al. 2004), decreasing availability of these nutrients to crops. The ratios of C:N, C:S (Stockdale 2000, Nikolardot et al. 2001) and lignin content (Wang et al. 2004) in the residues have a major effect on rate of decomposition and availability of N, S and other nutrients to crops. Canola residues decompose relatively fast (eg. much faster than those of barley) (Wu et al. 1993), but the rate of reaction is greatly dependent on the C:N ratio and the supply of energy to microorganisms. 
Tillage influences the degree to which residues are mixed into the soil, and consequently, the rate at which residues decompose and the amount of nutrients made available from the residues to the following crop (Power and Legg 1978). 

Nutrients can be released from the stubble by a mechanism other than decomposition, eg. where some soluble salts crystallise on the surface of the stubble and can be washed off with minimal rainfall inputs.  More salts could migrate to the surface of residues as they get wet and dry following minor rainfall events.  

The role of particle size in decomposition of canola residues

The rate of decomposition of crop residues in soil is governed by a range of factors, such as soil temperature, soil type, nutrient and water availability in soil, chemical nature and the particle size of residues, and the soil-residue contact. Averaged over time, particle size of canola residues did not significantly affect C mineralization rate, the size of microbial-C and microbial-N pools, or the extent of CaCl2-extractable S immobilization, but altered the extent of mineral-N (nitrate + ammonium) immobilization and water-soluble organic C depletion (Bhupinderpal-Singh et al. 2005). On a cumulative basis, about a third of C added in canola residues to the soil was respired in 6 months regardless of residue particle size. On the other hand, extractable S was increased more than 3-fold immediately upon addition of canola residues of variable sizes, indicating that canola residues are a good source of readily-available S (Bhupinderpal-Singh et al. 2005). 
Burning crop residues
Burning crop residues causes total losses of N and also major portion of S to the air. Metal nutrients are converted into oxide and, to a smaller extent, carbonate forms. The ash is a good source of K, P, Ca, Mg, Cu, Zn, Mn, Na and Si. This ash has both a liming and a salting effect, but its main effect is to boost the nutrient supply.  Phosphorus after burning appears to be poorly available, but a thorough understanding of relevant processes is lacking. 

The role of burning residues vs leaving them to decompose on the soil surface is not clear. While, for example, residue burning is a popular method in the fallow-wheat rotation in Victoria, Australia (Cantero-Martinez et al. 1999), sustainability of cotton production in New South Wales (Australia) depends on incorporating rather than burning residues (Conteh et al. 1998). In a wheat-lupin rotation, out of a number of residue management treatments, the highest mean seed yield in a long-term field trial at Wagga Wagga (New South Wales) was obtained from direct drilling into burnt residue (Heenan et al. 2000). Low intensity fires used for burning residues can have an immediate and direct effect on decreasing soil hydraulic conductivity in a hard-setting red-brown earth soil in New South Wales (Valzano et al. 1997). If the duration and/or intensity of burning is high enough (eg. in burning haycart heaps), then the soil can be heated sufficiently to volatilise organic matter and/or create non-wetting soil. 

The liming effect of canola crop residues (Isbister 1999) might be related to chelation of Al by organic matter, making Al non-toxic (Rengel 1996). In addition, increasing pH will increase availability of phosphorus (McLaren and Cameron 1990), thus showing beneficial effects on crop growth. The extent of the liming effect after burning crop residues compared to residue decomposition remains unclear. 

Conclusions
Better diagnosis of soil fertility problems and improved knowledge of nutrient cycling from crop residues will result in better fertiliser recommendations, increases in the profit margin, and enhanced sustainability of farming. By building an understanding of nutrient and lime recycling in existing residue management systems, land managers will have an opportunity to determine the long- and short-term consequences for soil fertility of their crop residue management decisions.
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