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Introduction 
Most soils contain several thousand lbs/acre of nitrogen (N) in a variety of organic forms 
including newly added crop residues, soil micro- and macro-organisms, and as soil organic 
matter (SOM) in various stages of decomposition.  All of these different organic materials can be 
decomposed by microorganisms, although different forms differ in terms of how easily they 
decompose. During decomposition, N tied up in organic forms is released into the soil and thus is 
converted from an organic form, which is unavailable for crop uptake, to an inorganic form 
which crops can use. In terms of planning for N fertilizer requirements, the question is, how 
much N is released – and when does N release occur?   
 
In order to answer this question, we need to consider the impact of management, crop rotation, 
and a host of environmental factors, on decomposition and subsequent N release, remembering 
that decomposition is merely a reflection of the microbial activity in the soil. Afterall, N release 
occurs when materials decompose, and decomposition only occurs when microbes attack the 
organic materials. When we think in terms of microbial activity, it is easy to imagine that there 
are many factors that might influence the size, composition and activity of the microorganisms in 
the soil. For example, different microorganisms prefer different kinds of ‘food’, and if we view 
crop residues as food for microorganisms, then it seems reasonable to assume that crop rotation 
(and thus residue input types) will influence the microbial population. Using this kind of 
reasoning, it is reasonable to question if the microbial population somehow is different in pulse 
land compared to land that has never grown a pulse. What is the impact of zero-till versus 
conventional-till? Could fallow influence soil microbial populations? What happens during 
drought? 
 
Although we don’t have all the answers (or even all the questions), one thing is certain; if 
microorganisms and their activity control N release from decomposing organic materials, then 
there are a lot of variable factors to consider when estimating fertilizer N requirements for crop 
production.  Ultimately, the challenge is to identify and quantify the most active or ‘labile’ 
portion of the soil organic pool (which is likely to vary depending on soil management and 
cropping history) and estimate the potential N contribution from this organic pool.  If we can 
accurately estimate the size and potential N contribution from the active soil organic pool, we 
should be able to adjust fertilizer N recommendations accordingly, thereby matching crop N 
requirements with N supply from both the soil and fertilizer sources. 
 
Currently, many soil-testing labs in Western Canada base their fertilizer N recommendations on 
a measure of immediately available inorganic-N, i.e., N that already has been mineralized or N 
that remains in the soil after a crop has been harvested.  Although this inorganic N is certain to 
contribute to the N nutrition of subsequent crops, it may still be useful to estimate the potentially 
large (and variable) contribution that the soil organic matter can make to the total N availability 
during the growing season.  Indeed, the total amount of N available for crop growth over the 



growing season is the sum of the inorganic N pool (i.e., the N pool typically measured by 
traditional soil N tests) together with the pool of organic N that can be decomposed during the 
growing season. Interestingly, the latter pool may well make the greatest contribution to 
available N during the growing season.  Given the growing use of reduced tillage and the 
inclusion of legumes in rotations, it seems possible that N contributed from the soil organic pool 
during the growing season could overwhelm the contribution of inorganic N normally measured 
in the fall or spring. But can we really guesstimate N release from the organic N pool to improve 
fertilizer N recommendations? What factors need to be considered and where might we go 
wrong? 
 
Soil Nitrogen Pools 
Not all soil organic N is created equal. Whereas some of the soil organic N forms are easily 
decomposed, some remains relatively protected from microbial decomposition in the form of 
stable soil organic matter (SOM), and thus remains unavailable for plant uptake21. Thus, 
although most of our agricultural soils contain several thousand pounds of organic N per acre, N 
often is the most limiting nutrient for plant growth2,23.  
 
Because N exists in the soil in many different organic and inorganic N forms, all of which differ 
in terms of plant availability, it is useful to think of soil N as existing in different soil N ‘pools’. 
The different pools are connected and some N may flow between the different pools. The 
direction of N flow, and the size of the pools, is likely to differ from field-to-field and from year-
to-year.  For example, on the Prairies, soil ‘zones’ (e.g., Brown, Dark Brown, Black, Grey) 
reflect different levels of soil organic matter.  Because the soil organic matter is essentially a 
reservoir of organic N, different soil zones also differ in terms of the size of the organic N pool. 
For example, Agriculture and AgriFood Canada researchers28 reported that levels of SON in the 
top 15 cm (6 inches) at three different sites in the Brown soil zone of Saskatchewan ranged from 
a low of 2958 to 4432 kg/ha (2632 to 3944 lb/acre). At sites in the Dark Brown and thin Black 
soil zones, estimates of soil organic N in the top 6 inches were as high as 8036 kg/ha (8036 
lb/acre) and 6244 kg/ha (5557 lb/acre), respectively. Clearly, our soils hold a lot of N in organic 
forms – and the size of the organic N pool is very large relative to the small inorganic N pool that 
ultimately supplies the crop with N.  How active is this enormous pool of inorganic N and how 
much organic N will flow to the crop? 
 
Inorganic N can flow out of the organic pool if the conditions favor microbial decomposition of 
the soil organic matter – a process known as “N mineralization”.  It is estimated that 1 to 3% of 
the soil organic N mineralizes and becomes available for plant uptake each year24 although some 
research has suggested that even more than 3% may be mineralized28 (Table 1).  Variations in 
the estimates of soil N release reflect not only the impact of different climatic and soil conditions 
that influence annual N release, but also the nature (i.e., quality) of the organic N pool itself.   



Table 1. Estimates of organic N pool in Saskatchewan and potential release of N from the 
organic N pool in the 0-6 inch (0-15 cm) soil depth (assuming only 1% of the soil organic N 
mineralizes) (adapted from Rostad et al., 1993, Organic Matter Content of Saskatchewan Soils). 
 
Soil Zone Organic N Pool (lb/acre) Potentially available N 

(lb/acre) 
Brown 2200-2800 22-28 
D. Brown 2500-5000 25-50 
Black 3800-8700 38-87 
Grey 2600-7700 26-77 
 
 
Estimating Plant Available N 
Interestingly, although, labile fractions of the soil organic matter are an important pool of 
potentially available N to a growing crop22, soil testing labs in western Canada and the Great 
Plains region of the USA historically have based fertilizer recommendations on a single pre-plant 
soil nitrate test (i.e., the inorganic N pool) to account for the carryover and contribution of 
mineral N from previous cropping17 and either ignore or only estimate the N contribution from 
the organic N pool.  More recently, some of the soil testing labs have either introduced, or are in 
the process of adapting, measures of potentially available N for routine soil testing purposes.  
Ideally, a soil test for N should provide both a measure of available inorganic N pool together 
with a measurable estimate of the potential supply or flow of N from the organic N pool that is 
likely to occur during critical crop growth stages.  The challenge is to identify a specific soil N 
pool that mineralizes rapidly and predictably, and is directly related to crop responses to fertilizer 
N additions25. 
 
Over the years, numerous soil N availability estimates, based on either biological or chemical 
principles2,24, have been proposed. Because many of the methods used to estimate N availability 
measure, in part, the release of N from some component of the soil organic matter pool, various 
estimates have been found to be closely related to total soil organic matter and total soil organic 
N24,54. Stanford and Smith (1972) developed a biologically based, long-term incubation method 
whereby potentially mineralizable N is estimated using various mathematical models46,30,6 .  
Incubation methods are time-consuming, and thus more recent research has focused on the 
development of more rapid chemical extraction methods for estimating potentially available N, 
such as the hot KCl extraction10,45,18,4 and phosphate-borate buffer10 methods.  Anion exchange 
membranes also have been used to estimate soil N availability55 and this technology has been 
commercially developed (e.g. PRS™-probes).  Very recently, Khan (2001) described a diffusion 
method (commonly known as the ‘Mason Jar Method’ and the ‘Illinois N Test’) to determine 
different forms of N in soil, one of which (i.e., amino sugar N) was closely related both with 
check yield and fertilizer N response31.  All of these methods share a common characteristic in 
that they measure the ‘potential’ for N release and do not provide an absolute or direct measure 
of N release. The latter is dependant on microbial activity that, in turn, is subject to the vagaries 
of weather – most importantly precipitation and temperature – and thus is expected to be highly 
variable.  The question is, if we can estimate the size of the ‘potentially’ available N pool, can 
we ‘guesstimate’ N release given that we also have to account for differences in weather, to 
name but one important and unpredictable factor? 



Factors Influencing N Release 
During decomposition organic materials, including above and below-ground crop residues, are 
initially colonized by a variety of soil microbes and the feeding activity of the organisms serves 
to break up and reduce the size of these materials to the point that the original material becomes 
unrecognizable. Microbial activity, and consequent decomposition of organic matter and N 
release, is controlled largely by climatic factors such as temperature and precipitation11,29 

although soil properties such as soil moisture, total soil N, soil organic C, pH, clay content, pore 
size distribution and pore volume, and microbial biomass also are important16,12,1,8. The 
landscape itself also influences soil properties (particularly moisture redistribution), thereby 
influencing decomposition and N release34,35,36. Bottom line – anything that is likely to affect the 
survival or activity of the soil microorganisms is also likely to affect N release, one way or 
another. 
 
Soil Moisture and Temperature 
Ellert and Bettany (1992) suggested that soil moisture and temperature are the most influential 
factors affecting mineralization rates in soil. When soils dry out, microbial activity is reduced 
due to a reduction in the size of the microbial populations as well as reduced access to organic 
materials and nutrients that normally are dissolved in the water held in soil pores33. Conversely, 
in saturated soils, the microbial population can be oxygen-starved because water fills pores that 
normally would be filled with air33. The impact of these changes on soil N status is not 
necessarily easy to predict. For example, Carleton et al. (2004) reported that drought conditions 
actually increased soil N fertility and suggested that increases could be related to the fact that 
drought killed a large part of the soil microbial population, which  in turn was decomposed to 
release N into the inorganic pool. While N was being released from dead microbes, the soil was 
too dry to support plant growth and thus the released N tended to accumulate in the soil. 
To add to the complexity, the impact of soil drying can vary dramatically within a field 
depending on differences in soil pore sizes5. Large soil pores (such as those typical of lighter 
textured soils) tend to empty quite rapidly compared to small pores (such as those in clayey soils) 
and thus microorganisms in the larger pores might feel the affects of soil drying faster than those 
inhabiting smaller pores. Thus pore size and distribution as related to variations in soil texture 
would be expected to have an affect on the variability of N mineralization within a field5 and this 
variability may be heightened under moisture stress conditions5,43.  
 
MacDonald et al. (1995) studied the effect of temperature on microbial activity and N 
mineralization and found that accumulation of released N increased with increasing temperature.  
It was suggested that because the microbial population is temperature sensitive, changes in soil 
temperature can affect decomposition and N release29.  Although significant microbial 
decomposition can occur at temperatures as low as 0 oC, the maximum decomposition rate often 
has been reported to occur between 30 to 35 oC48. Finally, temperature must be considered 
together with the impact of moisture26. Research indicates that the effect of moisture is even 
greater as temperature is increased26,37.  
 
Soil Texture 
The influence of soil texture on N mineralization is primarily related to clay content and, to some 
degree, the kind of clay present1,8,42. Soil texture influences soil pore size and soil water 



storage42. An example of the importance of soil texture on microbial activity is illustrated by the 
relationship between soil clay content and soil organic matter content across the Great Plains. 
Specifically, soils containing higher clay content typically also contain higher organic matter 
levels relative to lighter textured soils, assuming that all other factors are held constant3. It is 
generally agreed that coarse textured soils have a more active microbial population and organic 
matter is more available for mineralization than soils of finer texture1,8,42.  
 
Soil organic matter in coarse textured soils appears to be more easily decomposed, whereas in 
finer textured soils, the complex soil structure provides greater protection to the soil organic 
matter, thus reducing decomposition8. As clay content increases, the potential to ‘protect’ 
organic matter from decomposition also increases38,51,52.  
 
Pore Space and Soil Compaction  
Soil compaction reduces the proportion of large pore spaces and increases the relative proportion 
of small pore spaces1.  Given that organic material in the smaller pores is more protected from 
microbial attack than in larger pores, it follows that the proportion of organic matter that is 
protected increases (and mineralization decreases) as pore size decreases.  Unfortunately, the 
relationship between pore size and decomposition is not entirely straightforward. Scott et al. 
(1996) suggested that while small pore spaces (typical of clayey soils) protect organic matter 
from microbial attack, really large pores will dry too quickly to facilitate N mineralization.  
Medium size pores allow microbes access to organic matter and retain water under dryer 
conditions.  Thus, medium size pores are the most important to mineralization and their loss 
under soil compaction is the most serious.  Strong et al. (1999a) agreed with this point of view 
but also pointed out that in some instances large pores can protect organic matter because they do 
not regularly fill with water. Thus, these pores cannot be easily accessed by microbes and 
decomposition may be severely limited.  The bottom line – the tendency for pore size to promote 
decomposition, or alternatively to protect the organic matter from microbial attack, depends on 
how the pores influence soil water status.  
 
Residue Inputs 
Residue decomposition and subsequent release of N from the residue depends on the ‘quality’, or 
chemical composition, of the residue.  Residues typically are comprised of three fractions: 1) 
easily decomposable materials; 2) slowly decomposable materials; and 3) materials that are 
relatively resistant to decomposition53.  Each of these different fractions are expected to have 
different decomposition rates, e.g., easily decomposable materials may be decomposed and lost 
within a few hours to a few days whereas more resistant materials can persist for many years33.  
Differences in decomposition largely reflect the differences in the chemical composition of the 
materials and it is the N concentration in the plant material, or more specifically the ratio of 
carbon (C) to N (C:N ratio) that is most frequently recognized as the best predictor of N 
mineralization rates. 
 
The C:N ratio of crop residues is dependent on the type of crop, length of growing season, soil 
fertility and environmental conditions, and thus is somewhat variable.  Typically, however, the 
C:N ratio of fresh pulse residue ranges from 25:1 (i.e., 25 parts carbon to every 1 part N) to 
40:147. A notable exception is chickpea residue that has a reported C:N ratio of 60:1 to 70:19.  



The C:N ratio of cereal straw ranges from 70:1 to 100:147. Reported C:N ratios of canola residue 
are intermediate between pulse and cereal residue56.  
 
The relative amounts of C to N in the organic matter have a great influence on the available N 
status of the soil and once again we see that this is due to the activity and requirements of the soil 
microorganisms. The reason microorganisms attack and decompose crop residues is because the 
microbes are using the residues as ‘food’.  Just as we digest our food in order to absorb nutrients 
and energy, microbes decompose crop residues for energy and nutrients. The C (carbon) in the 
residues is used for energy and as building blocks for building new microbial structures. 
However, in order to use the C, the microbes also need a source of N (nitrogen); moreover, 
microbes require C and N in quite specific proportions. If there is not enough N in the crop 
residue itself to meet the specific microbial demands, the microbes will use up the inorganic N 
held in the soil solution, thus leading to a reduction in the amount of N available for uptake by 
the crop. The process whereby microbes use up N from the soil solution, thereby reducing crop 
available N, is called ‘immobilization’. It is typically reported that a C:N ratio greater than 20:1 
to 30:1 will result in rapid immobilization of N from the inorganic N pool; thus wheat residues 
(C:N ratio of 70:1 and greater) typically cause N to be temporarily immobilized, or tied-up, by 
microbes. As a consequence, fertilizer recommendations are often higher following a wheat crop 
as compared to a pulse crop (that have lower C:N ratios). In contrast, if sufficient N is present in 
the organic residues to support microbial (generally C:N ratio less than 20:1 to 30:1), release, or 
mineralization of the N in excess of the microbial requirements will occur.   
 
The underlying biological principle controlling N immobilization or mineralization relates to the 
proportion of C and N required by soil microorganisms (Fig. 1).  On average, soil 
microorganisms have an average C:N ratio of 7:1, suggesting that soil microorganisms must take 
up 7 parts of C for every one part of N. Only one-third of the C used by microorganisms is 
incorporated into their cells and the remaining two-thirds is used as an energy source and is 
respired as CO2.  Thus, microorganisms must find about 21 parts of C for every part of N 
assimilated.  As a consequence, if the C:N ratio of the crop residues exceeds the ratio of 
approximately 21:1, N must be accessed from an external source (i.e., the soil inorganic N pool) 
and plant available N is reduced.  In contrast, plant materials with a lower C:N ratio (i.e., 
approximately less than 21:1) will meet all the N demands of the microbial biomass and excess 
N will be released, or mineralized and N will flow from the organic into the inorganic N pool.   
 
Management Practices 
Typically long-term use of conservation tillage leads to a buildup of organic residues at or near 
the soil surface15. Various researchers have concluded that decomposition is hastened when crop 
residues are incorporated as compared to when they are maintained on the soil surface due to 
greater soil-residue contact, a more favorable and stable microenvironment for decomposition, 
and increased availability of N for decomposing microorganisms15. 
 
Interestingly, although the size of the organic N pool often increases with adoption of 
conservation tillage, this pool also tends to lock up N and, in some cases, additional fertilizer N 
may be needed to balance the C that also is locked up in the soil27. The reason C and N are both 
locked up in the soil together relates back to the fact that the soil microbes incorporate both C 
and N into their structures in fairly specific proportions and these proportions are maintained in 



the soil organic matter itself. Thus, conservation tillage practices that increase soil organic matter 
will necessarily increase the storage of soil organic N. For example, in the Brown soil zone of 
Saskatchewan, researchers reported that conservation tillage increased soil organic N levels, as 
compared to conventional tillage, by varying amounts from 16 to 28  kg/ha/year (14 to 25 
lbs/acre/year)28. Soil N storage was even greater in the Dark Brown soil zone (31 lbs/acre/year) 
and was greatest in the Black soil zone (36 lbs/acre/yr). 
 
Rasmussen et al. (1998) reported that that where tillage is used, the type of tillage equipment 
appears to affect N mineralization, likely due to the impact of tillage on soil disturbance and 
ultimately, the soil microorganisms.  Sweep-tilled soil appears to mineralize the most N 
compared to disc and plow-tilled soils.  

 
Conclusion 
Nitrogen cycling and release is a highly dynamic process that is dependent on microbial 
activities.  Soil microorganisms are, in turn, controlled by many different factors including 
climate and variable soil conditions.  As a further complication, no single climatic or soil factor 
solely controls N-cycling – rather these factors act together and can be inter-related. Thus, even 
if we can measure the size of the ‘potentially available’ soil N pool (and current research 
suggests that we can do a reasonably good job), whether or not this N potential is reached 
remains dependent on a host of interacting factors, which can vary from year-to-year and field-
to-field. Ultimately, there will always be a level of uncertainty regarding N fertilizer 
requirements, even if we expand our soil testing efforts to include measures of both the inorganic 
N pool (i.e., nitrate-N) and the organic N pool (i.e., potentially available N).  However, this level 
of uncertainty does not negate the value of soil N testing, nor should we abandon soil testing for 
predicting N fertilizer requirements.  Soil testing clearly measures pools of N that are, or will be, 
available for plant use and this information is of great value when planning fertilizer N 
applications. However, we need to be realistic about our expectations regarding soil N testing for 
predicting fertilizer N requirements and understand that any estimates of fertilizer N 
requirements are subject to the vagaries of weather.   
 
The bottom line – irrespective of what pool of N we measure or estimate, fertilizer N 
recommendations will always have an element of ‘guesstimating’ involved.  The guesstimates 
are likely to be built in to fertilizer recommendations by the soil testing labs themselves, i.e., as 
components of the equations that are used to generate fertilizer N recommendations, but a good 
agronomist can help with interpreting soil N test levels. For example, an agronomist may 
question whether or not conditions were average during the previous growing season, or if there 
were factors that may have strongly influenced decomposition processes and consequently 
influenced fertilizer N requirements. Thus N recommendations based on soil N tests that, at first 
glance, may seem ‘unreasonable’ may well be explainable if the history of the field is known and 
consideration to microbial processes is given.  Applying our knowledge of potential flows 
between soil N pools can help us understand soil test reports and N recommendations, and help 
us fine-tune our ‘guesstimates’ of future crop N requirements. 
 



Residue C:N = 47:2 
(approx. 23:1)

Microbe C:N = 7:1 

 

Respired C as CO 2 = 14 C 

Microbe C:N = 7:1  

C:N ratio declines as CO2 is respired 

 
 
Figure 1. Residue carbon is used to ‘build’ soil microorganisms and as a source of energy.  Some 

C is lost as respired CO2, resulting in a decline in the C:N ratio of the newly added 
organic materials.  Once the C:N ratio has declined to approximately < 21:1, N will be 
released or ‘mineralized’. 



Literature Cited 

1. Breland, T.A., and S. Hansen. 1996. Soil Biology and Biochemistry 28:655-663. 
2. Bremner, J.M. 1965. p. 1324-1345. In C.A. Black et al. (ed.) Methods of soil analysis. Part 2. Agron. Monogr. 

9. ASA, Madison, WI. 
3. Burke,I.C., D.S. Schimel, C.M. Yonker, W.S. Parton, L.A. Joyce, and W.K. Laurenroth. 1990Landscape 

Ecology 4:45-54. 
4. Curtin, D., and G. Wen. 1999. Soil Sci. Soc. Am. J. 63-410-415. 
5. Davidson, E.A., S.C. Stark, and M.K. Firestone. 1990. Ecology 71:1968-1975. 
6. Ellert, B.H., and J.R. Bettany. 1988. Soil Sci. Soc. Am. J. 52:1692-1702. 
7. Franzen, D.W., and T.R. Peck. 1995. Journal of Production Agriculture 8:568-574. 
8. Franzluebbers, A.J., R.L. Haney, F.M. Hons, and D.A. Zuberer. 1996. Soil Biology Biochemistry  28:1367-

1372.   
9. Fu, G. 2000. Nitrogen dynamics in a chickpea-wheat rotation in a hummocky field. Ph.D. dissertation. Univ. of 

Saskatchewan, Saskatoon, SK. 
10. Gianello, C., and J.M. Bremner. 1986. Comm. Soil Sci. Plant Anal. 17:195-214. 
11. Goncalves, J.L.M., and J.C. Carlyle. 1994. Soil Biology Biochemistry  26: 1557-1564.   
12. Goovaerts, P., and C.N. Chiang.  1993. Soil Science Society of America Journal  57: 372-381. 
13. Hanna, A.Y., P.W. Harlan, and D.T. Lewis. 1982. Agronomy Journal 74:999-1004. 
14. Hargrove, W.L. 1986. Agron. J. 78:70-74. 
15. Hargrove, W.L., P.B. Ford, and Z.C. Somba. 1991. P. 99-105. In Proc. 12th Conf. Int. Soil Tillage Research 

Organization, ohio State University Press, Columbus. 
16. Herlihy, M. 1979.  Plant and Soil  53: 255-267. 
17. Henry, J.L. 1991. Development of soil test based nitrogen fertilizer recommendations for wheat, barley, canola, 

flax and oats. University of Saskatchewan, Saskatoon, SK., Mimeo Report 10 pp. 
18. Jalil, A., C.A. Campbell, J. Schoenau. J.L. Henry, Y.W. Jame, and G.P. Lafond. 1996. Soil Sci. Soc. Am. J. 

60:1954-1960. 
19. Janzen, H.H., and R.M. Kucey. 1988. Plant Soil 106:35-41. 
20. Janzen, H.H., C.A. Campbell, S.A. Brandt, G.P. Lafond, and L. Townley-Smith. 1992. Soil Science Society of 

America Journal  56:1799-1806. 
21. Jenkinson, D.S., P.B.S. Hart, J.H. Rayer, and L.C. Parry. 1987. Modeling the turnover of organic matter in long-

term experiments at Rothamsted. INTECOL Bull. 15:1-8. 
22. Jenkinson, D.S., and L.C. Parry. 1989. Soil Biol. Biochem., 21:535-541. 
23. Keeney, D.R. 1982. Nitrogen-availability indices. p. 711-734. In A.L. Page (ed.) Methods in soil analysis. Part 

2. 2nd ed. Agron. Monogr. 9. ASA and SSSA, Madison, WI.  
24. Keeney, D.R., and D.W. Nelson. 1982. Nitrogen – Inorganic forms. p. 643-698. In A. L. Page (ed.) Methods of 

soil analysis. Part 2. 2nd ed. Agron. Monogr. 9. ASA and SSSA, Madison, WI. 
25. Khan, S.A., mulvaney, R.L., hoeft, R.G. 2001. Soil Sc. Soc. Am. J. 65:1751-1760. 
26. Kowalenko, C.G., and D.R. Cameron.1976. Canadian Journal of Soil Science 56:63-70. 
27. Kuo, S., U.M. Sainju, and E.J. Jellum. 1997. Soil Science Soc. Am. J. 61:1392-1399. 
28. Liang, B.C., B.G. McConkey, C.A. Campbell, D. Curtin, G.P. Lafond, S.A. Brandt, and A.P. Moulin. 2004. 

Biol. Fertil. Soils 39:249-257. 
29. MacDonald, N.W., D.R. Zak, and K.S. Pregitzer. 1995.  Soil Science Society of America Journal  59:233-240. 
30. Molina, J.A.E., C.E. Clapp, M.J. Schafer, F.W. Chichester, and W.E. Larson. 1983. Soil Sci. Soc. Am. J. 47:85-

91. 
31. Mulvaney, R.L., S.A. Khan, W.B. Stevens and C.S. Mulvaney. 1997. Biol. Fert. Soils 24:413-420. 
32. Mulvaney, R.L., S.A. Khan, R.G. Hoeft, and H.M. Brown. 2001. Soil Sci. Soc. Am. J. 65:1164-1172. 
33. Paul, E.A., and F.E. Clark. 1996. Soil microbiology and biochemistry. 2nd ed. Academic Press, California, USA. 
34. Pennock, D.J., B.J. Zebarth, and E. de Jong. 1987.  Geoderma. 40:297-315. 
35. Pennock, D.J., C. van Kessel, R.E. Farrell, and R.A. Sutherland. 1992. Soil Science Society of America Journal  

56: 770-776. 
36. Pennock, D.J., D.W. Anderson, and E. de Jong. 1994.  Geoderma  64:1-19. 
37. Quemada, M., and M.L. Cabrera. 1997. Plant and Soil 189:127-137. 
38. Rasiah, V. 1995.  Communications in Soil Science and Plant Analysis  26:1873-1884. 
39. Rasmussen, P.E., C.L. Douglas Jr., H.P. Collins, and S.L. Albrecht. 1998. Soil Biology and Biochemistry 

30:1829-1837. 



40. Rostad, H.P.W., M.D. Bock, P.M. Krug, and C.T. Stushnoff. 1993. Organic matter content of Saskatchewan 
soils. Saskatchewan Institute of Pedology Publication No. M114, University of Saskatchewan, Saskatoon, SK. 

41. Schoenau, J.J. 1998. Accounting for nitrogen mineralization and its role in conservation cropping systems. 
Canada-Saskatchewan Agricultural Green Plan Report. 

42. Scott, N.A., C.V. Cole, E.T. Elliot, and S.A. Huffman. 1996.  Soil Science Society of America Journal 60:1102-
1109. 

43. Sierra, J. 1992.  Australian Journal of  Soil Research  30:477-492. 
44. Sinai, G., D. Zaslavsky, and P. Golany. 1981. Soil Science 132:367-375. 
45. Smith, K.A., and S. Li. 1993. Plant Soil 157:167-174. 
46. Stanford, G., and S.J. Smith. 1972. Soil Sci. Soc. Am. J. 36:465-472. 
47. Stevenson, F.C., and C. van Kessel. 1996. Can J. Plant Sci. 76:735-745. 
48. Stott, D.E., H.F. Stroo, L.F. Elliot, R.I. Papendick, and .W. Unger. 1990. Soil Sci. Soc. Am J. 54:92-98. 
49. Strong, D.T., P.W.G. Sale, and K.R. Helyar. 1999a. Australian Journal of Soil Research 37:137-149. 
50. Strong, D.T., P.W.G. Sale, and K.R. Helyar. 1999b. Australian Journal of Soil Research 37:329-344. 
51. Tisdale, J.M., and J.M. Oades. 1982. Journal of Soil Science 33:141-163. 
52. Van Veen, J.A., J.N. Ladd, and M.J. Frissel. 1984. Plant Soil 76:257-274. 
53. van Veen, J.A., J.N. Ladd, and M. Amato. 1985.. Soil Biology and Biochemistry 17:747-756. 
54. Wang, W., C.J. Smith, P.M. Chalk, and D. Chen. 2001. Soil Sci. Soc. Am. J. 65:368-376. 
55. Ziadi, N., R.R. Simard, G. Allard, and J. Lafond. 1999. Can. J. Soil Sci. 79:281-294. 
56. Soon, Y.K. and M.A. Arshad. 2002. Biol. Fert. Soils 36:10-17. 


